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ABSTRACT

The crustal structure of Northern England was

examined, using mainly the refraction”technique. A

three layer crustal model with interfaces at 0 to BI(m,lziﬁm,

and 27 Kkm was interpreted from the data.

The lateral variations in thickness of the

~ sedimentary cover was investigated by measuring Pg travel

times from quarry blast sources recorded at mobile
stations. The time term method was used to interpret
the results éhd showed that the basement varied from 2% to
34 km deep within the sedimentary troughs to less than
1km beneath the block regions.

The interpretation of apparent velocities of crustal
phases across:Eskdélemuir and Rookhope arrays’and wide
angle reflections, suggested the existence of a 1owér
crust between 12 and 27l(m'deep;'ﬁith a velocity of about
6.5 kKm/sec. The upper crust (Pg about 5.7 kun/sec)
showed some ev1dence of ve1001ty increasing with depth
especially the uppermost part of the granite beneath
Rookhope array.

A refraction line (N.E.R.L.) recorded the shots of

the L.I.S.P.B. project throughout the northern Pennines.

This line»examined the varigtion in thickness of the main

crustal layers across the principal structural units. It
sﬁggested'that the Moho was approximately level beneath

the region. This indicates that the relative elevation
of the blocks was isostatically supportea by low density

granites. The upper mantle has. a Pn velocity of about
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8.05 km/sec and the character of the phase suggested a

-sub-moho structure such as an increase of velocity with-

depth.
The surface wave dispersion of teleseismic events

recorded at Eskdalemuir and Wolverton was examined.

' The interpretation suggested a crust 30 km thick and a

shear velocity of 4.55 km/sec for the upper mantle.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

,Thé area of study-éomprisediﬁjfa region of Northern
England, extending from the Scottish Border to Northern -

Yorkshire. It examined in most detail_the crustal

- structure beneath the Northern Pennines, and specifically

the units known as the Northumberland Trough, 'Alston Block,
Stainmore Trough, and Askrigg Block. The general geology

and the gravity and magnetic’ interpretation of the area

have-been.well_studied (Bott 1967). The purpose of this

stﬁdy was to complete the interpretation of the structure
of the crust, using seismic techniques, by starting from
the basement-cover relationships and extending to lower

crustal and upper mantle structure.

1.2 General Geology

The singie most imbortant event in the Phanerozoic
geology of Northern England was the emplacement of post- .
orogenic granite batholiths ‘during the Lower Devonian.
On cooling, these batholiths formed block regions which
are genéraily faﬁlt bbunded and have a thin cover of
relatively undeformed sediments, The intefvening troughs
exhibit abrupt changes in sedimentary thickness, especially
in the Lower Carboniferous. = An outline of the general
geology is shown in figure 1. '

l.2.1 Basement Rocks

The oldest known rocks are exposed in inliers within

the block'regions. The inliers are genérally Ordovician

“\W‘\ ! Y
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or Silurian in age, although there remains some doubt as
~to the age of the Ingletonian of the Chapel le Dale and
Horton inliers, which'may.be preQCambrian (cf. Ingham:and
Rickards l974). In general these lower Palaeozoic rocks
form a thick sequence of highly deformed greywackes,
siltstones and mudstones.

All three 1ithological units of the Ordovician,
namely the Skiddaw Slate group, Borrowdale Volcanic gfoﬁp,
‘and the Coniston Limestone group are exposed within the
inliers.

"The Skiddaw slates are exposed in the Cross Fell and
Upper Teesdale inliers, and in the Crook boreholé
(Woolacott 1923). The widespread outcrop pattern
vihdicates}an extensive subsurface distribution. Sediment-
ologically they are variable, from mudstones to siltstones
and graded greywackes, and they range in age from the'
Tremadoc to . upper Llanvirn. -

The Borrowdale Volcanic group is seen to rest
unconformably on the Skiddaw Slate group ih the Cross Fell
and Uppef Teesdale ihliers. They consist primarily of
acid and intermediate lavas-and fuffs»erqpted during the
Llandeilo. | |

The rocks of the Coniston Limestone group are
1ithologically_grey calcareous mudStones, and suggQSt a
lquiet; muddy, shelf environment. About 600 m. are exposed
in the Cautley area (Cautley mudstones) andate equivalent
to the'Dufton shales of the Cross Fell inlier, being mainly
of Caradoc to Ashgill age.
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The most complete section of the Silurian is exposed
in the Howgéte Fells, but graptolitic mudstones and dist%i_';
turbidites are seen in the Cross Fell and Horton inliers;
and they form the basé fo the Cheviot Volcanic piie.

1.2.2 The Granites |

Three separate granite batholiths are known to occur
to the east of the Pennines. Geological e&idence and
Radiometric_ datiné suggest that all three were approximately
cdnﬁemporaneous. | _

On.the Scottish border lies thé igneous complex of
the Cheviot hills, in which the granite is exposed within
its associated volcanic cover and dyke intrusions. The
batholith is variable in composition with its margins and
central parts'being diopside granodiorite with augite |
xenocrysts, separated by pink pyroxene free granophyres.
Gravity interpretation (Spratling, 1973) suggests a
denser phase along the northern margin.

The Weardale grahite-was originally postulated-by
Dunham (1934) and later Substantiated by detailed gravity
interpretation (Bott and Masson Smith, 1957), and finally
provéd at a depth of 1281 feet in the borehole at Rookhope
(Dunham et al., 1961, 1965). Petrologically the granite
is a foliafed, non porphyritic, per alumineous, soda rich
granite, with the phases:- albite, K. feldspar, quértz, |
muscovite, and biotite. Radipmetric ages indicate that it
was intruded at 394 + 34 m.y. (Dunham et al., i974).
Gedchemically there is evidence of a discontinuity at about
' 2,200 (leland, 1967), of which the evidence suggests a

slightly later fraction was intruded below.
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From fhe' interpretation of Bouguer anomalies, Myers and
Wardell (1967) and Bott (1961) suggested the existence of
" a granite beneath the Askrigg block, south of Wensleydale.
This granite was later confirmed in the borehole at
Raydale (Dunham ~ ., 1974) and lay directly below
Visean beds at a depth of 490 m. It is a medium grained,
non porphyritic, unfoliated pink granite, consisting of
microperthite, quartz, albite and chlorite. The Rb/Sr
ratios indicate an age of 400 + 10 m.y. with an initial_
Sr 87/86 of 0;7210 + 0,0044, This figure is significantly
“higher than that for the Weardale granite (0.706). The
suggestion (Dunhem -~ - ., 1974) is that although the
granites were contémporaneous, they were not consanguineous;
.the Weardale granite being derived frém.a source such as
the upper mantle, while the Wensleydale granite being re~
fused crustal material;”‘ |
1.2.3. The Cover

The only known outdrqps of Devonian sediments are
exposed round the flanks of the Cheviot volcénic pile.
These red beds are mainly of Upper'Old Red Sandstone age.
It is not known whether any'substantiél thickness of
Devonian occurs at the base of the sedimentary trdughs.

In terms of surface outcrop, and the volume of cover,
the Carboniferous is the most important system within the
region. Stratigraphically the rocks are divided into
two subsystemsﬁ, the-Dinantian or_Lower Carboniferous and
the Silesian or Upper Carboniferous. The Dinantian is
further divided into two series; the Tournaisian below,

and the Visean above, The :Dinantpanis:.alsdrng known as
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the Carboniferous Limestone Series. The Upper Carboni-
ferous is represented by the Namurian (Millstone Grit
Series) and the Westphalian (Coal Measures).

p)
controlled by'the structural blocks, with considerable

During the Dinantian, sedimentation was closely

lateral variations in.thickness. Figure 2 shows the
variation in thickness of several kilometers of the
Dinantian, between the blocks and troughs. Essentially
this was a period of major cyclic sédimentafion (Ramsbottom,
1973), in which the transgreésivé periods were représentéd
by biéclastic limestones or calcareous shales, and the
regressive phases by the presence of oolitic or calcitic
mudstones, often desiccated and dolomitized, and
stfomatolites and nodular algae. The most important
feature of this cyclic sedimentation was the progressive
burial of the block areas. Deposition in the troughs
began in the Tournaisian, and in some regions was a
continuation of 0ld Red Sandstone sedimentation. 'The
blocks formed gradually dwindling islands which were not
covéred till late Visean times (Johnson, 1967). In some
areas, individual beds e.g. Roman Fell beds (Burgess and
 Harrison, 1967) showed marked changes in thickness-and
facies over hinge lines at the margins of the blocks, and which
were due to.contemporaneous'mbvement during sedimentation.
Reefs formed along the southern margin of the Askrigg
‘block and indicate basement control (Johnson, 1967).

The Namurian is considered to be transitional from

the marine-esturine conditions of the Viséan,~to the
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lagoon—~-swamp conditions of the Coal Measures, and is
characterised by cyclié sedimentation. Lateral thickpess
variations follow a similaf but less pronounced pattern as
the Visean. The Yoredale' facies consist of a repetitive
sequence of limestones, marine shales aﬁd subordinate
sandstones, similar to the Visean. - The second facies of
the Namurian is the 'Millstone Grit', characterised by
thick, coarse grained, cross bedded sandstones, together

- with fine-grained sandstones, siltstones and mudstones,
in:which marine . intercalations are comparatively thin.
‘The boundary between thése facies originally lay along the
" Craven faults, but gradually moved northWards over the
Alston block.

Cyclic sedimentation continues into the Westphalian,
in which the depositional environment is regarded as deltaic.
Sedimentation occurred in low lying, paralic plains, |
occupied.by swamps and brackish and freshwater lagoons, in
which accumulated muds, silts, and vegetable debris. River
.disfributaries bfoﬁght deltaic sands with occasional marine
incursions.

At 295 + 6 m.y. (Fitch and Miller, 1967) a
substantial intrusion of quartz ddlerite occurred as a
sill complex (Whin Sill) and associated dykes. Although
not forming any part of the basement,athe Whin stone
forms a prominent quarried horizon. |

During the Permo-Trian substantial thicknesses of
marine sediments occurred ﬁithin the Cleveland Basin of
N. Yorkshire and of red beds in the Eden Valley-Carlisle
Basiﬁ. Both basins lie at the margin of the investigated

region.



1.3 Crustal Structure

1.3.1 Upper Crustal Structure

The relationship of the covér to the basement
sfructure of the Northern Pennines was interpreted by
. Bott (1967), from the gravity and magnetic anomalies. -
Figure 3 shows the suggested basement features of the area.

The most essential feature of the Bouguer anomaly map
shown in Figure 4 is the low values associated with the
granite batholiths. The best fitting models for the
Weardale granite indicate a background density contrast
of -0 to -150ksg/ mo. For a contrast of -130.kg/ m°,

" the base to the granite.was interpreted at 8.8 km. The
Bouger anomalies reach a minimum of —Zﬁhdgall'near
Rookhope, and have a second derivative which gave a maximum
depth to the upper surface of the granite of 1 km (Bott,
1960). The Wensleydale granite has a similar negative
.anomaly, but is smaller in amplitude and has lower gradients.
A base between 5.7 Kkm and-9.5!{m for a denSity contrast

of -420. to -(80 g/m3 is indicated. Spratling (1973)
found a minimum value of about —lZNhgall.for the Cheviot
granite and interpreted the base at least 6 to 7 Ka deep
for a density contrast of ~100kg/ m.

The most striking feature of the total field magnetic
anomaly map shoﬁn in Figure 5 are the east-west trending
belt of magnetic basement rocks found across the Askrigg
block. These rocks underlie the Ingletonian and require

a susceptibility of at least © _,,;67,_3;(10\:1__9- Hm'1u (Bott,
| 1961). Their relationship on the southern flank of the

Wensleydale granite suggests that these rocks have formed a
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cover through which the granite was intruded; | Both
granites are only weakly magnetised.

Gravitationally and magnetically, the basement
beneath the sedimentary troughs appears to be featureless.
Gravity tréverses-on the.margins of the blocks indicate a
substantial thickening of low denéity cover (Bott, 1967).
However, these gravify anomalies are partially negated by
the effects of the low density granites. This makes the
interpretation of the central and western section of the
Stainmore Trough and the southern margin of the
‘Northumberland Trough rather difficult. To the east,
the anomaly over the Ninety Fathom faﬁlt indicates a
thickening of 1800 m of low density 045tﬁkg/um3) sediments
into the Northumberland Trough. lAlong the Butterknowle-
Lunedale fault a thickening of 3050 m of the cover over 8lkm
for a density contrast of —¢5{Ekg/;m3 is indicated towards
the Stainmore Trough. To the west, the aﬁomaly bedggés
confused with the Weardale granite anomaly, but when the |
residual effects are faken into account, there appears to
be a thickening of 1206 to 1500 m of lower Carboniferous
with a density contrast of 4150jkg/¢m3.

In an effort to resolve the ambiguities of the gravity
- interpretation of the basement—coﬁer relationships, three
upper crustal refraction surveys within tﬁe region have been
attempted.

Archer (1971) investigated the basement<cover structures
between Weardale and Berwick upbn Tweed. He found a best
fitting basement velocity of 5.6 + O.1kim/sec. Although there is

some doubt as to the size of the time terms found. -, and



the velocity of the covér, the survey did show a thicken-
ing of the cover within the Northnmberland Trough and
towards the North Sea. _. | |

Kidd (1972) attempted to survey to the south of
Weardale, over the Stainmore Trough and Askrigg block.

The lpw basement refractor velocity of 5.5 to 5.6 km/sec
resulted in.small time terms within the Stainmore Trough,
but they did indicate a thickening of the cover.

Grlfflths (1974) examined the seismic basement of the
Stainmore Trough. As this project was undertaken jointly,
a detailed interpfetation is given in Section 2.7. The
survey did find that the cover increased in thickness to
about 3 Km within the trough.

The relatively high heat flow at Rdokhope, estimated
at ;.18 %GmWm 2 5L, (Bott et al., 1972) may be explained
" by the high observed radioactivity of the underlying
Weardale granite, and a higher contribution from beneath
the granite, than in Ndrth Yorkshire. The high heat
flow of Qq$¥612nﬂWV¢m%2.u"l. recorded at Woodland on the
southern edge of the Alston block may be due to the circu-
lation of hydrothermal waters near the ButterknoWle.fault
system.

The pfevious geophysical interpretations have cleariy
indicated the subsurface shape of the granite batholiths
beneath the blocks, and the lateral variations of the cover
within the sedimentary troughs. The suggested ﬁpper
crustal structure is similar to that interpreted by Powell
(1971) beneath Eskdalemuir, of a thick pile of lower

Palaeozoic greywackes festing above a pre-Palaeozoic high
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grade granulite basement, through which the granites have
been intruded.

1.3.2. Lower Crustal Structure

Agger and Carpenter (1965) suggested from the inter—
pretation of a refraction experiment between the Irish and
North Seas, a single crustal layer 27.l.and 25.1 km thick
beneath Eskdalemuir and Rookhope respectively. They found.
a Pn velocity of 7.99 + 0.10 Km/sec and a Pg velocity of
6.29 + 0.10 km/sec. However this experiment was not
designed to obtain the best velocity determinations using
the time term method. _ |

Jacobs (1969) reported two crustal phases recorded at
Eskdalemuir; a 'slow' Pg arrival of 5.5 to 6.0 Km/sec,
and a 'fast! arrival of 6.4 to 6.5 km/sec. He interpreted
the fast arrivals.as originating from a first order dis-
continuity at approximately 12 Km deep.

Further evidence of a lower crustal, high velocity
layer came from the identification of P*¥ arrivals from two
‘British eérthquakes recorded at Eskdalemuir (XKey, Marshall
and MacDowell, 1964). Collette (1970) also idéntified a
lower crustal layer with a velocity of 6.5 to 7.0 Kkm/sec
from arrivals recorded at Eskdalemuir, from shots in the.
North Sea. He further suggested this layer may be
anorthositic in composition. Similar phase velocities of
about 6.5 Km/sec were reported from Central Scotland
(Crampin et al., 1970) and in Northern Scotland (Smith,
1974). Blundell and Parks (1969) feported P* arrivals
with a velocity of 7.3|Km/sec from a refraction experiment

in. the Irish Sea. They interpreted their results on the
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basis of fhree crustal layers with interfaces at 4, 24
and 30 Km.

Jéin and Wilson (1967) used the Magneto-Telluric
method to examine the crustal structure beneath Eskdalemuir
‘and the Irish Sea. They suggested a lower crustal layer
between 12 Rm deep and 30 Km deep, with a resistivity of
45 ohm metres. | |

The geophysical interpretations suggested the
existence of a high velocity,low resistivity, lower crust

beneath Northern England.

1.4 Aim of the Present Survey

The available geological and geophysical evidence
indicated substantial variations in the thickness of
sedimentary cover. To solve the uncertainties of the
gravity interpretation it was decided to map out these
variations in cover, using the refraction technique. This
upper crustal survey, using quarry blasts recorded at
mobile stations was well suited to the interpretation of
Pg arrivals using the time term method. Previous attempts
to solve this problem, using the same technique, had poorly
connected networks and inadequate Velocity determinétion.

The previous geophysical interpretations did not
determine the deep crustal structure in any detail beneath
Northern England. In particﬁlar, the velocity structure
of the upper crust and the existence of a lower crust was
to be examined by measuring crustal phase velocities across

two arrays:-~ Rookhope and Eskdalemuir. Systematic
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variations in the thickness of the main crustal layers

across the principal structural ﬁnitsWezn.e to be determined

by recording along an auxiliary refraction line parallel

to the main L.I.S.P. B project.Theistudy ofthe dispersion:of surface
waves from teleseismic events, between Eskdalemuir and

Wolverton stations, was to ascertain the deep structure of

England.
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CHAPTER 2
- BASEMENT-COVER RELATIONSHIPS OF N.E. ENGLAND

2.1 Introduction

‘The aim of this study was'to“examinglthe variati§néliﬁ:
thickness of sedimentary cb#er"using the_refraction- _
teéhhiqué, by recording local quarry blésﬁs,'and-to.ihter—
pret the arrivals (Pg) by using-the.time term metﬁad. ; |
This upper crustal refraction expéfimeﬁt'inVOlved the
measurement of travel times between the source and mobile
redording equipment dver a range of 10 to 60 Km. As more
travel times than stations (sources ahd‘recofdihg sites)
were measured, a least équéres solution was obtained by
treating the delay of the refracted wave through the low

velocity cover (time term) as a variable for each station.

2.2 Planning
' The time term method as introduced bySthekbggerahd
" SWillmoege~ (1957) and amplified.b& Willmore'and Bancroft
(1960), provides a most_poWerfui interpretive tool for the
refraction method. Its greates% use is in obtaining the
maximum statistical information from an extended: or
irregular shot-receiver arrangement, such as that used in
fhis expefiment. Meaningful results are only obtained if
?the limitations and'pfinciples (Willmore and Bancroft, 1960)
of the method are kept in mind.
| It is important-that the quarry and recording stations
© form én extended pattern to provide adequate informatibn on

the velocity of the refractor. As many widely dispersed
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quarries as pessible were used, but in regions with few
quarries e.g. the Stainmore Trough, recording stations were

in a higher density. For economic and geological reasons,

quarries tend to be clustered in specific areas, e.g. aleng :u

the Whin Sill in Northumberland.

The network was closely linked to Rookhope statlon,qt
which most of the quarries used,in the survey were reeordedr
Quarries not linked to Rookhope and situated at the fringe
of the survey gave inconsisfent delay times.

A compromise had to be achieved between waiting for
the maximum number of shots to a station, or moving on the
recording equipment to form another station.  The balance
between quality and the number of stations used in the
resolution of a structure was. achleved by leav1ng a statlon
to operate for between one clnd four weeks.

It was 1mposs1b1e to arrange recording equipment at
a quarry site because of the high noise levels generated by
the plant. Several quarries_Were situated within well
dispersedfbaseMent inliers. .At the most important link
statlon/ Rookhope, the structure was well known from the
borehole and the delay term could be measured dlrectly
(2:5.4). |

Problems concerning -the dip and curvature of the
refractor (2.5) were minimised by not placing recording sites
direcfly over the hinge lines of the!troughs. If a
consistent set of time terms were obtained within a given
- structural unit, then it was reasonable to presume that this

.reflected a real significance.

b" .
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2.3 'Quarry Blasts as a Seismic Source

It was usually the aim of the quarry mahager_to crush
the maximum amount of rock, using the minimﬁm amount of
explosives, and to reduce the level of anti—SQCial ground
vibrationé. From a seiémological point of view this was
extfemely inefficient. | | |

A typical quarry had between 6and 24 holes drilled

behind the working face, and filled with a mixture of a

primary charge of gelignite and ammonium nitrate. Stemming

(gravel) was placed in the upper part-df the hole to tamp
the explosive. The holes were fired either electrically
with short delay (20 m.s.) detonators between holes, or
using Cordfex detonating line wifh delaying relays;

fThe'effect pf the delays was to propagate a crack
along the edge of the face (cf. frontispiece), in a similar
mechanism to an earthquake. It has been shown (Willis,
1963) that the maximum ground velocity for compressional
and shear waves is independent of the number of holes.
Surface wave energy is not so effectively reduced;. The
seismic efficiency of a quarry blast was then reduced to
the equivalent of one hole. . .

Although the amount of explosives uséd in the quarries
connected with this experiment, varied from two to forty -
thousand pounds, the amount per hole remained’reasonably
constant at between 200 to 500 1bs/hole. On a qualitative
basis, there seemed to be little difference in amplitude of
recorded waves at the same rahge but Trom different qﬁarries.

Although most energy at the source is in the range 100 to
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500 Hz (Willis,.1963), the ground acts as.a low pass
filter and most energy at the recording site was near to
5 Hz. |

Quarry blasts are usually detonated at the end of a
working shift e.g. midday or late afternoon. Particular
quarries kept to a particular shot time, which made the

identification of the source much simpler.

2.4 Data Collection

2.4.1 Logistics

Two sets of mobile recording equipment were trans-—
ported to preselected sites and left continuously recording.
As many quarry blasts as possible were recorded at their
sources, so that the travel time could be .calculated from
the first arrival of the replayed records.

2.4.2 The Recording Equipment

As many as two, three component, F.M. recording sets
were used (Long, 1974), c.f. Figure 6.

The recording equipment consisted of three units; a-
modified 4" tape deck, a digital clock, and a three channel
seismic amplifier and frequency modulatof unit. The tape
deck was run at a speed of 0.1"/sec, giving up to 4% days
of continuous recording on a 3,600' triple play, 7" reel.
The clock generated a modified IRIGC type time code, using
a thermally compensated crystal, operating at 5 -Mﬁz, to
provide a stability of better than 1 part'in 106. The
amplifier had a broad band response. Gain levels were

switched electronically by powers of two.

The system recorded frequency modulated signals about



17

a central frequency of 84 Hz, using 8 tracks. A set of
three component Willmore MK2 seismometers were recorded
with intervening blank tracks to reduce crosstalk. A
reference frequency of 100 Hz was recorded so that the fe—
play could be adjusted for flutter compensatidn. " The out-
put from the clock was recordéd on another track, and the
signal from a 60 KHz M.S.F. radio standard on yet anofher.
Synchronisation of the clock, using the M.S.F. radio
was achieved automatically fo‘ailow resetting to 0.1 Séé'
of the minute marker. Further synchronisation was made
manually, by obsérving'the relative phasés of the radio,
and clock pﬁlses. The drift of the clock was about |
0.3 sec/week. The time code was encoded within ten second
blocks. Two digit numbers in successive blocks encoded
minutes, hours, days, station number, gain and system méde.

Calibration of the seismometers was achieved by

impulses of current to the seismometers. The lower frequency

cut-off of the system depended on the natural period of

the seismometer, which was set at about 1 Hz. The.uppér
frequency cut-off depended on the system, which in thié
case was about 20-30 Hz. The response within the passband
depended on the system electrohics and the damping of the
seismometer, which was set at about 0.6.

The equipment was designed for low power cohsumption,
which was less than 0.6 watts. Power was supplied via
eight PP9 batteries or through a car accumulator. The
system was reasonably compact and portable and entirely
self contained. Numerous check-out facilities were

provided, the most useful of which was an audio channel via
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a separate monitor and replay channel to check the F.M.
recorded signal.

The recording equipment used to measure the source
time consisted of a modified cassette recorder, an M,.S.F.
radio and a geophone. The input impedance of the recorder
was altered to prevent radio pick up. The signal from the
geophone and the M.S.F. radio were mixed and recorded
direetly on'thelcassette.

2.4.3 Recording sites

The choice of site was always a compromise between
-optimum noise conditions, e.g. distance from trees end |
reads, availability of bedrock and easy access. The
position of the site was determined from the existing neﬁ-
work and the relationship of the site to the structure
being inﬁestigated.

The recording equipment was usually left running in
a farm out-building such as a disused hen coop. Cables
were run out to a covered pit, dug to near bedrock, so as
to keep wind noise on the three component set of
seismometers to a minimum.

It was found that'e sufficient signal to noise ratio
was achieved when the seismometers were directly coupled
to bedrock. When this was not possible, it was found that
the noise levels were particularly high during strong winds,
especially on thick regolith.

2.4.,4 Recording at Quarries

The geophone was placed about 10-20 m behind the
first hole to be fired. A screened cable 100 to 200 m
long was laid out to a safe recording distance. The

recorder was switched on when the warning of the blast was
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sounded, and left running for several minutes to enable
minute markers to be identified.

2.4.5 Rookhope Station

A permanent three component system was in operation
throughout the entire period of the project. The output
from a set of three component Willmore MKl seismometers
was recorded frequency mddulated on a 1" EMI deck, along
with the signals from a crystal clock and a radio time
standard. .

It was hoped during the experiment that it would_be
necessary to measure the travel time between a quarry and
Rookhope once only. From then on it would be neceséary
to enquire the approximate time of the shot, the origin time
being the Rookhope arrival time minus the measured tfavel
time. In practice this rarely worked out, as frequently
the quarry blast was not observed at Rookhope.

2.4.6 Replay of Recordings

The $" tapes were replayed at 10 times their recording
speed. The replay heads were adjusted to achieve thé
optimum flutter compensation, the signals were demodulated
and then passed through Krohn-Hite filters set to a specific
bandwidth. A bandwidth of 2 to 10‘Hz-was Judged to give
the best signal to noise improvement. The output was re-
played on a Jjet pen recorder and consisted of three
filtered and unfiltered seismic channels, with time (clock
and M.S.F. radio) channels at both edges of the record.

The static offset of each channel of the jet pen was checked
by a marker pulse.

The cassette recordings of the quarry blasts were
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'replayed directly through to the jet pen recorder. The
one inch Rookhope fapes were replayed through an EMI deck
and demodulators, in a similar manner to the %" tapes.

2.4.7 Calculation of Travel Times and Distances

From the analogue playback, the onset of the Pg
arrival was calculated. This time was normally read off
the unfiltered records, using the filtered channels to
establish the character of the signal. The accuracy of
~the initial break of the Pg wave was dependent on the
frequency content and signal to noise ratio. This error
was Judged to be a maximum of about 0.1 seconds.

The quarries and recording stations were positiohed
on 23" and 6" Ordnance Survey maps. Little difficulty
arose in establishing the grid coordinates of the recording
site, as the many reference points of the farm buildings
gave accuracies of better than 50 m. The position of the
shots was much more difficult to assess, because of the
constantly changing position of the wbrking face. The
total error inldistahce between.any two stations was
Judged to be a maximum of 0.2 Km.

2.4.,8 The Data

A total of 94 travel time equations were obtained
from 22 sources and 29 recording stations. The full data
set is given in Table i, and includes those travel times

obtained by Archer (1971), Kidd (1972) and Griffiths (1974).

2.5 The Time Term Method

The travel time of the refracted wave between two

stations can be written as:-
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tij = E%i + ai<f aj (1)
where tij = travel time between stations i and J
Dij = distance measured along the refractor between
the normals to'the station
V = Velocity of the refractor (constant)
ai;aj - the 'time terms' of stations i and j and are

defined as the delay of the refracted wave
caused by the low velocity cover.
In deriving equation (1), Berry and West (1966)
assume that:- _
1l. The velocity of the refracting horizen is very nearly
| constant.
2. The regional dip'of the refractor is not too large.
3. The curvature of the refractor is slight.
4, The velocity structure beneath any site is a function
-only of perpendicular depth to the refractor.
The observed travel time, Tij’ is different.from the

hypothetical travel time, t because of measurement errors

ij?
and the non-ideal behaviour of the refractor.
Tij = tij + sij where sij is the residual time.

If the refractor is approximately level then

Dij”g’xij where Xij is the horizontal distance between
the stations.

The measured travel time is given by:-

X, .
= —=d '
Tij = 5 +ay + a'j + 5ij (2)

If there are n stations (shots and recording sites),
then there is a possibility of up to n(n-1) observations,
with n+l unknowns; the delay times of each station and the

velocity of the refractor. If there are more observations
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than unknowns, the problem can be solved by linear
regféssion.

The m sets (number of data) of equations like (2) can
be written in matrix nofation:—

[a10a] = [1] - ${x]
where [A] is a m by n coefficient matrix

- {a) is a column matrix (nx1l) of unknown delay times

[T] is a column matrix (mx1) of travel times

[X] is a column matrix (mx1l) of distances

V 1is the scalar quantity of the velocity of thé

refractor.

It is convenient to divide matrix [a] such that:-

1 -

The two equations:- |
[a]le] = [T] (3)
and [A](f] = [X] (3)

are independent of the velocity of the refractor. The

solution for the sum of the residuals squared to be a

minimum is:=-

[e] = [ATA]7H[AT][]
[£] = [aTa]~H{aT20x]
For each travel time equation a quantity is assigned:-

The residual becomes:-

Differentiating the sum of the residuals squared with

respect to the velocity of the refractor gives the least
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squares velocity which is:-

j=1 1Jd

1%1 Cy5Ds 4

V =

2.5.1 Standard Errors

An estimate of the variance of the solution for the

least squares velocity is:-

L 82,
2 i=1 *J
0- = ———-
m-n-1
The standard error of the velocity is given by
Se(V) = V? Se(y)
2
2 (¢}
(Se(3)? =T 2
Vv - T D;
Ci=1 13

where

'The standard error of the kth time term is given by
Berry and West (1966) as:-
L 2

2 .= b
(Se(aK)) =_l£;L—i

where L = number of observations to station K.
Alternatively the standard error of a time term can be
estimated from the diagonal element of matrix [Q] = [ATA]_lz-
2 2 |
(se(a))? = G o

' The confldence limit for each time term is estimated

by multlplylng the standard error by the appropriate value
in Students t. distribution tables (two ended) for L-1

degrees of freedom.
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2:.5.2 Weighting of the Data

It may be necessary to give pfominence to a
particular travel time. By this means it is possible to
improve on the standard error.of the unknowns by emphasising
the particular travel times with the least observational
error. Weighting was achieved by multiplying entire

rows of the matrix equations (3) by a given factor.

2.5.3 Congtraining the Data

It is_somefimes possible to estimaté the value of a
particulér time term by the position of the station
relative to the basement. It is convenient to constrain
‘the solution of a particular time term to this value while
still treating it as an unknown. This is simply achieved
by adding K constraints to the travel times. The first K

rows of matrix [A] have only one figure in the ith column

th time term is to be constrained.

instead of two, where the i
The correspondiﬂg value in matrix [T] is the constrained
term and the value in matrix [X].is set to zero.

2.5.4 Constraints on the basement

- The local geology at Rookhope is wéll known from the
borehole (Dunham et al., 1961, 1965), from which the Weardale
granite was discovered at a depth of 390 m.  Using a
velocity of 4.0 Km/sec for the cover and 5.5 km/sec for the
granite it was possible to estimate the time term at
0.07 seconds. _

As‘part_of.a project carried out by U.K.A.E.A. and the
Univeréity of Durham, a Borehdle seismometer was constructed
and operated ih the hope of improving the signal to noise

ratio for nuclear detection. As the seismometer lay within
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the basement, the delay between this instrument and a
similar surface seismometer situated at the top of the.
borehole, was a direct measurement of the delay term at
Rookhope. Figure 7 shows the result of the measurement
of_the delay of a number of local events.  These events
(Section 3.4.1) Were measured by matching waveforms or by
picking the difference in onset time directly. This
measurement was sﬁbject to a large relative inaccuracy and
consequently the results showed considerable statistical
variance. Although bimodal, the results showed a broad
agreement with the expected delay.

Several quarries wefe situated on or very close to
the basement. = These quarries included Arcow and Horton
quarries at Hofton in Ribblesdale, High Force quarry in
Upper Teesdale, and Harden quarry in the Cheviots.

2.5.5 Two Velocity Solution

Figure 3 shows the two basement rock types known
within the network. It is possible to achieve a solution
to the best fitting.velocity of each rock type. If the
velocity contrast between the granite and basement is small,
there will be little refraction at the contact. The
distance‘between the stations was divided into that
travelled in the granite and that in the basement, using
Figure 3 for the distribution of the two basement rock types.

The travel time equation becomes:-

X1, . X2, .
_o7ig ij
Tij =Tt Yt a8yt a’j + sij
where XIij = distance travelled in basemenf.
X2.. = distance travelled in granite

13
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V1 veldcity of the basement

V2

velocity of the granite.

Three équations are solved:-

[alle] = [t]
[all£1] = [x1]
[a)[£2] = [x2]

fli f2
The time term is given by a; = e; - y7~ ~ 73
Also defined are:-

The sum of the residuals squared is given by:-

. m 2

Differentiating I with respect to 1/¥1 and 1/V2 gives:-

m
1 ) 2

lzlclJ DL iy = (VT i§1 D1ij + (vz) 1§1 D1, 13 Dzlj
% c. D2, . = (%) £ DL.. D2, + (&) % D22,
j=1 13 T3 V17 321 13 TTi3 7 V27l 3o il
or in matrix notation
(1] [ % D12 % D1, . D2, 17 (¢ C.. Dl \
s % Di..D2. % D22, 1 E C; 5 D2,
| V2 i=1 1ds30 13 | 1=1 1J 13’
The standard error for the velocities are:-
2 2 _ 02
Se(Vl) = V1€ Se ( ) where (Se(v1)) S ——
m 2
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| _ ol 1 vy o]
Se (V2) = v2 Se(VZ) where (Se(VZ)) = T2
i=1 +

‘where 02 is the estimate of the variance of the solution

2.5.6 Velocity increasing with distance

It is commonly found that velocity increases with
distance (c.f. section 3.4.1). If a model of velocity

increasing linearly with distance away from the source is

proposed: -

where V = velocity at distance Xij away from the source
Vo = initial velocity
K = a factor by which velocity increases.

The travel time is given by:-

_ 2 243
| | KX, . X;. KXT. K°X7.
- % = & 1n (1+—miid) =id - 44, — 43
tiy (V, + KX) 6% = ¢ 1n (1 + A ) = +

. 5
o] ZVO 3V0

+ higher terms in k2 and above.

If K is small e.g. K = 10~2 and taking Xij = 70 lm;
V, = 5.0 km/sec.
2 - 2,3
X; - < _ K°X3 . 3
<4 = 14 sec —xl w10 sec —=d ~ 1072 sec which is
V 2 3
o] ZVO 3VO

below the measurable time accuracy.

Terms ih K2 and above can be neglected and the travel time

equation becomes:-

2
X;: KX[.
= = - 2l
Tij =Y ") tay +ay+ 6ij
0
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Three equations are solved:-

[alle] = [7]
[al[£1] = [x]
[al[£2] = [¥°]
The time terms are given by:- a; = e - (-\;‘—o-)fli + (v%)fZi

. ‘ 0
Also defined are:-

C..=T.. — e. — e.

1J iJ i J
R

Differentiating the sum of residuals squared with respect

+to (%L) and (_KE) gives the solution for V, and K
o] 2 '

0
/ (l )\ e m D12 n o o N __.1_/ " W
Vs j=1 idy 421 713 YL 1=1'Cyy Dlyy
K 1 m m 2 m
— ¥ Dl,.D2..- ¥ D2<. T C.. D2..
2v2) J i=1 oty i1 j=1 1d 7713 J
o \ 7 \

When values of"Vo and K have been solved, it was
possible to use the Weichert inversion (Section 3.4.2)_to
establish the veiocity—depth'relationship for the model.

2.5.7 Dipping Laver Iteration

One of the assumptions of the time term method was
that the angle of dip of the refractor was small and

consequently Xij = Dij' For a dipping refractor:-
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Statjon j | Statjon |

— : — Xjj

A
L

Z; and Z. are the perpendicular depths to the refractor

J
Z} and Zg are the normal depths to the refractor
© is the angle of dip of the refractor.
Dij = BD = AC + CD - AB - |
A - X, 5 - AB f Zj.31n:9 Zj - Z; = Xij tan ©
- cos @ CD = 2; sin 8
X, . X, . 2, X, .
R s I -7 ) = xJ _ 8in 06 "ij _
Dij cos & ~ St ° (Zj Zl) cos © cos © Xij cos ©
then Zj = Z Zi = Zi
cos © cos o

In the first iteration the angle © was set to zero
and the time ferms calculated in the normal way. These
time terms were inverted to depths (Zi and 25)'and then the
dip of refractor between two stations could be calculated
(from Zi and Zj). A new value of Dij is calculated from:-

2,
= = 1J
Dij = Xﬁj cos gij = (Xij N (Zj-Zi)Z)%

X
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2.5.8 Tests on Model Networks

It was found that the dipping layer iteration gave
~only a slight improvement in the determination of the |
refractor velocity over a single solution. It was found
that for structurally complex models, and for poorly
reversed models;:the solution became unstable. This
Iinstability is a commbn feature of iterative time term
analyses (Bamford, 1973), and is caused by the interaction
of thé delay terms with the velocity of the dipping layer.
As © becomes larger, Dij becomes smaller and ai a'mil'a'j
become larger, which causes @ to increase.

. It was generally found that if the velocity of the
refractor was known and constfained, or 1f good reversed
coverage was available, a-single solution_gave reliable time
terms, except at the margins of the network. The problem
of the marginal time terms was caused by poor reversal

of velocity (Willmore and Bancroft,.1960){

2.6 Time Term Solutions

2.6.1 Single Velocity Solution

The best fitting velocity to the solution was

5.70 + 0.045 Km/sec. The solution was obtained by
constraining the time term at Rookhope to 0.1 sec. Table
(2) shows a list of time terms obtained for the least
squafes‘velocity. The distribution of the stations are
shown in Figure 8 and the details of the station are listed
in Table 3.

. Incorporated throughout the solution was an estimate

of errors. The observational error was considered in two
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- Table 3
Details of Stations

STATION
NUMBER NAME
1 Belford Quarry
2 Archers RS
3 Mootlaw Quarry .
4 Kirkwhelpington Quarry
5. Swinburne Quarry
6 Archers R6
T Rookhope S3
8 Bastgate Quarry
9 Rookhope 81
10 Rookhope S2 _
11 Newlandside Quarry
12 ~Kidds 2
13 Kidds 5
14 Kidds 6A
15 High Force Quarry
16 Leyburn Quarry
17 Kidds 9
18 Horton Quarry
19 Belford :
20 Spadeadam Shot
21 Gofton
22 Hindley Steel
23 West Cliff
24 Thurston
25 Ogle
26 Bedlington
27 Barrasford Quarry
28 Craghill Quarry
29 Elsden
30 Little Haughton Quarry
31 Raisby Quarry
32 Durham Observatory
33 Harden Quarry
34 Walltown Quarry
35 Marsden Quarry
36 Ebchester
37 . Lanchester
38 Arcow Quarry :
39 Hunderthwaite DOL
40 Lunedale D02
41 Swinden Quarry
42 Barras D03
43 Stainmore - D04
44 Tan Hill D05
45 Muker D06
46 Giggleswick Quarry
A7 Marske DO7
48 Stainton D08
49 Stang - D09
50 - Skipton Rock Quarry
51 Hartley Quarry

0.S. COORD,

EAST

413.16
408,49

- 402,10

397.60
394,88
397.96
393.76
392,30
393.56
393.08
398.82
397.54

399485

399.11
387.33
409.65
394.39
379.70
407.55
359.60

. 382,10

374,74
341422
332,14
114,03
426,00
391.35
411,00
393.94
423,75
434,70
426,71
395.85
367.10
395,85
108,95
414,78
380,35
398,30
386,80
398.03
383.34
392,40
388.99
392.55
381.03
109,65
406.75
400,68
401,38
379,82

NORTH

634.18
610,42
575425
583.80
576.83
553.84
54273
537.20
540,50
541,82
53775

516.18
513,07
528423
491,34
487,15
472435
633,08
575 .90
575457
572465
560,16
556463

5TTe97

580,98
574 445
63455
591,85
616.85
535430

541.55

608,56
566,11
608,56
558480
546,46
470,62
521,08
520,85
461,55
512,13
512,23
505.38
497.50
464,92
500.13
518,62
505,18
452,80
508.75
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manners. First, it was considered as -an error bar, within
which the real value must lie.  The accumulation of error
limits of the unknown is shown in the column headed 'ERROR'.
Secondly the observational error was considered to be
normally distributed about the true value. This type of
error accumulates differently from the first type, and this
error is given in the column titled 'ERG’'. As can be

seen in Table 2, the error in the time terms caused by
observational errors are smaller by the_second consideration
and generally amount to about 0.1 seconds.

Table 2 lists the values of e; and f; found at each
station. These terms give respectively the part of the
time term independent and dependent on the velocity of the
refractorﬁ By glancing at these values it is possible to
say which.time terms will be most effected by a change in
velocity. Standard errors are obtained for the time
terms using the formulas given by Berry and West (1966)
and by matrix inversion. The number of data to each
station is also shown.

Figure 9 shows the variation of the éﬁm of
residﬁals with the basement velocity. It shows a gently
curved minimum in the region of 5.7 Km/éec. This curve
shows the quality of the data in the determination of the
velocity of the basement. |

Figure 10 shows a plot of the residuals against
travel distance. The piot will show any substantial
variation in velocity with distance if it exists (Willmgre

and Bancroft, 1960). As the residuals appear to be evenly

distributed with distance, there appears to be little
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evidence of velocity changing substantially with distance.

2.6.2 Two Velocity Solution

2 2

A substantial improvement of 0.76 sec” to 0.55 sec
~in the sum of the residuals squared was achieved by treating
the granite basement with a separate velocity. The distri-
bution of granite basement was taken from Figure 3. The
least squares velocity for the granite was 5.39 + 0.077 Km/sec

and for the basement 5.81 + 0,046 Km/sec.

2.6.3 Velocify Increasing with Distance

| This solution showed a reduction in the sum of
residuals squared from 0.76 sec2 for the single solution
to 0.64 sec®. The least squares velocity was
Vo-= 5.35 Rm/séc, increasing iinearly.away from the source
by 0.00414 Km/sec/Km.
2.6.4 TIterative Solution

The dipping layer iterative solution showed very little

2

change in the sum of residuals squared (0.76 sec” to

0.75 secz) and no change in the least squares velocity.

2.7 Interpretation

2.7.1 Distribution of Time Terms

The distribution of time terms is shown in Figure 1l.
The time terms were obtained With the two velocity basement
structure which gave the least sum of residuals squared and
is based on the most reasonable geological premise.

In general, the time terms weré smallest over the
blocks where substantial areas had less than 0.2 sec.
delay time. Over the Alstép block, time terms appeared to

increase to the northern and southern margins and towards
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the North Sea. Over the Askrigg block the distribution
of stations was less extensive, but still showed low time
terms. In northern Northumberland time terms were generally
below 0.2 sec., but increased markedly towards the North Sea.
The Northumberland Trough showed delay terms of |
-greéter than 0.6 seconds and which decreased markedly to
the west. Delay terms in the Stainmore Trough showed a
maximum of about 0.5 seconds with no east-west latéral
variation. One value of 0.71 seconds was obtained in the
"Carlisle basin but as with time terms on the edge of the
Craven basin, were of little significance because of their
proximity to the margin of the network. |

2.7.2 Dependence of Time Terms on the Type of Solution

There was no major redistribution of time terms
whichever solution was employed.

Because of the lower velocity of the granite, the time
terms within the blocks were slightly.reduced compared to
the single velocity solutiomn. A similar effect was
noticed for the solution with velocity increasing.wifh
distance, because most. quarries were situated on the blocks.
The exact significance of the rather large K factor of
0.00414 ¥m/sec/Rm was doubtful because travel distances
tended to be smaller on the blocks with the low velocity
grahite refractor. ‘

2.7.3. Velocity of the Cover

As part of the evaluation of Rookhope borehole, a
seismometer was lowered within the hole, while several shots
were fired at the surface.. The results of this experiment

are shown in Table 4. They indiéateva mean velocity in the



Table 4

Velocity of the Cover

ROOKHOPE BOREHOLE

TRAVEL TIME (ms) - VELOCITY (km/s)

4,21
3.85
4.00

Mean velocity of the cover (visean) = 4,00 Km/s

COVER
DEPTH (m)
194 46
258 67
388 97
GRANITE |
797 ' 167

" DIRECT ARRIVALS

QUARRY RECORDING SITE
Craghill Belford
Raisby ~Durham

‘Barrasford Gofton

5.84

DIST. VELOCITY  STRAT.

4,25 3,70 Viséan'
9.99 3.52 Coal Measures
9.40 3.60 Viséan
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Visean of 4.0 Km/sec. On a few records, close to the
blast, a high frequency second arrival was interpreted as
the direct wave. The velocity appeared to be 3.50 to
3.70 Km/sec. and was independent of the strafigraphical
position. For this reason, the cover was presumed to havé

a constant velocity of 3.7 Km/sec.

2.7.4 Inversion of Time:Terms to Depths to the Basement
The delay time is dependent on both the velocity of
the refractor and the velocity structuré of the cover, and

is given by:-

where Vr = velocity of the refractor
Vv(Z) = velocity function of the cover with depth
h =

thickness of cover.

For a constant velocity of the cover:-

- aerVc . where Vc = velocity of the
- 2
(Vr - VC) cover.

Berry and West (1966) showed that if V. was the mean
velocity of the cover, then a good approximation to the
depth to the basement was given by the constant velocity
formulae.  Taking Vb = 3.7 km/sec., for the two velocity
solution then:-

h granite = 5.09 x ay

h basement = 4.80'x_aK

2.7.5 Depth to the Basement in Northern England

Figure 12 shows the interpreted depth to the basement

of Northern England, based on the two velocity basement



Figure 12
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solution and.a constant velocity sedimentary cover.

The moét noticeable featuré of the map is the thin
cover over the blocks, with much thicker accumulation of
sediments in théﬂinterVening troughs. Cover appeared to
thicken generally towards the North Sea.

| Northern Northumberland showed a rélatively thin
cover of less than llﬁm_of sediments,'which increased to-
wards the Northumberland Trough. The axial region of the
Northumberland Trough'appeared to have a maximum of 3 to
4 Km of cover, which agreed well with the gravity inter-
“pretation (Bott, 1967). The trough shoaled gradually
towards Cumbria.

The Alston block showed a thinning of cover to a
minimum in the Rookhope area. The cover increased to the
marging of the blocks. |
The Stainmore Trough shoWed a depth to the basement
of about 2% km. | The region was discussed in detail by
Griffiths (1974). There appeared to be no evidence of
cover thinning to the west.

Over the Askrigg block, the cover appeared to thin
substantially. The asymmetric nature of the sedimentary
cover (thinnest in the south) was reflected on the map.
Station coverage over the southern margin was not well
defined. |

To synthesise thé regional picture, Figure 13 shows
a section along the 2%y longitude which lies central to the
structural units. The section shows the interpreted
relative disposition of basement-cover relationships as

outlined.
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2.7.6 Precision of the Results

The largest error in the time terms was caused'by the
uncertainty in picking the first arrival. Both the
travel time and the disténce between two sites could be
measured to a high relative accuracy (better than 1%),
but as the difference between the travel time and the
distance divided by the Velocity was usually small, the
relativé errpr .. of this difference was large. Fof small
delay terms (about 0.5 seconds), the error made during
méasurement may-be greater than 25%. The problem was
further aggravated by changes in the velocity of the
refractor. The.observational error was in general much
larger than the standard error calculated from the residuals.

The precision of the depth estimates due to
observational error was about 0.5 Km, but may be greater,
for example at stations situated ét the margin of the
network. This inaccuracy meant that.the basement topo-
graphy within each unit could not be_resolVéd. ‘Nor was
it possible to distinguish any velocity distribution at
depth within the cover. Because of the very low time
terms obtained within the Lower Palaeozoic inliers, it was
presumed that the seismic refractof was indeed the
geological basement. ,

The margins of the troughs may be more abrupt than
has been indicated. The hinge lines were avoided
because of the problem of the dip and curvature of the

refractor (2.2).



37

2.8 Conclusions

The time term method has proved a most useful tool in
the investigation of basement-cover relationships in
Northern England. The limitations to the interpretation
due to the initial assumptions_and observational error
must be treated with care. The survey has shown that the
measurement of travel times to continuous recording mobile
stations was feasible.

Thé experiment has showh substantial lateral
variations-of the thicknééé of sedimentary cover. In
particular, the basemgntiﬁeneath the Northumberland and
Stainmore Tfoughs have been estimated at between 2% to
3% Km deep. This contrasted with the intervening block
regions where less than 1 Km of cover was indicated.

It was hoped that the survey would solve some of the
uncertainties of previous geophysical and geological inter-
pretation. The network can stand as a building block for
extending to neighbouring areas or for more detailed
investigations within each unit. It also aids the inter-
pretation of the deep structure by allowing for the |

correction of the cover.
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CHAPTER 3

APPARENT VELOCITY OF CRUSTAL PHASES ACROSS ROOKHOPE AND
ESKDALEMUIR ARRAYS '

3.1 Introduction

Although the recording of quarry blasts at mobile:
stations providich usefuldata:for the interpretation of the
- onget of Pg, using the time term method, it did not allow
for the-identification and correlation of later ﬁhases
between records. Because of the abundance of quarry blast
sources, it was decided to examine records ftomtwo short
period crossed arrays; namely Rookhope in Weardale and:
Eskdalemuir in Southern Scotland. The purpose of this
study was to deduce the sub-basement, crustal velocity

structure.

3.2 The Scope of the Studvl_

Initially the apparent veiocity of Pg arrivals across
Rookhope array was examined to investigate the veloecity of
the basement refracfor and compare this with the value
obtained ffom the time-term survey of Northern_Engiand
(Chapter 2). As the work progressed it became clear that
a distincfive velocity structure of the uppef crust beneath
Rookhope existed. Because the array had-been dismantled
before the quarry blasts used in Chapter 2 were recorded,
only the epparent velocity across the array could be
established. It was possible to invert the measured-
velocity-distance function for Pg, to form the velocity-depth

structure, by using the Wiechert integral.
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| Eskdalemuir array station was operated throughout the
period of the experiment described in Chapter 2. Because
the origin.time was known it was possible to calculate the
apparent velocity and travel times for each phase and to
construct a record section. The_array was situated at the
northern margin of the network of quarries, and because of
the greater ranges involved (40 to 160 Km) it was ideally
placed to investigaté the deep crustal structure. The
identification of later arrivalé and in particular of wide
angle reflections was only possible from the correlation_of

all the records.

3.3 Data Collection

At both arrays it was of fundamental importance to
calculate the apparent velocity for the identification of
phases and for the interpretation directly. Linear
regression of the onset time at a pit on distance was used.
At Rookhope array it was first necessary to locate the event
by calculating the best fitting azimuth and by using the
P-S time to estimate the distance to the source.  The
location of the source was taken as the neafest worked
quarry, and was confirmed by its distiﬁctive blasting time
(Section 2.3). The source locations of the events recorded
at Eskdalemuir were known, but;ingpractisearegression with
unknown azimuth was employed to check for systematic
’ézimuthal anomalies.

3.3.1 Rookhope Arravy

Rookhope array was established in 1969 by the University

of Durham. It was situated on Namurian strata of the
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'Yoredale' facies, close to the centre of the Alston block.
The array had linear crossed arms with a total of nine pits,
spread at intervals of'approximately 1 Km. A three
‘component pit and borehole éeismometef (2.5.4) were
operated to the south.éf the cross-over point. The
distribution of pifs and their relationship to the local
geology is shown in Figure 14 and the list of pit
coordinates is given in Table 5.

The instrumentation of the station was similar to
that described by Long (1968). Vertical Willmore MK.1l
seismometers were used at the pits, where the signal was
amplified and frequency modulatéd. The signal was
transmitted, via land lines, with transformer terminationms,
to the.centrél recording unit. An EMI deck recorded the
F.M. signals on 1" wide tape on up to 24 tracks, aloﬁg
with the oﬁtput from a digital clock with binary coding,

a radio fime standard, and a reference frequency for
flutter compensation. |

The main source 6f cultural noise was generated by
a mineral washing plant situated to the south east of
the array (Halls, 1964), and was of a similar frequency
(near 6 Hz) to the signals from local events.

3.3.2 Eskdalemuir Array

The array station was operated by the United Kingdom
Atomic Energy Authority (U.K.A.E.A.), primarily for the
'7detectiop and identification of underground nuclear
exploéians. Although designed to investigate teleseismic
events, it does however provide a most useful tool in the

examingtion of local events.
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Table 5

Pit Coordinates at Rookhope

| PIT - X Coord.. Y Coord. ALts
f Wi ~3.274 10.153 0,118
g w2 2,344 0.079 0.074
; W3 -1:140 0.158 0.068
| W4 - 0.0 0.0 0.0

| w5 0.892 0.021 0.082
i

% s1 . =0.380 3,152 0,022
| s2 0,032 ~1.811 ~0.042
é s3 ~0:4169 -0.956 0,048
3 N1 ~0.264 0,781 0.077

. X Coordinate is positive eastwards,

Y Coordinate is positive northwards,
Coordinates and altitude are relative to W4 pit,
and are in kilometers,-




et g mees e riaeet bt

41

The arréy was sited at Llandovery rocks of Silurian
age. The main rock types were grits, shales, mudstones,
greywackes and conglomerates. |

The'array consisted of two linear crossed arms, each
with ten pits containing Willmore MK.2 seismometers

(Trﬁscott, 1965). The distribution of pits is shown on

Figure 15 and the coordinates are listed in Table 6. The

 signals were recorded, frequency modulated on 24 channel

tape decks, using 1" wide tape. Timing was obtained from
a quartz clock, calibrated from radio broadcasts.

3.3.3 Replay of Recordings

The Rookhope tapes were initially replayed with a
single demodulated channel recorded on a heliocorder;
from which local events were distinguished. The tapes
from both Rookhope énd Eskdalemuir were replayed in a
similar manner to Section 2.4.6. The signals were demodu-~
lated, filtered aﬁd played out onto a Jjet pen recorder. A
record speed of 25 to 50 mm/sec. was chosen as a compromise
between accurate time measurement and the preservation of

the waveform.

3.3.4 Calculation of Onset Times

The relative delay between pits was measured by

matching waveforms. A waveform for a particular phase was

s b FE R

chosen near to the cross-over point of the array, and traced.
The reference trace was moved along the record till a visual
_best fit was obtained, and the offset from a particular time

reference was measured.
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Table 6

P/'z‘ Coordinates at Eskdalemuir

PIT X COORD. Y COORD, ALT,
R1 ~1.174 0.471 0,127
R2 . =0.342 0,136 0,121
R3 . 0.489 -0,199 0,093
R4 1,320 | ~0,534 0,109
R5 2,151 -0,869 0.078
R6 ‘ 2.983 : ~1.204 0,166
RT 3.814 -1.539 0.119
RS 4.645 -1.874 0.190
R9 5o 477 - ~24210 0,200
R11 7.140 -2,880 0.122
Bl ~1,049 -2.659 0.046
B2 -0.719 -1.829 0,084
B3 -0.521 -0,952 0.083
B4 -0.056 -~0,168 - 0.070
B5 0.276 0.662 . 0.081
B6 0.606 1.493 0,108
BT 0,937 2.323 0,207
B8 1,313 3.281 0.176
B9 - 1,529 54645 0.114

X coordinate is positive eastwards.

Y coordinate is positive northwards.

Coordinates and altitude are relative to the cross

over point and are in kilometers.

Cross over point is at 55 19 59.0N and at 229m.
.3 9 33.0W
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3.4 Apparent Velocity Across an Array

3.4,1 Known Azimuth

If the shot location is known, then the problem of

the best fitting velocity to the curved wavefront across

an array

reduces to the linear regression of onset time

on distance to the event.

The arrival time at pit (i) is given by:-

Ty

where Ti

_ 1y
=T, + () X +€;5 + 8 (@

is the onset time.

is an arbitrary origin time..

is the distance between the pit and the shot.
is the site and height correction term.

is the residual at the pit.

~1s the apparent Velocity across the array.

For the sum of residuals squared to be a minimum theh:-

< °§X‘ where dix is the variance of the distances
V = ' :
G%T éiT is the covariance of distances
and onset times.
: m m .
cix = E%T ) X? - % (.g Xi)2 ~ where there are m onset
i=1 i=1 .
times.
2 _ 2 1 .
CXT'_ m 121 XlTl - ( 121 X ) ( El Tl) (Topplng 1972)

3 4.2 Confldence Limits

A particular level of 51gn1flcance (Y) was chosen

.e_. 8. 95%.

The solution to the equation:- F(C) = %(1+y)

was found from a table of Students t distribution for m -~ 2

degrees of freedom. The confidence limit of (%) was

found from:-
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o

Se(%) = C Q
°v) [‘aix (m - 2)(m - 1)

where @ = (m - 1)(a2p - ($)2 02;)
and_LdéT- is the variance of the onset times.

The confidence limit of the apparent velocity was found

from:-

Se(V) = V2se ()

3.4.3 Solution for a Constrained Velocity

If the apparent velocity is constrained, the only
unknown in equation (1) is T,, which for the condition of

least squares gives:-

1 m 1,1, O
TO - r'n' iEl Ti - ﬁ (V) J'_El Xi
The standard error of the solution is given by:-
' _ 1 nm 1 2
Se(Sol.) = E:Tigl(Ti -7, - (V) Xi)

The log value of the standard error of the solution
was plotted against a set of constrained velocities about
the 1east squares velocity. This proved useful to assess
the quality of the data for the determination of wvelocity.
Figure 16 shows the fit of velocity (Pg) to a blast from
Eastgate duarry across Rookhope array, and displays a well
defined minimemat 5.14 Km/sec.

3.4.4 Site Corrections

The height correction of the pit is given by:-

n, (V2 - vg)% . where h; is the height above a common

i . .
TV reference point e.g. .cross over point.
o

V is the apparent velocity across the
array.
Vc is the velocity of the cover.
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Because this formula: contains the unknown (velocity),
the solution becomes non linear. If hi is small (less
than 0.2 Km), the correction can be replaced by (hi/Vc),
which is different ffomlthe-exact solgtion by an amounf
less than the observational error, for real cases. A
site correction can also be applied for known systematic
changes in geological sfructure.

3.4.5 Unknown Azimuth

The arrival time at a pit with coordinates (x;,y;),
references to the cross-over point, for a ray with a

plane wavefront is given by

Ty =T, = X4 (%—g)—yi (00\5, &) +e; + 85 - (2)
where T; 1s the onset time
T is the vintercept - time
is the sité correction
8, is the residual ét the pit

o is the azimuth of the fay with velocity V

measured clockwise from the Y arm.

At least three onset times are required tb solve the
unknowns [T, «, v]. The set of m equation of the type
(2) can be written in matrix notation:-

(1] = [Al(s]

where [T] is the column matrix (m x 1) of onset times

[s] is the column matrix of unknowns = | 51 To
S2 = | sin ¢o/V
S5 cos a/V

[A] is an m x 3 matrix of coordinates

e saflisee
i
oo-N so e
1
-.oﬁq sese
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For the sum of residuals to be a minimum the solution is:-
[s] = [aTa)™2(aT)[T)

The velocity is given by:- V = L

(SZ2 + 532)%

The azimuth is ¢ = tan~ L (g%)

3.4.6 Standard Error on the Unknowns

The variance on each of the unknowns is estimated from
th

m . . .
5 Q4 .21 6% where Q;; is the 1 dlagonal
= 1= ’ -
Oi element of [ATA] 1
m-3
The standard error of S; = Se (S;) = 42

i
Velocity and azimuth are functions of S2 and S3:-

v

f (s2, S3)
g(s2, S3)

The standard error of velocity is given by:-

o4

(se(M)? = ( 8£,)2 (se(52))2 + (4£5)2 (se(53))2

and similarly for azimuth.

- 2 2 2 . 2
N2 _ 825 (Se(S2))c .+ S3° (Se(S3))

2 2 2 2
and for azimuth (Se(a))? = 22 -(SeéSB)) 5‘23 (Se(s2))
(82 + 83%)

To calculate the confidence limit of V‘and o, a level
of Significance.was chosen e.g. 95%, and the appropriate
value from a table of students t distribution (two ended)

for m - 3 degrees of freedom was multiplied by the standard

error.
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3.4.7 Correction for a Circular Wavefront

/N
Y S
E}x .
A _
(00X Xi : : sH Q

The distance from the source to the pit is given from the
_ _ .
cosine rule:- A = (D2+x§+y§-2 D(xi sina +y, cos a))?
where D is the distance from the cross over point to the

source.

CE = FG = FH - GH = xl cos a - y; sin g

BC =BS ~-CS = p - (A - (x cos a - ¥; s1n a) )%
and is the extra distance travelled by the circular wave—

front. The s1te correction in equatlon £2) (3 L, 5) becomes
A~ (A - (x cos @ - yl sin a) )g h, (V - Vg )
€; = V] A

The second term is the height correction. Because
both velocity and azimuth are required to calculate the site
correction, the problem becomes non linear and is slved

by iteration. The distance D of the source to the cross
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over point can be calculated if the shot position is
known; or it can be estimated from the P~ S time. The
iterafiveiprdcedure‘is_continued till the values of the
site correction changes by less than a particular value
(10_3 seconds) which is less than the accuracy of measure-
ment of the onset time. ‘In practise Gi is small
compared to T; (especially for D greafer than 50 Km) and

~ the solution quickly converges.

3.5 The Upper Crustal Structure of Rookhope
3.5.1 The Data

A total of 140 local events were examined duriﬂg a

period ffom September-December 1969. Of these, the source

of 49 events was: located and are listed'in Table 7.

Figure 17 shows the results of the measurement of

apparent velocities plotted against the distance to the
source. The weighted mean and confidence limits for repeated
measurement of apparent velocity from the same quarry were
calculated by using weights inverseiy'proportional to the
square of the standard error for individual measurement
(Topping, 1972). .The consistent low apparent velocities
recorded for the Pg phase at Heights quarry and especially
at Eastgate quarry, meant that the low apparent velocities
(about 5.0 Km/sec) recorded at short ranges (below 8 Km)
was of real statistical significance. Beyond 8 Km range,
the apparent velocity (about 5.7 Km/sec) was commensurate
with that obtained from the time term analyses (Chapter 2).
The apparent velocity appeared to be independent of the

azimuth of the source. The large confidence limits for
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Table 7

Events used to Calculate Apparent

Velocities across Rookhope Array
FIXED
AZINMUTH
VELOCITY

0.76
1.09
0,70
6+ 0,97
0.31
0.41
0087
1.01
0,71
0.50
0.62
0,74
0.75
0.54,
2 42
0,71
0.48
0,92
1,07
0.27
0.39
0.87
0,61

SOURCE
W4 Shot

-Crooks Alter

Northgate
Eastgate
Bastgate
Frosterly
Frosterly
Heights
Eastgate
Shap
Newlandside
Mootlaw
Mootlaw
Shap
Buxton
Leyburm
Leyburn
Taprain
Newlandside
Fastgate
Mootlaw
Taprain

Newlandside

Shap
Horton
Mootlaw
Shap
Newlandside
Eastgate
Newlandside
Mootlaw
Belford
Heights
Heights
Newlandside
Shap
Mootlaw
Swinden
Newlandside
Shap
Bastgate
Eastgate
Belford
Kirkudbright
Mootlaw
Hartley
Bastgate
Newlandgide
Eastgate

PHASE

DIST.

0,121
4.294
3.437
6,501

- 6,501
11,766
11,766
4,999
6.501
4645342
T«394
32.600
32,600
46,342
171,190
544832
54.832
135,962
T«394
6,501
32,600
135,962
T4394
464342
72.899
32,600
464342
Te394

6,501

T+394
32,600
92,511

4,999

4,999

T¢394
464342
32,600
82.242

T¢394
464342

6,501

6,501
92,511

109,088
32,600
37,681

6,501

T«394

6,501

YUTUT WU

VU =] - UTUIT VTV VT U U1 BB VWJTULE 2O GYVUJTJTUT YWJTUTUT YUTUT YWOTOUT T OT T\

VARIABLE
AZTIMUTH
VELOCITY

T«88+ 6,75

4,36+ 0,15
4.89+ 0.16
«04+
21%
38+
<03+
62+

=
i+
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single events made it difficult to assess the exact
velocity-distance function. Three separate functions were
proposed to explore the range of possible solutions; fwo
continuous and one discontinuous function.

~ An apparent velocity of about 6.5 Km/sec was observed
as a first arrival beyond 90 Km and was interpreted as P¥*
phase. Pm reflections were obgerved to have an apparent
. velocity of about 6.6 Km/sec at large ranges (more than
: 130 km).

3.5.2 Inversion Procedure

The continuous velocity-distance functions were
- inverted to the velocity-depth structure by using the
Wiechert integral:-

A

Z(VL) = i cosh_l(v¥17) da (e.g. Slichter, 1932)
m V(A

0
The inversion integral assumes that velocity increases
continuously with depth, with no abrupt ohanges causing
triplication of the velocity-depth function. The discon-
tinuous function of apparent velocity was inverted by
assuming plane layers, from which the depth to the higher

velocity refractor was calculated.

3.5.3 The Velocity Structure of the Upper Crust beneath
Rookhope

| Figure 18 shows the result of the inversion of the three

velocity-distance relationships. .All three velocity-depth
structures exhibit a low Pg velocity in the topmost 1 Km of
the granite beneath Rookhope, even though the nature of the

transition to the underlying material could not be determined.
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It would be doubtful whefher fhe observed velocity-distance
relationship was caused by a laterally Varying cylindrical
structure. Whether the low velocity of the granite near
the surface was due to compositional changes (Holland,
1967), or the result of.déep weathering cannot be stated.
3.5.4 Depth to the Lower Crust

Beyond 90 km a P* phase with an apparent velocuty of 6.5 km/
sec was observed. Further evidence for a lower crust comes
from the velocity of the Pm phase at large distances, which
becomes asymptotic to the same velocity. ' _
At the cross—over distance the travel time of the Pg and
P* waves are equal. .Assuming plane layering, the delay time
to the P* refractor is given by: - |
X, 1 1

a =2 ("= ) +a
2 ng Vb* 1

where Xc is the cross-over distance

V ., 1s the velocity of the Pg phase at the cross-over

pg
point
Yp* is the velocity of the P* phase
a; is the delay time relative to ng and can be

calculated from the Wiechert integral:-

T (v2 L v(o)2\E
vt
o | 'p& "M% |

where V(z) is the velocity. distribution to depth h.

The estimate of the delay time to the P* refractor
beneath Rookhope varied from 0.95 to 1.04 seconds
depending on which model was chosen. The delay of the
refracted wave to the depth h can be calculated from (3) by

replacing ng with Vb*. Assuming a constant velocity (ng)
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beneath depth h, the depth to the P* refractor was
estimated between 11.3 and 12.7 Km.’ If velocity increases

below h, then this value was a minimum-estimate.

3.5.5 Residuals at Rookhope

The mean and standard deviation of the residuals at
each pit was calculated for the evenfs listed in Table 7,
both for fixed and variable azimuth. The distribution of
residuals as shown in Figure 19 are nof significantly
different from zero. There is no apparent correlation

with elevation, suggesting that the velocity of the cover

(3.7 Km/sec) was correctly chosen.

3.5.6 Amplitude of the Pg phase Recorded at Rookhope

On a qualitative basis it was observed that the
amplitude of Pg arrivals from sources just beyond the sub-

surface boundary of the Weardale granite was very low.

This may be explained by diffraction at the outward sloping

contacts of the low velocity'granite. The effect was not so
noticeable at larger ranges, and may be due to a smaller

velocity contrast at depth.

3.6 Interpretation of Eskdalemuir Records

3.6.1 Apparent Velocities across Eskdalemuir .Array

First, and distinctive high amplitude second (Pm)
arrivals from a number of known quarry blast sources, were

used to calculate apparent velocities across Eskdalemuir.

The events used and the results are shown on Table 8.

Figure 20 shows the results of the measurement of
apparent velocities across the array. Because no events

were located within 35 Km range, it was not possible to
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Table 8

Evenfs used to Ca/cv.u/az‘e Apparen'z‘
Velocities across Eskdalemuir. Array

- APPARENT
SOURCE DATE  DIST  PHASE VELOCITY
Belford . 6/7/73 91.45  P* 6,57+ 0,33
Pm 7466+ 0,47
Little 10/7/73 97.97  Pm 9.69+ 0.47
Haughton
Harden 8/8/T73 69.44 Pg 6,08+ 0,27
‘ Pm 7.92+ 0,39
Eastgate 9/8/73 95.87  P*? 6433+ 0.47
Pm 7.25+ 0.18
Raisby 9/8/73 126.85 Pm 6,72+ 0,22
| Sm 4,00+ 0,32
Spadeadam ~ 27/8/73 44.06 Pg 5461+ 0,07
28/8/73 Pg 5.57+ 0,06
29/8/13 Pg 5.58+ 0,07
Horton ©13/5/74 143.13 Pm 6,88+ 0,73
28/5/14 Pm 6062+ 0,17
10/6/74 Pm 6,26+ 0,25
Leyburn . 5/6/T4 141,06 Pm 6.09+ 0,13
Giggleswick  6/6/74 150,30 Pm 6,59+ 0,28
Swinden 7/6/74 160,28 Pm 5455+ 0,19
| 15/7/14 Pm 6.60+ 0,22
Arcow 19/6/74 143.13 Pm 6.26+ 0,25
Hartley 26/6/74 110,02 P* 6.32+ 0,18
97.93 Pg 5.564 0,22

High Force 19/7/74

- Confidence limits are

95 per cent.
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invert the velocity-distance function for the Pg phase,

but the velocities do agree with those obtained by Jacob
(1969). A P¥ first arrival was observed beyond 90 Km, and
Jacob (1969) attributes this 'fast' phase to a discontinuity |
at about 12 Km beneath Eskdalemuif; The Pm phase shows a
decreasing velocity with distance and becomes astptotic to a
velocity of about 6.6 kKm/sec at large ranges. The critical
distance is estimated at 65 + 5 km for an assumed Pn velocity
of 8.0 km/sec (Agger and Carpenter, 1965). None of the
phases from the sources used, showed any significant
azimﬁthal anomaly.

3.6.2 Record Section to Eskdalemuir

Figure 21 shows a record section of quarry blasts
recorded at Eskdalemuir, reduced to a velocity of 6.0 km/sec.
Only a fraction‘of the total records are shown to preserve
clarity. Because the events were recorded from different
azimuths (east to south of the array), records at the same
range but on different structures show a.variable delay to
the onset of the first arrival. This was particularly
noticeable for quarries in the Northumberland Trough (at
75 to 85 km) and in the Stainmore Trough (at 105 to 115 km),
which show a reduced time of the first arrival ef about

1.5 seconds. Quarries from the block regions show a

reduced time of less thén one second for the first arrival.

A high amplitude Pm phase was observed from one to two

seconds after the Pg arrival. .This phase persists to
beyond léOlﬁm where it can be-easily mistaken for a first
arrival. Only beyond 160l§m was it possible to detect to
the Pn phase, and at which distance the amplitude of Pm
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decreased slightly. Occurring at 1.0 to 0.5 secohds after
the Pg phase, was.a rather indistinct, but noticeable phase
which was interpreted as a wide angle reflection from an

intra-crustal discontinuityand is here called the_Pc phase.

3.6.3 Interpretation of Wide Angle_Reflecﬁions

The interpretation of wide angle reflections was
achieved by comparihg the observed fravel times ,wifh those
" calculated from plane layéred.crusfal models. Assuﬁing
Snell's léw, then for-any ray the parameter, p ='(%%gji)
ig constant. .The travel time along the ray between
depths z; and e is given by:-.

&
t = @

V(z)/1 - 22 (2)

z;
The horizontal distance is given by:-_
z5 (

V(z) dz
V1 - p%ve(2)

zq |
To calculate the travel time fér the reflected wave it was
necessary to reckon the parameter p of the ray. A Newton
iterative solution for the,parametef was found from the 
distance integral. For n plane layers

n : np'D..V.
X= ¥ x, =27% S

. i . —_—
i=1 i=14/4 2.2
where D. is the
n n Dy 1 th
T = R ti = 2_2 thickness of the i
i=1 =1V _ p2V§ layer; V; is the
th

velocity of the i
- layer
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X_ 3 L_o% Di T3
®  31dP Ty (1 -2 vf)372

For layers with'uniformly increasing velocity with depth:-

X= % x =2'I21 —%—[(1 Vo pz)% (1- Vt2 2)%3

]
g

I S < T T, I -1
T = Elti = Zizl K, [cosh (5—73;)-9 (p Vi, )]

dx 1 1. [ - J.]
dp igl S .:(1'P2V’°§)% (1-p° Voi)®

where K; 1is the linear increase of velocity with depth in the

i.l:h layer. :
{ th layer

' Vti is the velocity at the bottom of the-ith layer

Vo; is the velocity at the top of the i
During the Newton iterative process, an estimate P
of the parameter of the reflected ray is madé. ~ A better

estimate of the parameter is given by:-
| X(p.)
Py © TPy T ﬁ'(f)})
| dp

At super critical distances the aﬁgle of emergence of
the reflected and refracted rays is similar. The
measurement of the time difference between the refracted
and reflected waves is almost independent of the delay of
the cover. In practice a small correction is applied.

3.6.4 Interpretation of Pc Reflections at Eskdalemuir

Figure 22 shows the fit of the observed Pc reflectlon
travel times to a dlscontlnulty at a variable depth. A

single layered model was used with a velocity of V = 57 Km/
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sec and K =001 Km/sec/Km. The fit suggests a discon-
tinuity at a depth of about 12 Km, which agrees well with
the estimate made by Jacob (1969).

3.6.5 Interpretation of Pm Reflections to Eskdalemuir

Figure 23 shows the fit of a two-iayered crust to the
observed Pm travel times. Thé thickness of the upper crust
was constrained to 12 km, and the velocity and thickness of
the lower crust was varied. The best fitting model suggests
a velocity of about 6.5‘%m/sec at the top of the lower crust,
and a depth of 27 Km to the Meho: The model has a time
term of 2;85 seconds which closely corfesﬁbhds td the value
suggested by ;Agger and Carpenter (1965). | |
3.6.6 Residuals at Eskdalemuir.

Figure 24 shows the mean and standard deviation of the
residuals at eaéh pit at-Eskdalemuir array for three Pg
arrivals with high signal to noise ratios. There appeared
to be little correlation of the residuals with elevation, .

suggesting the cover velocity of 4.7 Km/sec (Agger and

Carpenter, 1965) was approximately correct.

3.7 Conclusions

An analysés of the apparent velocities for crustal
phases across Eskdalemuir and Rookhqpe>array suggests that:-
1) There was an indication that velbcity increésed with

depth in the ﬁpper crust. ‘This was especially noticeable
near the surface of the Weardale granite beneath Rookhope.
2) From both the reflected and refracted phases, there was
evidence of a discontinuity at a depfh of 12 to 13 Km
beneath Eskdalemuir and Rookhope. Beneath this discon-
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- . tinuity the velocity of the lower crust was about
6.5 Km/sec.
3) The interpretation of Pm reflections suggested that the

Mohorovicic discontinuity was at a depth of about 27 Km

beneath Eskdalemuir.
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CHAPTER 4
NORTHERN ENGLAND REFRACTION LINE (N.E.R.L.)

4,1 Introduction

_ The N.E.R.L. experiment was a subsidiary refraction
iine, displaced 30 to 60 km to the east of the main
| ﬁ.I.S.P.B.'projeot (Lithosphere Seismic Profile in;Britain),
shot during the summer of 1974. The recording line, which
was approximately 130 Km long, stretched from Skipton in
North Yorkshire to near Rothbury in Northumberland, and
straddled the 2°W meridian. The shot diistribution of the
main experiment dictated that the line would give essential
information about tne deep crustaf and upper mantle. The
project was a Joint venture between the Universities of

Durham and Cambridge.

4.2 Planning
4,2.1 The L.I.S.P.B. Project

The L.I.S.P.B. project was designed to investigate
the lithospheric struoture of Britain, A series of four
large spreads with eighty recording stations each, were
moved to give an even coverage along the length (north-south)
of Britain. Land and shallow marine shots were distributed
along the line, and were detonated during the first phase
from 23rd July to 1lst August. During this phase the
spreads were moved progressively northwards. During the
second phase, from 4th to 15th August, large_sea shots were
detonated off N.W. Scotland and in the English Channel, as |

the spreads were moved southwards.
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4.2.2 The N.E.R.L. Line in Relation to the L.I.S.P.B.
Project

The position of the N.E.R.L. line in relation to the

L.I.S.P.B. project is shown in Figure 25. The position of .
spread gamma of the L.I.S.P.B. project was determined by

-~ the two terminal shot points at Buxton (berbyshire) and
Spadeadam (Northumberland). The planned line lay along the
western margins of the Askrigg and Alsfqh blocks. The
proximity to the Dent and Pennine faults, both of which
are maJjor crustal dislocations, meaﬁﬁufhat this line may
not reflect the true structure of the main'ﬁnits. It was
decided to operate a separate recording line, paraliel to
spread gamma, but displaced to the_east.

4,2.3 Planning of N.E.R.L. |

The position of the N.E.R.L. recording line was
chosdn?bﬂxﬂit lay central within the structural units.
The profile was designed to cover the Northumberland trough,
Alstqn block, Stainmore trough, and the Askfigg block. This
line coincided with the most intensely investigated regioh
of the upper crustal structure (Chapter 2); A north~-south
line parallél to the main experiment meant that the
maximum information about the velocity structure of the
crust could be extracted.
b2,k Logistics

It was thought that the most information could be
obtained if the design of the experiment mirrored the.
logistics of the main experiment. Because of the small
size. of the planned shots off Weymouth and in South Wales,
it was decided not to include these shots. The N.E.R.L.'



Figure 25
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line was divided into three spreads which mirrored the

- movements of lines Alpha, Beta and Gamma (Figure 25) of the
main experiment. The relationship of the experiment to

the structure of Norfhern.England is shown on Figure 26.

The spreads from south to north were designated A, B and C. .

The A spread stretched from near Skipton to
Wensleydale and covered most of the Askrigg block and ifs
margin onto the-Craven basin to the south. - The B spread
lay from Wensleydale to Weardale.  This covered the northern
margin of the Askrigg block, the Stainmore.trough and the
gouthern edge of the Alston block. The C spread extended
from Weardale to near Rothbury in northern Northumberland.
The spread lay oVer the northern edge of the Alston block
and covered. the Northumberland trough.

A total of 13 mobile recording sets were used on each
spread. Cambridge sites were interleaved between Durham
stations, so that if a particular system failed, complete,
though less detailed coverage would exist. The permanent
station at Rookhope was operated throughout the experiment.

It was hoped that the Buxton and Spadeadam shots would
give useful upper crustal data, while the Edinburgh, Dunkeld,
North Wales and sea shots (Figure 25) would yield information

on the variation-in_crusfal thickness.

4,3 Data Collection

4,3.1 Recording Sites
| Recording stations were selected for easy aCCéss by
road to low noise sites, on drift free land with good

exposure for direct cdupling of the seismometers to bedrock,
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Sites were spaced at intervals of approximately 3% Km
aiong thevspreads, with a minimum 1atera1 offset. A
- small hole was dug sufficiently deep to covér the
seismometer, so that wind noise was reduced.
- 4.3.2 Equipment

The Durham eqﬁipment consisted of six portable
cassette recording systems, two mobile three component sets,
and the permanent station at Rookhope. Cambridge University
employed five portable sets. |

The tape decks of the six portable Durham sets were
Uher stereo cassette recorders, operated at 1% i.p.s. and
using C90 or Cl120, Croz cassettes. One channel recorded
M.S.F. time sighal directly, the other a frequency mbdulated
siesmic signal. The recorder had an audio monitof to check
the system was functioning normally. A separate amplifier—
modulator was connecfed to the recorder. The géin level of
the single channel seismic amplifier was switched electroni-
cally by powers of two by means of an internal thumbswitch.
Calibration pulses were switched automatically when the power
from the recording deck was switched on. A single vertical
seismometer was connected by about 100 m of screened cable,
so that the operator would not disturb the recordings. Five
-sefs used Willmore Mk2 instruments, while the remaining |
unit used a Willmore Mk3. The recording system was placed
in a large polytheme bag for weatherproof operation.

. The two thrée.component sets were identical to those

previously descfibed (2.4.2). | Willmore Mkl seismometers
were used as the horizontal components, and a Willmofe Mk2

as the vertical for each sef.
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The Cambridge University equipment was similar to the
Durham mobile sets, and used Uher 2" four track debks,'an
amplifier-modulator unit and a quartz driven digital clock.
Synchronisation of the clocks was achieved by recording
M.S.F. radio time signals at the beginning of eéch recording
and by- the distinctive speech bursts of B.B.C. radio 2.

Gain was switched by powers of two and separate récordings of
the single vertical Willmore Mk2 seiSmométers were made at
two gain levels.

4,3.3 Field Operation -

_.A'window of 20 to 45 minutes was allocated to each shot,
which was usually detonated just after the hour at 07.00,
15.00, 19.00, and 21.00 hours B.S.T.

The three component Sets_were moved into position on
their respective spreads before the appropriate shot was to
be fired. A spare day existed between the movement of each
spread to enable this to be pérformed.

Before each shot window, a group of six operators would
depart from Durham, each with a mobile recording set, and
with watches synchronised. The operators and equipment were
unloaded at different sites along a spread. At the
beginning of each shot-windéw.the operator switched the
recording system and made & note_of any signals heard through
the audio monitor. After the end of the shot window, the
systems were dismantled, and the operators and equipment were
transported back to Durham. The system allowed for flexible
dperation depending oﬁ any changes in the éhot firing '
pfogramme.

The Cambridge group was based in three field headquarters
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on each spread. Liaison between each group and the

L.I.S.P.B. headquartefs at Birmingham and Edinburgh was by
telephone. ' '

4,3.4 Replay of the Recordings

The records from the three component sets and Rookhope
were replayed as in Section 2.3.7. The cassettes were re-
piayed on the Uher decks. The time channel was fed

directly to the Jjet pen recorder. The signal channel was

demodulated and the output filtered using a low pass 50 Hz

and 10 Hz (5 Hz for the marine shots) filter. The filtered

| and unfiltered signals Were interleaved with time channels

on the Jet pen at a playout speed of 25 mm/sec. . The
Cambridge recordings were similarly replayed, except
the clock channel was demodulated before output.

4,3,5 Calculation of Travel Times and Distances

For the time term analyses it was necessary to
calculate the travel time-and distances for the refracted.
arrivals between the shots and receiver stations. From the
paper playout, the onset time of the refracted wave was
picked along with an estimate of the error involved. This
error was greater for the marine shots because of their low
frequency content. The travel time was obtained by sub-
tracting the time of the shot instance.

For'thé land shots, the distance to the receiver was

“calculated by using the 0.S. grid coordinates. The

positions of the sea shots were given in geographical co-
ordinates. The 0.S. grid coordinates of the receiving
stations were converted to geographical coordinafes, and the

travel distances were computed. Briefly, the geographical



62

coordinates were converted to geocentric coordinates and

the radius vectors calculated. The geocentric angle between
the radius vectors was caléulated and the interstation
distances reckoned using the cosine rule. The error in

~ distances for’' the land shots was estimated at about 0.1 km

and not more than 0.2 kim for the marine shots.

4.4- The Data

The records from the Buxton and Spadeadam shots were
stacked at a reduced velocity of 6.0 Km/sec; .The remaining
records were stacked at 8.0 Km/sec. From these sections
the main phases were identified.  First arrivals for re-
fracted phases (Pg and Pn) were picked so that the travel

times could be interpreted by using the time term method.

4.4.1 Record Section of the Spadeadam Shots

_Figure.27 shbws.the reduced section of the Spadeadam
shots. It displéys the brdad.frequency band of the records,
which was typical of the land shots. The main phases
identified were:-

a) The Pg phase was seen as a low amplitude first arrival
alohg_most of the section. . Although the amplitude of this
phase decreased markedly beyond 60 km, it was still identifi-
ablé to beyond 100 Km range. As this phase appeared almost
horizontal on the section, its apparent velocity was
approximately 6.0 ka/sec. A significant.feature of this
phase was a slight delay of up to 0.4 seconds in the range
70 to 90 km. As this range coincided with the position of

the Stainmore trough it was reasonable to assume that this
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delay was caused by a thickening of low velocity cover.

b) Thech phase occurred as a high amplitude arrivalu
about 0.8 to 0.4 seconds after Pg. The phase achievesné
maximum amplitude between 65 and 100 Km and has an
apparent velocity of approximately 6.0 Kun/sec. ,This.phase
was interpreted as é wide angle reflection off an intra-
crustal discontinuity (c.f. Section 6.2.3).

c) The Pm phase appeared about 1.6 t01u0.9 seconds behind
the first arrival (Pg) and has a maximum amplitude in the.
range 70 to 100 Km. It was interpreted as a wide angle
reflection from the Mohorovi&ié discontinuity.

d) The Pn phase was seen as a first'arrival at ranges in
excess of 130 Km.

4,L4.2 Record Section of the Buxton Shots

» The records from the Buxton.shots ére shown in Figure
58 reduced to a velocity of 6.0 Km/sec. The section covered
the same range and had similar phases to the reduced section
of the Spadeadam shots (4.4.1). The main phases were:-
a) A low amplitude Pg phase was seen as a first arrival
in the range 80 to 115 Km, with an apparent velocity close
to.6.0 Km/sec. There appeared to be a delay of up to 0.5
seconds on the records closest to the shét (below 90 km
range), which corresponds to'the margin of thé Craven basin.
b) The Pc phase appeared on the records at about 0.6 to
0.4 seconds after Pg. It has a particularlj well defined,
high amplitude onset at about 100_Kmvrange, within the
Askrigg block. | | | |
¢) The Pm phase appeared 1.5 to 0.7 seconds after Pg and

has a particularly large amplitude in the range 95 to 115 Km,
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where there was substantial 'ringing' for over one second.
d) At distances beyond 130 Km the Pn phase was seen as
a low amplitude first arrival.

L.L,3 Record Section for the North Wales Shots

Figure 29 shows the records for the North Wales shot
reduced to a velocity of 8.0 Rm/sec. The main phases were:-

a) The Pn phase was seen as a first arrival beyond
145 Km and had an apparent velocity of about 8.0 km/sec.

The records at 150 and 147> Km showed a slight delay and were
situated close to the margin of the Craven basin.

b) Below 144 Km the first arrival had an apparent velocity
of less than 8.0 lkm/sec. It was unlikely that this
apparent Qelécity was due to a time term effect, as the
stations were situated within the Craven Basin, and from
geological evidence would be‘expected to give a higher
appérent velocity. This phase was-interpreted'as a
crustal phase such as P* or Pc.

L.L4.,4 Record Section of the Edinburgh Shots

Figure 30 shows the record section for the Edinburgh
shots, reduced to a velocity of;8.0¥¢m/$ec. The section
covered the entire profile in the range-125m$q ZAOle.

a)_The Pn phase appeared as a first arrival beyond 140 lKm,
with an‘apparent felocity of about 8.0 Km/sec. In the |
~ ranges 140 to 155 Km, 180 to 200 Km, and beyond 230 Km, the
arrivals were delayed by up to 0.5 seconds. These delayed
ranges corresponded to the positions of the sedimentary
troughs. |

b) A high amplitude second arrival with an apparent

velocity of about 6.5 Km/sec. was observed over the entire
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section. It was interpreted as a lower crustal wave
similar to P¥, and was most distinguishable in records
from the block regions.

4.4.5 Record Section of the N1 Shots

The reduced section for the NL shots,'recorded along

the northern two spreads (B and C) is shown in;Figure 31.
~ The low frequency bandwidth content of the marine shots
waslevident from the section, by comparison with the band
shots. |

a) The only phase identified on the section Was the Pn
phase which had an apparent velocity of‘about 8.0 km/sec.
Between the ranges of 410 to 440 Km and 470 to 490 Km; the
arrivals were delayed by up to 0.5 seconds. These ranges
corresponded to the Northumberland and Stainmore troughs
respectively. There was some evidence for an arrival with
a similar apparent velocity, appearing about 6 seconds after

Pn (6.2.2).
L,4,6 Record Section of the N2 Shots

-Figufe 32 shows the reduced section for the N2 shots
recorded over the entire profile. These records were
similar in character and frequéncy content to_those from the
smaller N1 shots.. |

a) The Pn phase Was recorded with an apparent velocity
of about 8.0 km/sec. In the ranges 495 to 520 Km, 550 to
575 Km and beyond 610 Km, the arrivals were delayed by up to
0.5 seconds. As with the N1 shots, these delayed arrivals
were recorded in the sedimentary troughs.

A low amplitude; emergent precursor to Pn was recorded
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over the entire profile, but was most clearly observed from

records on the Askrigg block (575 to 610 Km range). It

~ was probable that this phase was present, but undetected

‘on similar smailer shots (6.2.1).

A phase with a similar apparent velocity occurred
about 6 seconds after Pn. It was interpreted as a Pn
reverberated phase (6.2.2)). A
L.4.7 Record Section of the S2 Shots

These marine shots gave reversed coverage of Pn over
the same range as the N1 and N2 shots end the records are
shown in Figure 33.

a) Pn arrivals had an apparent velocity of about 8.0 Km/
sec and showed a similar delay effect to the northern shots
over the sedimentary troughs. The amplitude of the Pn
phase was similar to the smaller Ni shots over the same range,
and.exhibitsa less complicated character (less ringing),
with no evidence of a precursor phase. At the northern
end of the profile there was some evidence of a reverberated
Pn phase (6.2.2). | .

4,4.8 Spectral Content of the.Signals

Several records were digitised to examine the
difference in velocity spectra between the land and sea

shots, which was :evident by visual inspection of the record

sections.

The records were digitised manually at 0.0l second
intervals for the first 2.56 seconds of the record, which
included most of the first arfival waveform. The vertical
cemponent (Willmore Mk2) was used from the three component

sets.
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' The digitised records were cosine tapered, fitted to

‘a mean baseline and fourier transformed (5.3). The

spectrawere uncorrected for instrument response. Figure 34
shows the recorded spectra. Thé most important point was

the narrow frequency content of the marine shots which

‘showed a peak of energy at 3 to 4 Hz, with subsidiary side-

| ‘bands. The land shot (Spadeadam) and to a lesser extent

the shallow marine (Edinburgh) shot showed a broader
Spectral band of up - to 1 tb 15 Hz. An earthquake, with an
epicentre near N.W. Scotland recorded dufing the project
showed a very broad spectral band of 0.5 to 12 Hz. As the
distance to this event Was similar.to the sea shots, it was
unlikely that the narrow spectral content of the latter was
due to transmission losses.

The analysis confirmed the narrow spectral content of
the marine shots in comparison with the broadband content

of the land and earthquake records.

4,L4,9 Spectral Content of the Noise

- Two records from the vertical component (Willmore Mk2)
of the three component sets were digitised manually at 0.0l
second intervals for 2.56 seconds. Figure 35 shows the un-
corrected velocity spectra, which indicates a relatively
white noise spéctra within the recording passband. Two
Cambridge records were digitised at intervals of 0.04
seconds for 10.24 seconds. These records were taken from
sites in the Stainmore Trough (spread B) during a micro-
seismic storm on 1lst August, and show a.pronounced peak of
energy at about 0.5 Hz.  The corrected energy peak may be

at a considerably lower frequency, due to the low frequency
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cut-off of the seismometer.

4.4,10 Time Term Data

The time term data are divided into three sets and these
are listed in Tables 9, 10 and 11.

The Pg travel time data covered oﬁly the southern two
spreads (A and B). The shots used (Spadeadam and Buxton)
provided reveréed coverage in thg,range 60 to 110 Km. It
‘was not possible to distinguish the P* phase at large
ranges; but the absence of large residuals at either end of -
the line militates against d;;BTf:.il,”st amrivakThe datescensisted of 29
travel times from 2 shots and 21 recording stations.

The Pn time term data donsisted of 130 travel times
from 6 shots, recorded ét:gll 4O recording sites along the
profile. The shots used were the N1, N2, S2, Edinburgh,
North Wales and Dunkeld expldsions (Figure 25) and they
covered a range of 140 to 610 Km.

A time term solution was proposed to the precursor
phase because of the constant and similar apbarent velocity
to the Pn arrivals. The first arrivals from the N2 shots

were recorded at 29 stations, giving 41 travel times.

4,5 = Time Term Solution of N.E.R.L. Data
4,5,1 Suitability of the Data for Time Term Analyses

Although_not a pre-requisite for time term analyses,
the feversed linear refraction line does give the optimum
information on the veloqity of the refractor, and well
determined time terms. AS there was no condition of inter-
.change between shot and receiver planned, it was"neceésary

to constrain all the solutions by specifying at least one
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time term. The experiment was not designed to resolve the

absolute values of»the>time terms, but to give information

_on the variation of the time terms along the profile.

4.5.2 The Pg Solution

The time term at Rookhope station was constrained to

a value of 0.1 seconds. . The least squares velocity of

5.88 +0.047 Km/sec was significantly higher than that

obtained in the upper crustal refraction survey5(2.6.1).
This may be explained by the larger ranges involved jﬁﬁ_
this solution, and increasing velocity with depth. The
results are listed in Table 12 and are shown in Figure 36.
The main conclusion was that time terms within the
sedimentary troughs were greater than on the blocks. The
time terms within the Stainmore Trough were about 0.4 to 0.5'
seconds, compared with values of about 0.1 to 0.2 seconds
on the adjoining block regions. Along the southern end of
the profile an increase of time terms was observed for
stations in the Craven basin. - The values of the time terms
wefq consistent with the distribution of Pg time terms in
Section 2.6.1.
4.5.3 The Pn Solution’

The results of the Pn solution are listed in Table 13
and are shown in Figure 36.  Rookhope sta‘l:ion was con-
strained to a value of 2.80 secdnds (Agger and Carpenter,
1965).  The best fitting velocity was 8.05 + 0.012 km/sec.
The results showed that the delay times were up to 0.5

seconds greater for the crust within the sedimentary troughs

"than in the adjoining block regions. These differencés_are

comparable with the values of the time terms obtained from
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the Pg solution.

4.5.4 The Precursor Solution

To obtain a time term solution to the precursor phase
of Pn, the velocity as well as the Rookhope delay time}ferm
had to be constrained. The results of the solution are
listed in Table 14 and shown in Figure 36. A velocity of
8.05 km/sec (least squares velocity for the Pn solution)
was used .to constrain the data because of the similar apparent
velocity of the precursor phase; ‘A least squares velocity
from the data was obtained because of the slight changes in

m
the position of the N2 shots. Because ZDi was low, the

velocity (7.7 Km/seé) had a high'standard eiror (1.04 km/
sec) ‘and was too inaccurate to be df significance. The
distribution and values of the time terms were similar to
| those obtained from thé Pﬁ solution.

4.5.5 Correction of Pn Time Terms

- It is useful to correct the Pn time terms for fhe
‘effect of the sedimentary cover to examine how the crust
varies'in its delay properties. The extra delay of the
cover compared to the upper crustal material and relative

to the Pn refractor is:

al (V& - Vé)%Vg — (VA - Vé)%VC}]
(V& - V&)3vn |

where a is the Pg time term
Vn is the velocity of the Pn phase
Vg is the velocity of the Pg phase

Vc is the velocity of the cover.
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For Vn = 8.05 km/sec, Vg = 5.88 km/sec, and Vc =
3.7 km/sec, then the delay is equal to 0.59 x a. The
corrected Pn time terms are related to the depth to the
Moho, measured from the surface, and are shown on Figure
36. It was apparent that the corrected delay time was
constant within the limits of experimental error (+ 0.1

sec) along the entire profile.

4,5.6 Inversion and Precision of the Time Terms

The depth to the basement was calculated from the Pg
fime terms by assuming a constant velocity of 3.7 km/sec
for the cover. The depth to the Moho was calculated frbm
the corrected Pn time terms by assuming a constant velocity
of 5.88 Rm/éec for the upper érust and 6.6 ¥m/sec for the
lower crust. The time term for the upper crust (12 km |
thick) was calculated and subtracted from the 6bserved Pn
time terms, from which the thickness of the lower crust was
calculéted. »

~The observational error for the Pg and Pn timé termé
was about 0.1 seconds. ' This meant an uncertainty of about
'0.5Km for the depth to the basement, and 1.1 km to the
depth to the Moho. In practise the uncertainty in thickness
of the crust may be considerably greater due to the un-
certainty arising from the sedimentary cover correction and
from the assumption of the depth to the lower crust. It
was thought that this error was about 2 km.
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4.6' Interpretation of Wide Angle Reflections

4.6.1 Interpretation of Pc Reflections

The f£fit of the Pc travel times to a single layer with
‘ én assumed uniform velocity of 5.88 Km/sec,_indicétes a
discontinuity at about 12 Km'for the records from both the
Buxton and Spadeadam shots. This suggests that this dis-
continuity was approximately level beneath the profile.

4,6.2 Interpretation of Pm Reflections

The best fitting two layered model to the observed Pm
réflection_tiﬁes for the Buxton and Spadeadam shots,
indicatesa velocity of 6,!5km/sec for the lower crust, and a
dépth to the Moho of 27 Km. The upper crust was constrained
Hﬁuh'td a thickness of 12 Km, and a uniform velocity of

5 .-,-883-K§Tm/ sec.

4,7 The Crustal Structure Beneath the N.E.R.L. Profile

This chapter has summarised a description of the data
recorded on the N.E.R.L. project and given an initial inter-
pretation of the crustal structure of the Northern,Penninés
(c.f. Figure 37). A more detailed interpretation of the
data will be possible when the source structures are known
from the interpretation of.the L.I.S.P.B. project. The
mdhn conclusions are:- '

'1) The délay-properties of the cover increased within
the sedimentary troughs. The depths to the basement along _
the profile were entirely consistent with the‘previously
determined basement-cover relationships (2.6.5).

2) There was evidence for the existence of a discontinuity

at a depth of approximately 12 Km. The velocity of the
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crust increased from at least 5.88 lgr("m/sec to more than
6.5 kim/sec. | |

3) The Mohorovi$ié discontinuity lies at a depth of
27 + 2 km and within the precisiori of the experimental error
appeared to be level. . Beneath the Moho _:the_ velocity of
Pn was 8.05 + 0.012 Km/sec. -
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CHAPTER 5

SURFACE WAVE DISPERSION OF ENGLAND

5.1 Introduction

The interstation Rayleigh wave, phase and group
velocity dispersion for the station pair EKA (Eskdalemuir)
land WOL,(Wolverton) was examined. Because only a vertical
instfﬁmené Was operated at-WOL, the Love wave dispersion
cbuld not be calculated. |

The station pair EKA-WOL was ideaily placed to examine
thé deep structure of'the Pennines and Midlands of England.
In this respect, the interstation line followed closely the
 refraction profiles of the L.I.S.P,B. and N.E.R.L. experiments.
The joint interprétation of the surface wave and body wave |
data was hoped to be a useful tool in the examination of the

deep structure of England.

5.2 Data Collection

5.2.1 Data Selection

Five earthquakes along the intérstation great circle
were used in the analyses and afe listed in Table 15 and
shown in Figure 38. The G.E.D.E.S.S. earthquake lists were
scanned by a search programme with the criteria that the
differénce in azimuth between the great circle and earth~
.quake paths was less than 40, and that the body or surface
wave magnitude was greater than 5.5.

- There was an abundance of earthquakes from the Alaska
~and Kodiak Island areas with.epicentres along the northern

extension of the great circle between the station pairs.
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Reversed coverage from the south‘was much less frequent,
and only one earthquake from South Africa was.found to
satisfy the requirements. -Knopoff,.Muller aﬁd Pilant
(1966) showed that provided the interétation path angle
was small, only second order error in the phase velocity
arose'from disturbances in azimuth, such as refraction.at
the continental margins. Brune and Dorman (1963) used
angles of up to-7° initiaily, and then restricted the
anglyses to angles of less than 4° in azimuth in the study
of'the Canadian Shield.

5.2.2 Instruméhtéfioh

Although described (by U.K.A.E.A.) as a wide band
instrument, the vertical component (from a set of three) at
EKA had a rather limited frequency response. The long
period narrow band seismometer at WOL héd a similar response
to fhe one at EKA at low frequencies (less than 0.025 Hz)_énd
a slightly lower cut-off at higher frequencies. 4

The group and phase corrections applied to the
filtered records -were taken from frequency response curves
(U.K.A.E.A.) which were calculated from theoretical 'poles
and zeroes' approach using the various instrument and

electronic parameters.

5.2.3 Digitising the Records

‘ Long period tapes from EKA and WOL were replayed
through demodulators_onto a jet pen recorder at a speed of
approximately 75 mm/récord minute. The traces from the -
vertical instruments were digitised manually at two second
intervéls. The Nyquist frequency of 0.25 Hz was censidered

sufficiently‘high for the frequencies considered to prevent
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aliasing. Up to 512 éamples were sufficient to span the

entire record..

5.3 Calculation of Grogp_Veibcifies

The seismdgrams were filtered using a series of-digital
narrow band filters to determine where inﬂthe record the
maximum energy at a particular frequency occurred.
(Dziewonski, Bloch and Landisman, 1969). Using the origin
time and the distance travelled it was then possible to
construct a group velocity-frequency curve for each
sef:smogram (cf. Figure 39). The interstation group .
velocity curve was calculated_from the difference in the
arrival of the maximum ehefgy at a particular frequency for
the two records.

" The programme used to calculate the interstation group

- velocities was an extensively modified version of the S.W.A.P.

programme written by P.W. Burton and C. Blamey (1972).

The Fourier transform of the séjsmogram was calculated
using a procedure based on the Cooley-Tukey algorithm
(Cooley and Tukey, 1965). The time series was cosine
tapered at both ends and fitted to a mean baseline to reduce
the Gibbs phenomenon and 'square wave' effects (Hsu, 1972)
caﬁsed by a time series superimposed 6nto a non-zero baseline.
The digital time series was expanded by adding zeroes to the
end of the sedsmogram, so that the ﬁumber-of digits was |

equal to 2L+l

, where L was the smallest integer which makes
the number of digits greater than the original seismogram.
This was an intrinsic requirement of the Cooley-Tukey

algorithm. The extra power of two ensured that the
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convolution_formed by the multiplication of two waveforms
in the frequency domain, gavevaccurate-values over the time
domain in the range of interest.

A narrow band filter'was chosen that was a compromise
betWeen the resolution of the filtered signal (detectability)
and the purity of the frequencj component (filter bandwidth).
A gaussian shaped filter optimises these conditions (Inston,
Marshall and'Blamey, 1971). A set of such filters at
different central frequencies were constructed such that
they correspond to the harmonic frequencies obtained from
the fourier analyses. A uniform Q ratio (peak frequency/
bandwidth) was used to ensure é uniform resolution for all
frequencies.

Convolution of the time series and the filter was
achieved by multiplication in the frequency domain. The re-
transformed product gave an oscillating filtered signal. An
envélope was constructed in the time domain by setting-the
negative frequency components of the product to zero. For
each envelope at a pafticular frequehcy, a correction was
applied to allow for the group velocity response of the
instrument ip question.

The whole set of corrected enveiopes weré placed into a
two “difiénsional matrix. Amplitudes were converted to
decibels and_scaled to a 99dB maximum. The matrix was a
display of -the power of the signal along the length of the
record and along the frequency content. The group velocity
and arrival time of maximum energy for each frequency can be
read directly off the matrix. The difference in arrival
time for each frequency was divided into-the interstation

separation to yleld the interstation group velocity curve.
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5.4 Calculation oggPhése Velocities

The interstation phase velocity is given by Sato (1958):- .

o pA‘l‘Z‘

B5() - B.(0) - (8,(p) - 6,(p)) + 2Znm + (E, - £7)

where p 1s frequency

c(p) =

A12 is the interstation separation

¢2(p) - ¢l(p) is the difference in phase spectrum

Qz(p) - Ql(p) is the instrumental phase difference

t2 —= t, is the time difference between the start of the

records.

énn is an integer multiple of pi. This arises because
of the multivalued nature of the trigonometric function used .
to calculate the phase spectrum. The value of n can be
set to any integer depending on the whole number of wave-
lengths shifted. In practiée for small separations (461 Km)
only one value of n gives Velocities comparable with the
group velocity values. »

The phase spectra for each record was calculated by
fourier transforming as in the previous section (5.3). The
difference in phase spectra'Was corrected for instrumental
response and the time delay between the start of the
records. The value of n was adjusted so that the calculated
phase velocity broadly.agreed'with the group velocities.

& second method of determining the phase velocities was
based on the technique described by Bloch and Hales (1968).
The programme used (IPV) was written by U.K.A.E.A. and only
slightly modified forﬁmse at Durham. Basically the
programme passed both time seriés through a narrow bandpass

digital filter set at various periods to reduce unwanted
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noise, and formed the cross product of the filtered
seismogram after time shifting. The phase velocity
dispersion was determined from a contoured matrix which
consiéted of-ampiitudes as a function of phase velocities
and period. |

The group velocity dispersion was calculated for each
- record using the procedure as outlined in Section 5.3.

A frequency corresponding to one of the harmonic
frequencies obtained from the group velocity analyses was
selected. From the group velocity dispersion, the arrival
time of the particular fféquency.was calculated and an
instrumental phase correction applied. A symmetric window
with a length of 4.5 times the period of interest was
constructed for each seismogram and cosine tapered at either
end. If the window extended beyond the ends of the time
series, an aeymmetric window was used and a warning printed.
This 1atfer problem could be obviated by adding zeros to the
beginning of the seismogram. The two windowed time series
were fourier fransformed and convolved with a narrow band-
pass digital filter. This fiiter was gaussian shaeped, with
a uniform Q ratio, and was similar to that_described
previously (5.3).

The two filtered.signals were multiplied together for
different time shifts. If the two signals were represented
by A cos wt and B cos (wt + @), (the same frequency but
phase shifted), then the product was AB/2[coés (2 wt + @) +
cos ¢].  The product had a D.C. shift which was proportional

to cos P. The D.C. shift was calculated from the maxima and
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the follow1ng minima of the product.
The output consisted of a matrix of D.C. values plotted
against period and phase ve1001ty.b These values were
aealed to a maximum Qf 99. The-phase velocity dispersion
was read directly from the contoured matrix. Sets ofv
maximum and minimum D.C. Values parallel tO'the principal
curve, correspend to phase shifts of a whole number and

half number of wavelengths respectively (c.f. Figure L0).

5.5 Results

The interstation phase and group velocity dispersion
curves. are shown in Figure 41. . It was feund that the
phase velocity curve calculated using the IPV programme
gave the most stable results.

It was found that when calculating the group velocity
dispersion of a seismogram (5;3), there appeared low ehergy
values at certain periods of between 20 and 30 seconds,
along the record. Brune and Dorman (1963) noted a similar
'beating' effect and explained this in terms of multipath
interference of the ray. As this feature was noticeable on
all the records from teleseismic events with differing hypo-

eentres, it would be unlikely to be due to a source effect.

5.6 Interpretation

The fundamental problem of the interpretation of
surface wave dispersion is the non-uniqueness of the
inversion procedure-(anpoff, l961; Gilbert and Backus,
1968). Inversion is normally achieved by matching the

observed dispersion curve with those calculated for a given



Figure = 40 .

Phase Velocity Dispersion
between EKA and WOL
~event on 24th March 7972

—g-i¥ '--J_x -
‘-5-14-17—4!:-
=4=13e10-du-=70- \
=3212e14m8 e wlCmGO=T =T Hmd 5ut NG ¢
4 -2-1.0-1:-35}- 64-70-70-5 D=4lwp.tad
el ) lu-c‘..)—ul—bg-_'{q -53 "
0 -7 -f_-j?-’l 5 52 —u2-—--.1-' 153

[ ol g 2
it N OV R

- -'y
—a-27-25d -n-vs-.,_- .5-..
-2-2&=72

3723-1-33 3

=33

ocvooOCOoOLOVE:

3-'1A-71-3
1-35 &E-4;—3,-€u-7u-§1-9" It:
_C-lfn—t?— .

1= ¥ N3 N3 P FOL
(L FEYFIVIY &
Lol il oed it B2l

B =IO A O
A1 4t e Vs e e ot

H AU O D © 1 L el N 1 OO0 on it e

111
[T

I et 12 1 B o 18 b
L B .00=1 Car OO
P ad ad el e
Q 2, N O I Ove 3 ¥ (EWGOAD -

-33°25-23-35-13 —9 -2
2-25-21-16-17-15i ~6
5-33-27-17-25~22-19-1.
¢ =)= )-35-30-13~30-37-22-18
‘—:?- 9-30-3¢-10—3°-zu-2"-?3- 212
“37-36-34 ~Q-41~23-20-05-23-26
41-35-32-34-15-37-15~15-2"
~7-17-23-34-31-27-32-21-31 -6 ~0-1 25
: 1 -5-15-26~25-22-26-28-24- 1@-21-21-
7-18-20-18-26-30-22 -£-10-LE-01
9-10-14-1 4-2'--10-2 1-15 19— 2A~20~

[ WIS HI W W W W W NN N RN R R R RS 3 1 -

/ARCERREPRERER RS EXT NN V- XCTCICE AT (YT O

dntatt oty

1 '
CFs T 1D AR OO O A =] (0 =2 N (o
w

0y
o

LD Mo (fa s IO I\ 1 X 01 £

fi1a 10 s o o P P 1 10 T '
[IY AT ETO N M SO TS TR IR LT Yo B . XY [Ty )

]
a~1g N R

LTI P3N PI NI RY YT 4=t o2 b 4 s

3

0 i-i5-35- 38 3k s0-20m2s 7

1 -0+15-25-29-23-21-01-13
~6-18-22-1 9-19-

i
H
|
i
i
i
i

NMORNNORRNNDHIZCG OO

| )
Qi1

31 I 10 1 10 R Lt s R s o s s s

ity Km/Sec &

[STEIETYY I S ArPRTIE ICTCICTCIUTY APTCICIVIZ IEIE 1T (T TP AP S ST XY T O
O NWLW & AT OV ~] =) =] &) -2

= G P W O COD

N O AWM= oM

11
s N3
U

COPNF OO0V OOH DO

11
) €1 Grde

HOOOOVCOHKHHHNHKHEIHNNNNNNNNN 3P0 RO RO N0 RO RS A A RI RO 14 10 0 4 12 10 10 0 b B 1 b
11 . . -
QOO
]

w Veloc
&

~2416-13-13 -7 o7
4’ 1-4}:;&-1‘)—1“-10—1 .
4 ~i8=31=25 32252521101 =3
-3% 10-1 I=Te=30-1%w 52T € - : _2J_2¢L13_—2_:2_}J_1i_13
3 \ it Tt 27wt 1=56= Tt - g-«;—cl-ze £3 -5-31-32-30-30
. 3 ¥ { £=37-40-35- --s--c
3 -5-0_-\-15._9 P . ‘ 37-30-35-10 c331¢
-5-13-12-15-"

[ STPTITWTITE YY)

3 -1--1 )
_-37-33 '_7-13_,<-1,,_,‘,.‘n-2.,-,4_1\-1":-13v
L2 mb (_31-2 -20- 15-17-17
'—19—2-’.-?)-12—14-12-11-11
Y ok =5 i =Fo17-2127 % -f ~A.

gt

[ 15
1622
2837

5 26136
2 4139
44 36
45 2

et byl S g
by
e L QIO el

KT 23 CI e OITRY

3 4
9
717
523
t 2t
Qo
1 31
9 3
503
gt

7 = B PI O I
21 NS T) FI N
AWM IS VAD I

DI B PV E LG
avnononis o/

- A
L, Wl

.+ Period [Sec)




- . (oss) porsey ._ o |
. _.%,._._o_m S.nem .,ow

mmm_‘ «n:m_..& puge uo .?m?..... b_uo_m>... .a:oé...ﬁ ~ 9SDU4=3 .

<

B 2,60 UDIDIN WPT UO JUBAD ALDOPA dnouo:=g 8sbPud=p - ‘ A v
[ 261 Aupnugad ISI2 UD JUSAD  A31DoRp  dNOUD D .asPUd=d . . 3 M%m@umwm . 0
o o.nm_.,. (udy yipl .uo JUdAS  A31D0IRA dnoJo=g mmuﬁ- ’ . . . . . . < S .
OL6L UMDIN L, UOJUIAD  A3120I19A dNOJO.=Y oSDUd =D R . , _ : aa .
3
Q@
’ g o)
O “m m .a omu _ 3
T T SER L
L > > > 8 B g R pgape . PPPT
S qg 9 & SO

co.\mgm.QmE ..b..\_uo.\,m\e_qnogo .bcv_ mmucm. uol}p}si1a3uy

&

sos/wy A1120194

~r




8l

'rnbdeui_tﬁéfpafameters of which are adjusted either
manually or automatically to achieve an optimum fit,

e.g. Monte Carlo Inversion (Press, 1968) or least squares
techniques (Brune and Dorman, 1963). The data has only
limited resolving power, and one must strike a balance
between the resolution of the model (nﬁmber-of layers) or
the accufacy of determination of the parameters'for each
layer. It is usual to employ as few layers as possible
without being geophysically unreasonable. |

The observed phase'velocity dispersion was first inter-
preted by comparing it with those calculated for layered |
models dérived from the inte#ﬁretation of refracted
arrivals. At loﬁg periods (over 50 seconds), the observed
dispersion curve flattened and became asymptotic to a value
which was found to be related to the shear velocity of the
upper mantle. At shorter periods (below 30 seconds), the
shape of the phase velocity curve was found to be determined
by the thickness and véldcity structure of the crust.

A reasonable fit td the observed dispersion curve
was made'fof a single layered crustal model with a thickness
of between 25agnd 30 Km and a shear velocity of the mantle of
4,6 Km/sec. The fit was poorest between periods of 20 and
30 seconds, and.may'be.ekplained by velocity layering with-
in the crust. )

To explore the variation in the parameters of a single
layered crustal model, the thickness of the crust )
(e = 6.0 Km/sec, B = 3.46|€m/sec) and the shear wa&e.#elocity .
of the mantle were systematically altered. The sum of the

residuals squéred compared to the observed curve was
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calculated and plotted (Figure 42), to find the optimum
fit for a single 1ayered_crﬁsta1 model. The least squares
model had a crustal thickness of 30 km and a mantle shéar |
wave velocity of 4.55 km/sec.  The model showed the non-
 uniqueness of the interpretation in that an interchange
between crustal thicknéss and the shear velocity of.the
mentle would give a similar fit to the observed data. The
fit for a two layered crust showed little improvement over
a single layered crust.

Because of the narrow band response of the ééismometers
there was no indication from the observed dispersion curves

i0f- the existence of a low velocity zone within the mantle.

5.7 Conclusibhs

The interpretation of the observed surface waﬁe dis-
~ persion between EKA and WOL stations indicates a crusfal
thickness of 30 Km and shear velocity of the mantle of

155 lkm/sec.  Although the method did not have the same
resolution as body wave.seismology, the data did agree with
the deep structure found along the N.E.R.L. pfofile-and

provides an independent assessment of the inteﬁpretation.



ST

83

THE CRUSTAL STRUCTURE OF NORTHERN ENGLAND

6.1 Introduction

The upper crustal structure of Northern England has
been identified by the interpretation of Pg refracted
arrivals, using the time term method, andthéﬁJépparent

velocitisacross array stations. The lower crustal and

- upper mantle structure were interpreted from Pn refracted

arrivals, wide angle reflections and the surface wave

dispersion.

6.2 Charecter efiPheees

Tt is useful to examine the common waveform structure
of certain phases that had previously been interpreted in
separate sections so that a unified crﬁstal model could be
derived. |

6.2.1 Character of the Pn Phase

- Pn arrivals from all the ranges observed (130 to
610 Km) showed a complex waveform indicating multipath
arrivals. The most cqmmon structure was an emergent low
amplitude precursor to be followed about 0.5 seconds later
by a high amplitude‘phase (Figure 43). This was most
clearly obserﬁedf&F the large N2 shots recorded on the
N.E.R.L. experiment (4.4.6). It would seem unlikely that
the cause of the structure was due to reverberations in the
upper crust as the phase separatioh was conetant despite

lateral cover variation. It would seem more probable that
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the effect.ﬁas caused by a sub-moho structure such as an
abrupt or continuous increase in velocity with depfh.

Because of the constant interphase time separation
over large ranges, the two phases had similar apparent
velocities. The precursor could be ihterpreted as a
refracted or 'diving ray' from the sub-moho higher velocity
layer; or alternatively that the precursor was the true Pn
refractéd,wave and the large amplitude second arrival was a
trapped wave within'a sub-moho layer.

6.2.2 Reverberation of the Pn Refracted Wave

Along the northerh-end of the N.E.R.L. line, a prd-
nounced arrival about 6.0 : seconds after Pn with a similar
apparent velocity was observed. Thi.s phase was interpreted

as a Pn refracted wave that had reverberated within the

crust. The delay of this phase was comparable with twice

the observed delay times of the Pn refracted arrivals.
Because this arrival was most clearly observed at the northern
end of the N.E.R.L. profile, from shots to the north and
south, it would appear that the reverberation was at the
recording site, rather than at the source. Agger and
Carpenter (1965) noted multiﬁle reverberations within the
crust on records at Eskdalemuir. Because of the large
amplitude of this phase compared to Pn, it would be unlikely
to be a converted phase e.g. (S.P.S.).

6.2.3 Identification of Wide Angle Reflections
G Figure 44 shows some selected records with large
amplitude wide angle crustal reflections in the range 60 to

100 km. There was little doubt about the identification
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of.the Pm phase. It was asymptotic to the Pn phase, had
a maximﬁm amplitude'just beyond the critical distance, and
its apparent velocity decreased with distance (3;5.1).l
The phase was distinguishable fo beyond 200 Km range (&.4.4).
The identification of the Pc phase, a wide angle
reflection from an intra-crustal discontinuity was more .
difficult than Pm, due to its lower amplitude, and it was
not persistent on all the records. As a second arriﬁal it
can be most easily confused with a P* refracted wave. At
supercritical distances, the expedted amplitude of the Pc
phaée would belmuch greater than the P* phase, the latter
being comparable with the amplitude of the Pn phase (Berry
and West, 1966a). The high observed amplitude in the range
60 to 90 Km and the manner in which the travel times become
asymptotic to the Pg phase, point to the interpretation of .

this arrival as’a wide angle reflection.

6.3 Synthetic Profile of the Interpreted Structure of
Northern England

Because of different recording instrumentation, and the
differences in the recording site and shot size, it was not
possible to compare amplitudes ‘-quaiitativity of the
.varioustphéses between the records directly. One cbuld,
only méke a comparison by examining the ratio pf the
émplitudes of the different phases. The most satisfactory
method to interpret all the information contained on a
record section was to compare the observed section with a
synthetic one based on the interpreted crustal structure.

A programme for the computation of synthetic seismograms
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was kindly lent by Dr. K. Fuchs. The method involved the
computation of-dispiaceﬁenﬁ pqtentiéls by the 'reflectivity'
" method (Fuchs and Muller,'1971).and'used asymptotic '
expressions to intégrate around the critical angle.

The synthétic section shown in Figure 45 is for a two
layered crustal model with velocity increasing with depth
in the lower crust. The requirement-of velocity
increasing by about 0.02 km/sec/Km in the lower crust was
indicated from the observed amplitude ratio of Pm/Pn which
decreased beyond 160 km (3.5.2). The very low amplitude
of Pn arrivals in the range 140 to 160 km (3.5.2) was also
notedﬂby Fuchs and Muller (1971) and attributed to a sub-
moho incréase in velocity. This interpretation was entirely
consistent with the observéd waveform structure of Pn
arrivals (6.2.1).

The most obvious dlfference between the synthetlc and
the observed sections was the difference in the complex1ty
of the latter. Observed records within the blocks, and
particularly the Askrigg block, showed a clarity in the
onset of phases not matched with those records from the
'sedimentary troughs. The conclusion to be drawn was that
much of the complexity of the records was due to reverber-
ations within the sedimentary cover. The amplitude and
clarity of the wide angle reflections indicated that the
main crustal layers méy bé réiatively,uniform'in their

velocity structure.
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6.4 Interpretation of the Crustal Structure

Holder -and:Bott (1971) defived'formulaeﬁ for
estimating the mean velocity and crustal thiékness, based
on the measuremeht of the critical distance, the Pn velocity
ahd the Pn time intercept. | The two way delay time (5.6 +
‘ 0;2 seconds) and the Pn velocity (8.05 + 0.012 km/sec) were
well known from the N.E.R.L. refraction line (4.5.4). The
critical distance may be estimated from the amplitude of
Pm reflections, but was estimated at 65 + 5 Km from the
apparent velocity of Pm recorded at Eskdalemuir (3.5.1).

The estiﬁated crustal thickness was 27 + 2Km and a mean
crustal velocity of 6.2 + 0.2 Km/sec. These estimates were
conSistent with interpreted velocity structure of the crust.

6.4.2 The Evidence for a Low Vélocity Channel .in the Crust

Bamford (1972) suggested from an interpretation of
ffecoﬂds, a 16w velocity zone immediately above the lower
_crust beneath Western Britain. The evidence for a low
velocity channel is based on the large amplitude and
'ringing' of the Pcpphase (Mueller and Landisman, 1966).
The Pg velocity of earthquakes (Gutenberg, 1954) is often
less than that from explosion studiés, and is attributed to
a trapped wave-in a low velocity zone at the source depfh of
the earthquake. Despite the similarity of record sections
in North West Europe to thosé.observed in Northern England,
there was no conclusive evidence for the existence of such a :

zone in Northern England.
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6.4.3 Composition of the Crust

Beneath the lower Palaeozoic rock exposed in inliers
presumably iies pre-Cambrian, high grade crystalline base-
ment, similar to the Topis iv.aan o the basement of the
Esst Midland Shelf (Kent, 1967). A separate (meta-volcanic ? ) .
compositibn for the basement beneath the Askrigg block was
indicated from. the inteﬁpretatibn'of magnetic anomalies (l.4).
Although the composition of the granite batholiths near the
surface was truly granitic, they may well verge into a more
basic composition, e.g. graﬁodiorite-at depth.

Coliette'(l970) suggested that the lower crust may be
anorthositic in compésition, based on the 'low' Pn time terms
and 'normal' gravity. It wouldvseem more probablé that the
compositionAwas more akin to a pyroxene granulite similar
to the Scourian of N.W. Scotland, which would have the
-required velocity and stability of pressure and temperature
conditionéJ(Green and Ringwood, 1966).

6.4.4 Isostasy

- Bott and Masson Sﬁith showed that the WeardaleAgranite.
: and the Wenéleydaie graﬁite (Bott, 1967), have a mass
deficiency which is approximately equal to the weight of -
the topography of the' -bloeks, . relative to the surrounding
levels. The Pn time terms (4.5.6) éuggest that the
Mohorovicic discontinuity is at the same depth beneath the
troughs as under the blocks. - This confirms the gravity
data in indicating that the rélatively uplifted blocks are
in isostétic equilibrium by the mechanism of density changes

within the crust (Pratt's hypothesis). An intriguing
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question is the shape of the Moho before the formation

of the sedimentary tfoughs'(SilurianrDevonian); Was the
crust thinnef-in the regions of the present_sédimentary
troughs? The intrusion of the granites may have added
crustal material‘and fhickened the crust beneath the
blocks. Alternat}vely there may have been redistribution
of lower crustal material in a manner similar to that
suggested by Bott (1971) for continental margins.

6.4.5 Basement Control - |

Bott (1967)-attributes the mechanism of basement
control as due to the relativeiy greater strength of the
granites and magnetic rocks in relation to shear fracture
and to the supplementary stresses set up by the low density
granites and topbgnlphhﬂffeatures; The upthrust of
relatively low density gfanites and the weight of the excess
topography lead to a stress system favourable to normal
faulting within the blocks. ' The granites had an isostatic
tehdehcy to be uplifted relative to their surroundings.
Continual movement along the hinge lines during the
subsidence of sédimentary basins was caused by this isostatic
tendency.

6.4.6 The Crustal Structure of Northern Engiand

From the study of the refracted arrivals, it was
possible to be most definite about the interpretation of the
basement-cover relationships and the depth to the Moho,
because of the large velocity contrast at these discontinuities.

It was much more difficult to be specific about the nature of

the velocity structure within the crust. Although it was

possible to interpret the refracted phases in terms of two
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plane cruetal'layers; the cover and the main basement
layer, there was evidence of a velecity structure within
the crust. The interpretation of wide angle reflections
.and_the apparent velocities of crustal phases across
Rookhope and Eskdalemulr array suggested the existence of
a lower crustal layer and indicated that velocity increased
with depth within these layers.

| The simplest crustal model whlch could account for
all the observed data was based on a three layer structure.
- The top layer consisted of the sedlmentary cover, with a
uniform compressional velocity of about 3.7 Km/sec and
considerable lateral variations in thickness.  The upper
J.crust contained two main basement rock types; the granites,
and the pre—bevonian'metamorphic rocks. There was some
evidence that the granites had a 10WertPg velocity,
especlally near the surface, and that velocity increased
with depth. The lower crust extended from a depth of
about 12 Km to the mohorovicic dlscontlnulty at approxima-
%;i§ 25@&3 éé&ﬁ; The compressional velocity at the top of
this layer was about 65 Km/sec and may increase gradually
with depth. The upper mantle had a Pn velocity of
8.05 + 0.012 Km/sec and exhibited evidence of a sub-moho

structure.

6.4.7 Comparison with Other Areas

In general the record sections and the interpreted
crustal structure bears a strong resemblance to those found
over most of N.W. Burope, e.g. Fuchs and Muller, 1971;
Smith, 1974; Holder and Bott, 1971. The only major
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differences in the interpretations weme in the existence

of a high velocity lowef'crust. .;Only rarely does this
layer give rise to first arrival refracted waves, and

many of the-interpretations, including this one, were bésed
on second arrivais such as wide'angle.reflections. Although

varying considerably_in layer thicknesses, a three layer

.model with velocities comparable with those found in this

study are commonly interpreted throughout the world (James

"and Steinhart, 19‘66) .

6.5 Conclusions

The main conclusions of the study were:-
1) The sedimentary cover (velocity about 3.7 Km/sec)

varies considerably in thickness, from 2% to 3% Km in the

- troughs to less than 1 Km on the blocks.

. "he .

2 The blocks are intruded by granites with a-slightly
lower Pg velocity, especially near the surface, than in
the basement beneath the troughs.

3) There is some indication that the Velocity of the
upper crust increases gradually with depth from about

5.5 Km/sec (5.0 Km/sec for the granites) at the surface
to near 6.0 Km/sec at a depth of 8 Km.

4) The interpretation of apparent velocities of crustal
phases across Eskdalemuir and Rookhope arrays, and from
wide angle reflections suggests a lower crust about 12 Km
deep, with a velocity of about 6.5 Km/sec near: the top.
5) The Moho appears to be at a uniform depth of
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27 + 2 Km. This means that the relative elevation of the
blocks must be supported isostatically by the low density
granites. |

6) The upper mantle has a velocity of about 8.05 Km/sec
and shows some evidence of an increase of velocity with

depth.
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COMPUTER PROGRAMMES

The computer programmes listed are written in
FORTRAN and are self-explahatory, complete with input-

output instructions.

A) Time term programmes

1) The matrix inversion programme calculates
errors on the uhknowns, and is most suitable
for large networks.

2) The householder iterative solution is used for
small networks. The input data can be weighted.

3) The two velocity solution calculates the least
squares solution to two basement types.

4) The solution to the refractor velocity increasing
linearly away from the source.

5) The iterative solution for a dipping refractor.

B) Programme to calculate travel distances from geographical

coordinates.

C) Programmes to calculate apparent velocity across an
array from the onset times.
1) Known azimuth

2) Unknown azimuth.
D) Wiechert inversion programme.
E) Programmes to calculate the fit of crustal models to

the observed wide-angle reflection times
1) Two layered model based on the Pm-Pg times.
2) Single layered model based on the Pc~Pg times.
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USING & CHOLESKY ALGUKRITHA - . ] ' ) . :

INPUT 1S1= . ) .
CARD t - Ny M, K, (EVELCT), VELERR(TY) 121, 4)
FORMAT (X(4%,1%),RF5,2)
Ne NUMKER NF TIME TeEMS§, MuST ng CONSECUTIVE
Mzl UMNRER NF TRAVEL TIAFS . .
KesNLMBER OF CONSTRAIAT TIME TERMS - : .
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ALPHATIS »NUMLT) , TTRACI), TRERR(])
FORUAT(AR,2X,14,29%,2F5,.2)

ALPHA(I)= NAME OF STATION
NUM{I) = NUMBE~ OF STRTION
TTem(l)s TIME TEF™ OF STATIONR
TRERR(I)a E4OOR IN 11ME TERM

NEXT M GATa 4008 (TRAVEL DATA) )
CRCPRAL (D) p UM CLYLEAST 1, ANKTHE, aLPHARCD) NU"?(I).tAiT?aANPTHQ.TT(IS
T TIERS (), DISTT), DISTER(T)

FORMAT (2(4R,2x,15,5FR,2),2F%,2,F5,2,F4, ?)
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FATRIX D= PaRT OF TRevEL DISTENCE VELOCITY DEPENDENT, [E REVEHSED
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I c .
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§ 3 FOSMRT (A3,2%X,18,2%%,2F5,2)
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i . 91 CONTINUE
3 C
: ¢ - ' . '
: ¢ READ IN THE RFHAINING M BRUATIONS
; c
: DC 4 I=21,m
wEAD(R,S) ALPua (DY, numt (), FAS'\ \P"TH:,AIPHF)fI),”U“JfI) bast2,
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€ . . . -
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‘v~=trnsr|-basTZI..7.(|~nrn|-unnru2)..z
1P (avN) 13,113,192

12 DIST(IIaStunT (AMNY

13 CDMT]NOF

FORMULATE MATRIK LA, CMECK FOX COINCIOENT STATIONS

I6 (NUML(TY="1M2¢0)) £,7,8
7 HN3Kel _
wbl2TE(5,9) Mh,ALOME)(1),ALPNAR(])
9 FOMMAT(! ERROR CONJITION, SHOT AND RECOROING STATIONS ARE cotucloe
INT ON xu=u1 CARD '.Ib,' READING t,48,!' T0 V,A8)
3108

) '$40P STATION uunaeps IF NUMICI) IS GREATER THAX NUM2(1)
B UNaNUMI (1) :

CoNUME CT) =RUM2(T)

TNUM2({T)=HN

FOPMULATE L4

6 MN2IKe2+]

. MN{SMNGw]
LACMNYY=NUMICTY
Lihn2)s NUM2(T)

5~ﬂ° BALX STATION NUMBERS IF ALREADV DDNE 50
tF (MN) 1P,10,1)

11 NUMZ(T)ENUML(TD)

NUME(1)EAN
13 CONTINUE
4 CONTINVE

FORMULATION OF (&78)=0 FROM LOCATIONS IN L4
' SET 6 TO ZERD

MNZNK(N+1Y/2
00 53 I=1,MN

53 5t1Y=R, P

=z

OO0

- SET DIAGONALS

MNS2EbeK . -
20 51 ]=1,MN

oo Ielaqlys(LACIY ety /2

51 3(JI=B(V)I+i,2

) SET OTHER TERMS
HLzKe2 :
pC 52 I3ML,Mn,2
JELA(I)a(LA(I)=1)/72+L8(1=1)
52 3(II=G(JI+1, 0

CALL MATRIX INVERSION anp hR!TE £RRO% punnnzrfns

©CALL SINV(R,N,1.2 3k+5, TER)
IF (1ER) 4ap,d1,22
42 WRITE(S,83)

43 FORMAT{I11t,1 ERRGR cn“n!IIun DUHING lNVERSION. FATRIX G-ATA 1§ NOT
1 POSIVIVE DEFINATE, Rank LESS THAN Nl)
60 TO 4%
42 aRITE(é,44) IER - . h
44 FORMAT('{V, ¢ ~aRNING, LOSS OF S!FN]FICANCE DURING xnvgusxon [
*JRADICAND FORMEG oY FACTORISATION STEP wel wa§ STILL POSITIVE BUT
280 LONGEY GHEATER TwmaN AﬂS(EPS.O(Kog)(xog)I)

- 41 CONTIMGOE

SIOOONONON

CALCULAT!ﬂN OF MATRICES E AND F, ERRDRS, DIRECTLY FROM o.| -
TEa(as1)(A)TLIT) TTaTRAVEL FIME
Fa(i=t)CAYT(DIST) DIST=NISTaNCE
EENH, FERR ARE ERROWS IN E ANP F RESPECTIVELY

CYCLE OY EACH NARQAN (N), SET SUMmING TO @
hDJ 72 INZLon :

E(IN) =2,

FCIn)z, 4

EERR(IN) 22,2

FERR(IN) =M, 8 |

EERGCIN) 20, 0

;ERG(!N):J,H

CYCLE O‘ FIRST X rLgHENT%
B { 4 {r) o3, 0‘,9?

92 00 71 (=1,x
CALL LOCULLACTIY, IN,I MY
ECIMISECIN) el CLAY#TTOUCEY "
AMNEQILI) A TNERR(])
EERG(INIEBHENGLINYMSASCAMN) ARG (AMNY -
Eiﬂﬂ(!\)“'ﬂ*(I\)Oln\faHh)

71 coNtlnun

93 CONTINuE
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CVYCLE 0» HEMAIH!NG Fdd ELEMENTS
00 73 Is1,M
JL25ReDe]
ILL=IL2-1
CALL LOCHILACILLY, IN,LNY)
CALL. LUCHCLACILD), IN,LE2)
REJ(LOL)«N(LO?)
ECINYSE(IN)oRaTI(I)
FOIKISFLIM) +®Ra0ISTCY)
AMNIRNTTER~(])
EERRCIN)SESRR(IN)+ RS (4%MN)
EERG{IN)SEERS (!~a¢AES(Au~)-tAs(AHN)

" AMaeAeDISTE~(T)

74

72

FERGCINYSFERG(IN)ARS(BPN)YxABRS(AMN)
FEAR(IN)ZFERR(TIN)SARS(AMN)
EERGCINY2STRT(RERG(IN))
FERG(INISSSRT(FERPB(IN))

CALCULATION OF MPATRIGES C AND D,LEAST SCUARE -VELOCITY

1T07C0=3,0

107T00=2,8

TCOERR=D, R

TONERR=A,0R

TCOERG=¥,@

TOOERG=A, 0

00 1§ I=g,M

COIISTTLIN =k CNUMY (T))~E(NUMR(T))
DECIYSDISTCI) wF (HURY (T3 )=F (NUM2(T))
TOTCO=TOTCD+C(I)+D(])

TOTODSTUTDN4NC(IYAD(])
CERR(I)=TTERR(I)+EEwS (N1 (1)) +EERR(NUM2(T))
AMNSTTERR(T) w#24EERGINUME (1)) AR 24EERG(NUM(1) ) 22
CERG(1)=50KkTawNy )
OFRR(1)=CISTER(I)+FE~RINUM] (1)) SFERRINIMZ(T))
AHN-D!STEH(!)*'ZOEF"&(Nb*1(X))*'Z*EERG(NUMZ(I))**z
OERG(IIESGRTEAMNY
TCDERHSTCLERRSCLIV«NEORCII+N(IYIXCERR(])
TCOERG=TCCERGH(CCII#OERR(III4#2+(D(II#CERG(I) ) w42

- TDDERH=TODEHR+$2, 7% (UL ])w0ERR(I))

15

TOOERG=TO0ENG+2, 24 (C(IIwDERG(T) ) 222

TCOERGSSURT(TCOERG)

TDOERGESGRT(TDOERG)

IF (TOTCC) 16,16,17

WRITEC6,1R) i

FORMAT(! 'UnABLE 10 CALCULATE LEAST anAuLs vaLOCITY ')
VEL(5)=%,2

GO TO0 19

VEL(3)=TOTDU/TQTCD

VELERR(S)= IDDFRRITUTcht(T01DD*TDDER?)I(TUTcuaTnTco)
_AMN'(TDDENLITOTCn)*!?+((TOTDD.'DDEQG)/(TOTCU*TUTCD))tﬁz
VELERG(5)eSKRT (AMi)

CUWRITE(6,2¢) VEL(S)AVELEFKL5),VELERG(S) -

23

119
19

22
23

24

FORMAT(1214 1LEAST. SCUAKE VELUCITY Is 1,F8.2,0 o/ o F5.2,1 wse 1,
1FS5,2) o
«R1TE(6,112) T9TDD, TONERP, TODERG

FURMAT('a1, 1SUN UF D SGUARED IS ' F#,2,) +/= 1,F6 21 4/ ', F6,2)
CONTINUE ST

CALCULATE WESIDUALS, STANDARD ERRORS, STATISTICS, ouTPUT

Do 21 Jay,5

IF (VEL{J)) 22,21,22
‘00 23 1=1,N

"TISE(I)=a,@

NTTSE(I’=Q

TOTR8220,0

N0 24 I=t,~

-RESIDCI)= f(t)'n(l)IVEL(J)
3ESE““(I)=CPN"(I)*"‘**(I)/VELCJ)‘(D(I)hVELFFPfl))I(VEL(J)i*Z)

102

RESFRG(II=SIRT (UMY
TOTRS22TOTRSZNESIDI L) %a2
NTTSE(NUATCI))aNTISE(NUIMIC]) )4y
NTTSEANUSM2(IIISATISE(NUM2{T))
TYSECMOMICI))STTSE(N MY CL))eNESIN(I) w2
TYSE(NYM2(I) Y= rT\t(\u“?(l))&RFSl“(l)t*Z
No 28 I=i,w

AHNTH P

1F (NTTSE(I) LE,1) &0 Tu 28
AUNSTTSE(T)/(NTTSECTY(NTTISE(TY=1))

AMNZCERG (L) %42+ (LEIGII)/ZVEL (I} Y o224 (ADCIIRVELFNGIJ) )/ (VEL(J)I K22} )0
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25 TTSE(D)aSuRT(AMN}
IF (Jeb) 24,27,28
27 “hzMeNeKut
KO- 10 22
28 nhzMaeX
28 AMNEIQTRSD /N
T SIGEOLaSORICAMNY
MNENS (e 1) /2
00 29 I31,MN
29 A(l)=anhen(]}
DO 32 latsn
AH"-(EERGJX))‘t?o(F‘ﬂG(!)IvELrJ))t-?#((VELEﬂG(J)tF(l))/(VEL(J)-VEL
103))1)4nD
THIERR(])=SRRT(844)
TUTEY([I=F(IV=F(1)2VEL(])
3,I“Tfﬁﬁtlr-rtﬁﬂ(l)vi"k(!)IVEL(J)O(vELFﬂN(J)-bf!))/(VEL(J)'VEL(JJ)
IF (J=9) 142,181,104
1 APNS(VEL(S)a»2251B50L)/ROKTLTOTOD)
WP ITE(As102) arN
122 FORMAT('Y,'STANGARD Eukoﬁ OF VELOCITY I3 ',Fa.a)
133 CONTIMUE
: ARITE(H,31) VEL(J),TOTRS2,SIGS0L
31 FOGRMAT(UEY, ! SOLUTION USING & VELOCITY OF ',F35,2,/7,) SU¥ OF RESIDVL
1LES SOUAREN 1% *,F%5,2,7,' STANDARD EAWOR Of THE SOLUTION 15 1,FR,2
2.///7,'STATICH E ERROR FWG F ERRUOR ERG  TTERM ERRD
IR ERG H,n ST,ERI - 95 COM NUM DATAY) B .
B0 35 Isy,N
Mhezle(I+1)/2
Iuovx-vTYSF(l) A
IF (IWORK,53T7,21) x-can:za -
AMNSL(ME) /NTTSECT) )
AMNZSRRT (2AN)«TTESTCIWORK)
WALTE(6,33) 1,E(T),FERRCI),ERFGCT), Vtt)oFERR(!),F'R'(I) TnTﬁH(I)v
JTMTERE(I), TMTEAR(I), TISECT)APN NTTSE(T)
3 FORMAT(Y 1, 15,3(3%,FA,2,2(1X,F5,2)),2(5%,F5,2),I%)
32 CONTINUE Co T : ,' .

-

1

‘&

c. : QUTPUT CONSTRAINT CARDS
IF (X} 94,94,9%
95 CONTINUE
WRITE(GH,34) : : . : .
. 34 FORMAT('@9,) CONSTRAIMT CAHDS. ¥o/, ' STATION HyYM TIME TERM ERROR
1) . S
. DO 35 1=1,K
wh1TE(G, 36 ALPHSA(IY,WUMLTY),TTRM(L), TRERR(I])
38 FORMLT(Y! 1,8%,2x, Is."x'Fﬂoale:F502)
35 COATINUE
94 CONTINYJE

c OuTPuT  QORIGINAL DATA CaPDS AND RESIOUALS

WANITE (n,8Y) . . - BN .

82 FORMAT('4!,% DATA CARODS V,/,'STATION wnum  TO STATIGN NUM CTRIR
t¥ ERIOR DIST ENNCK c ERROP EKG 0. ERROR: ERG RE
25T0 E#ROR  ENGI) ' ’

00 8y 121,

sRITECH,B82) ALPmAL(1),NUYTI (DY, ALPHAR(]), Nu“z(l).TTtl) TTYERR(]),.
tOIST(LY,DIST "tl).CfI),CERH(I).CERG(l).0(1) DERR(IY,DERG(I),RESTIOL
21).n==ER9(11.~-s:AotI)
42 FO~NMAT(! 218,01 Tn ¥ As.ls.atzx.Fé.a.1x.F5.2).
13(2%,F5,2, 2(1x F5. ?))) , ’ .
o5 CONTINVE ] '

[ QuUipPULT VAQIANCF-COVARIANCE MA]R]X

KRITE(E,124) .
174 FORMAT(IQN , T VARTANGE = COVARIANCE MATRIX TIMES teal)

00 38 Isf,n

NITSE(1) =4
A% TTSE(I)=37,2

o0 83 lJd=t,58

MNL=(1Jat)e22

MM22TJe22

IF (NJLEL%ND) 60 TO B3

‘TF (NLLE,MN2) MN2aw

NMIEMNT Y

004 84 JKzMNy, M2
8d NTTSE(JIR)alx

—RITE(G,BS) INTTSZLJX), IKEMNY, HN2)
8h FOAMAT(! 8x,24158)

] 193'l=loN

DO A8 JKs™NL,MND2

CALL LOCA(IK, I, L)
8% TISE(JIn)= &(L?)al.‘k?

© WRITE(ALA7) I.(TTSE(JK).JK=HN\.FN2)

37 FCIMAT(Y 1,15,20¢1Y,F5,1))
123 CUNTINUE
A3 CONTINUE
21 CONTINVE

stTop

END

¢ SUHRFU?ILE LG FGM DECE oxnu LACATIONS IN RATRIN ©

SUARDUTINE LOCI(U, 1LY
CUF (3-1) 64080,
1 LUS([Q(I']‘)/Q?J
GO IC n2
81 LGR(Ia(J=1)V/20]
62 RETUAN
END
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READ IN DATA CANDS AND FOWM MATRICES

SAINHUNNS TIME TERM PRGGHAMME 2
WOUSEMOLDER [TEXATIVE SLLUTION

USES 18 SSP SURROUTIME LLSR TN SOLVE MATIX FDUATIOMs D!RECTLV

ACCURACY GOCH AUT COEFFIGIENT MATRIX WRCOMFS VERY LANGE FOR LAXGF NETwORKS
RECOMMENDED FNR Swall HETWOAKS )

AEIGHTS INDIVIODUAL DaT4& CAKDS DEFAULTS1 .4

INPUT ]St= cappy
NoM K, (V(T),151,4)

FORHAT(J(‘l 158)),2(¢%,2,57))
NENUMBEK UF TIME 166%S MUSTY BE . CONSECUTIVE .

MzNUM3Ex OF TRAVEL TI“ES
KZNUMBEWR CF CONSTAIMED TIME TERMS : )

Vi1)s UPIO & CNMNSTVATAFD VFLOCITIES, IF LEFT bBLANKR wiLL ONLY CALCULATE
LEAST SGUAKES VvELOCITY . ' .

' NEXT K CAPDS (COMSTAINT CARDS) te
DALCI),NUBYCT),DSTIMELT) AT (])
FORMAT(A8,24,15,251,F5,2,3nX,F5,2)
WALEIYS NBWE OF STATION

NUMi(1)= WUMBER NF STATION

. OSTIME(I)= TI4E TER% . - C A . ’ '

»T(D= n:IGﬂT in YI”E TERM

" NEXT M CA“DS (DATI CA“DSJ t=

DAY (1), NUME(Y) EaSTy,ANRTHY, oAz(I) NU*?(I).EASTz,AhH!Nz.
OSTINE(LI),DIST,4T(T)
CFORMAT(2(AR,2%,19,2F5,2),F%,2,5%X,F6,2,9%X,F5,2)
DAJCI)= NEME OF SHOT QTATION
NUMYCI)= wumgEd 0OF SHOT STATION .
EASTy,AnRTry=z P S, COCRDINATES OF S»DT STATION
DA2(I)e NAME GF RCORNINE STATION
NUM2(T)2 NUMkeS OF RECORDING STATION
EaST2,anRTH2z .5, COURDINATES OF RECORDING srArzon
OSTIME(1Ys TRAVEL TI~E
DIST= IDAV‘L DISTANCE, IF 0,8, COORDINATES ARE GIVFh THE CALCULATED DISTANCE
-18 USE
wIitide "EIU*T G1V=N T THE DITA. DEFAULT=1, 8

"OUTPUT CONSISTS 0OF TIYE TERM DATA AND URIGINAL DATA FOR EACM CDNSTRAINEO

VELOCITY AND THE LEa&3T SQUARES VELDCITY
MATFIX £= PART OF THE TIME YERM NOT DEPENDENT ON VEILOCITY
"MATRIN Fr PART OF TIME TERW (DISTANGCE) VELOCITY OLPENDENT
ST,ERRON= STANULRD EROR OF TwE TI#E TERM uSING THE BERRY AND WEST
FORMULAE . .
NUM DATASNUMBER D5 “haTz TO 4 STATION :
MATIX C= PAKT OF TRavEL TIME H0T DEPENDENT OF VELOCITY
HITRIX De PART OF TRAVEL DISTANCE VELOCITY DEPENDENT, IE REVERSED

DOUBLE PRE'Ia!QN Nat(asnmy, DA?(ASE) . :
DIMENSION NUME(412),NUn2(41R), A(dl‘Fu).DSTIME(B?P);EFtDMJ).IPIVtJF

13), TMTR(12W),RESID(412), C(410).0(824) v(5),04TA(LRA), rr~552(1ua),
zlux(ema).w1(415)

READ IN NUMAER OF TIME TF4%§ N, EQUATIONS M, AND VELOCITY V

WEAD(S,1) v,™, %, (v(I),1=1,4)
1. FORMAT({ICEX, 15), 8(FA 2,50 )

SET MATRIX 4 10 @

ANSNe (MeX)
00 4 Is),MN
4 A(3)=n,D
IF (X) 82,682,683

83 00 62 I=21,¢

NUMD(1)aR
OSTIME(Men+NA O |

READ IN CONSTRAINT CARDS



oao

51
20
21

63
52

READ(S,061) DAYCI), w3 (I1),dSTINECT),wT (1)

FOIMAT(AB,2%,T5,264,F5,2,30%,F5,2)
IF (n1(I)) 22,23,21

AT(I)el A

CONTINUE

IJs(hUr 1 (1) et )n{mexk)s]
ALId)=aTLD). !

C DSTIVEC1)ZDSTINE (1) #T (1)

CONT INUE
<I=key
KmaeM

00 2 IsKI,KM

READ DATE  °

NalsXy)

oD

ano

" READ(5,3) onlcza.nuvlc:).EAsrx,nunru;,oAzcx).NUM?(!).EAsra,ANQTHz,
JJDSTIMECL), DIST, N T(1)
3 FURMAT(2(A8,2X,15,265,2),F5.2,5%,F6,2,9%,F5,2)
C L IF €aT(D)) 2222423 -
22 wT(I)=1.0
23 CONTINGE _
 OSTIME(I)=OSTIME(I1#AT(I)

FORM mATRIX. &

I3 (NUML (T el ) e (Med) el

S A(ld)=aT(])
1IsNUM2(1)=1)s(Mén) el
B(1J)=nT1(1)
OSTMS((EASTIEASTY2)aw2) s ((ANRTHI=ANRTM2) x%2)
IF (0STM,£0,0,4) G0 T0 8
GO T3 4

5 oﬁrtvstnoxoljzoxsrrnt(l‘

60 10 2

DSTIME(vexe )= SGQT(DSTH)-nT(I)

CUNTINULE

MREMyK

[

LLH] 5:("+K)
DO 94 I=1,%N
94 D(IY3DSTIMEC)

. CALL SUSROUTINE LLSS
caLL LLSG(A,D<IIME ¥R, N, 2,tF, IPlV.l *E=%,lER,AUX)
© D0 9% I=1,MN
NSTIrECTYSD(DY
_95 D{I)cn, ¥

PRINT OUT EXROR CONDITIONS

IF (1e3,6G,=2) GO TU 12
GO YO 11
13 #RITE (6,12)
*12 FORMIT(! 1, INUMREY OF EGIUIATIONS LESS THAN Nunﬁeﬂ OF TIME TEgRMS!)
11 IF ‘I‘:ileao‘l\ 6N 10 13
o GG T ta
13 WRITE(K,1R)
15 FORMATL! !, IRANK NF “ATRIY 4 1§ ZE<O®)

V-



14

16
18
1

19
17

TF(T1ER,6Y,2) GO T2 1o
GO 10 17

WHITE(R, 18) JEW
PORMAT (0 1, tRaNe DF MATAIX A I8 LESS ThiN M, 3
COLUMNS ARED )

MR SNeX

n"l!:(b.lv) SLITEI J=1.u-)

FORNAT (1 t,8%,18)

£OMTIHUE

TOTCh=2,4.

10TD0un,d

. Kfjakey

64

(1]
&7

65

DN A4 leky, Mg’

cil)= DS!IPE(I)-FF(NH“l(l))-LF(NuNZ(Il)
OE1)SDATIVE(MeKeT) EF(N.au"l(l))-EF(v¢uunz(1))
TOTCISTATCI+CCL) e ()

TCION=TUTLUD (L) aD(])

IF (T0TCC) »5,6%5,65

118,74 VTHE USELESS

ARITE(S,67) ' Co
FOR¥MATCIM, TUNGBLE TU CALCULATE LEAST SUUAKES VELOCITY!)

v(53=2,pn

G0 10 &A
V(5)sTOTOL/TOTCD
#RITE(9,59) v(5),TO0TD

69 FU*"IT('1|,'LEASI SOYARE VELOCITY I8 1,#5,2,/7,'5u% OF D SOLAHED 1§

1
53

72

74

73

25

Ty

75
79

79

1sF1Q,2)
CUNTINUE
B0 79 J=1,5

IF (vEd)) 71,7%,72

DO 78 1=1,N

DATA(1)=0,2

TTRES2(1)23,¢

TOTRS2zR, 0

oo 73 1=v' MK
RESIDCINZC(II=D(TYI/V ()
Tn'usz-rwr932¢(chIu(I)t*?)th(I)
DATA(NUHAL(I)ISAATA(NYMI(I))eaT(])
DATA(NUMZ(I)ISTATA(NLUM2(TS ) +vT(])

TTRESZ (MUMICT)ISTTRES2 (MU (T)I4(RESID(I) %221 %aT( 1)
TTRES2(NU“2(I))s rr»es?c~u~ztx))+(ntsxo(:)t*e)-vrtx)

DO 75 I=21,N

AMNZA L2

IF (DAYA(I) LE,1.0) 6C TO 78 :
AHN’TTPES’(I)/(le (LY« (CATACI)=1 7))
TYSNES2(11=89RT(A¥N)

SOATAmaR @

D0 25 T=K),KM

SDATAMZSNATAMEwT(1) ]

IF (JeB3 75,77.,7 .
AMNSSOATAMFLOAT (M)I4FLEAT (XYt 0
53C 12 78
AMN:SDATIF-FLOAT(N)0FLOAT(K)
AMHZTCTVS2 /4NN

SIGSOLSSGRT(AMN)

DO 79 1=1.n
TMIRM(I)IZEF () =bF (N:1Y/V ()

- IF (J=5) £2.81,82

81

a2

.69

a3

18LS SQUANED &

AMNZ(V(B)+*24S1GSOL)/SHRT(TOTDD)
AWITE(h,n2) akm

FUR“ATL DY, 15T anpavl: -ERROR OF VELOCITY 1S ',F8,4)

CONTINUE '
4R ITE(H,33) VIJ),TOTHSZ,S51680L

FORMAT(Y1t,t SOLUTINN LSING 4 VELOCITY OF 1,F%,2,/,1 SUM OF RESINU
" FR,2,/7,'STANPARD ERROR OF TrE SOLUTIOGN IS ',F%,2,

Pr/7,0. STATIGN MaTWlWC B MATRIX B TIMETERM ST,ERRCR  NUM DATA')

a3
a4

RS
A8

Q2
a9
a7

91

20 Bﬁ T

aN1TE(S,65) I, cé(1:.et¢u.x).ruran¢1).traesz(:) rAYA(I)

FGR'HH' tL,EX,15,8F32,2)
CONTIMVUE

DUTPUT CONETXAINT CAQUS
tF (k) R7,87,¢6
WNITE(S,08)

FORMAT(12','CONSTRAINT CARDSY, /7, STATION SUMEER TIMETERM
1AEIGHT!) :

N9 B0 Txy,k
DSTIME(I)=NETIME(IY/4T(Y)
WRITE(Hs90) DALCIYpNGMY (LY, DSTIMECL) WP (I)
FAAVAT(Y 3 ,88,1X,15,4%,F0,2.4X,F6,2)
CONTINUE
CONTINVE
DRTPUT QRIGINAL CARDS
Kis<e+y -
wRITE(6,28)

FOYPATCIAE,t DATA CENNS 9,/,' STATION  Nus  STATION  NU4  TRAVE
fL TI~F OISTANCE “ATRIX C MaTwix 0 RESIDUAL
00 92 (=41, . ,

OSTIMECIN2DSTIMECT)/ZaT(T)
OSTIME(MexXsI)aLSTINEIV e+ [) /70T (TN

WEIGhT )

LARTTE(A, V) DALCYIaNUML (T 082C01) NUMZCI) ) OSTIMECT) JUSTIME(MeR+T),
1CO1Y,0C(0), SESTLCIY,»TLD)

93
92
7t
bL

BORAMATCL 1,08, I8 3K, 20, T4, 2%,6F10,2)
COATINuUS ’
CONTIHUE

CONTINUE

sTQP

| 2]
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C' TwO VELOCITY SOLUTION
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aaann

[s X2 XaXx X2 X2l

USED WHEN THE REFRArYCﬁ 445 Tad VFLDCIT!PS AnD. Trk TFAVEL DISTANCES IN

" EACH REFHACTOR AwE KMOWN  EG NORTHEAN ENSLAND, UPPFR CPUSTAL (PG)

REFNACTOR CONSISTS OF GRANITES (DISTRIAUTION KBQaN FPOM GREVITY) AlD PRE

DEVONIAN METAMURPHIC ®ASEMENT  SFE KOTT 1947 .

"USES TRM SS5P SUAIMUTINE LLSR TO SOULVE MATIX FALATICNS DIWECTLY:

S ACLURACY GNOD  SuT COEFFICIENT MpTHIX BECCWED VRGY LARGE FOW LA4“E METWNRKS
pgcouwawoeo FOR S~all NETWGPKS

INPUTSe CAHD | . N MK : - '
FORMAT(3I(5X,15)) . . ’ : ’
"NENUYHER CF TIvE TEaws MUST BE CONSECUTIVE ~
MaNUM3ER OF TRAVEL TIMES ‘
KENUMSE? UF CONSTAINED TIME TERMS

NEXT X C4RDS (COLSTAINT CARDSY g . Co
Dls(!)'NU*I(I)-GSTIMF(!) - . . D
FOAMAT(AS,2%,15,55X,F5,2) o
DA1(I)= NauE oF STATION
ONUMI(I)z  NUMAER GF STZTION
© DSTIFE(I)Z TIME TE-w

NEXT % CARGS (DATa CB4DS)Y g=
0‘1(1) NURLETD, FAST!:‘”RTH).D‘?(I) NU”<(1),EAST2:‘NRYH2-
DSTIME(IN,0IST,Cun(])
FORMAT(2(4%,2X,15,2F5,2),F5.2,5%,F6,2,8X,F6,2)
DALYz Namg OF ShiT STatTlon

© NUMICI)E NUMBER ©F SA0T RTAVIGN

EaBTy,ANRTHEE NS, CGOPOINATES OF SHOT STATION

DA2(1)= NAME .OF RCGWDING STATION

NUM2(T)=. AUMRER QF QECHWDING STATION

EAST2,ANTTN22 €,§, COOFCINATES OF RECORDING STATION

DSTIMELI)S THAVEL TI¢E - '

.DIST= TOTaL TRAVEL DJSTenCE [N BUTH R&FRACTORS IF 0.5, COORDINATES AR
‘BIVEN THE CALCULATED DTSTANCE 1S USEN . )
DUMCI)= TRAVEL DISTANCE IN REFRACTUR 2

VELOCITIES, - - maTICES F1,F2,D1,N2 REFER TO EaC+ REFRACTOR
MATRIX &= PART OF THE TIME TERM NOT DEPENDENT ON VELOCITY .

MATRIX Fz PART UF TIME TERM (DISTANCE) VELOCITY DEPENDENT ) .
8T,ERFQRE STINDAND ERAON -OF TuE TIME TERM USING Tne BERRY AND WEST
FURFULAE : )

NUM DATAQNUMRES OF DATA TO A STATION -

MATIX C= PART OF TRAVEL TIME NOT DEPENDENY OF VELOCITY

MaTRIXx D2 PART OF TRAVEL DILSTANCF VFLOCJTY: D‘PENDENY. 1E REvERﬁED

pouaLE Pnecrs:on DAY (4ne), 082 (450) . . o

DIYENSION NUML(40A),%UM2 (410, AC41724) . JEF(420),1PTV(10

10), THTRA(1%) , RESIV(A12),C(610),D1 (418),D20414),NDPTA(1WD), TTRESC
103, AUX KAy, SU”(J),VEL(?).TOT(2JpDUﬂ(iZSﬂ),DSTI"E(123F)

READ- IN NURSEN OF TIME TERNS K, EGUATIONS My AND VELOCITY V

CREAD(3,1) NpH,K
{ FORMAT(I(5X,18)).

READ IN DATA CARDS AND FOSM MATRICES
SET MATKIX & 1O @

MNzZNa (Mex)
MK2E2e(Mek)
NO & Iay,~N
4 Allrse,.0
IF (k) 62,62,6)
&3 DO & jB1,n

OUTPUT COHSISTS OF TIME TEEM DaTA AND ORIGINAL DATa FOR THE TWQ LEAST SOUARES .



oD

oaon

non

NUs2(Y) 20 : o o _ S

DSTIME(Merel)za, 2
PSTIME(NMK2¢1)2%,4

PEAD 1IN CONSTRATNT CARDS

- READ(S5,61) DA1(I),NUAL(T),DETINE(])
61 FOUMAT(AA,20,15,06%,F4, 2)
JIS(NUMI ()~ l)'(HoK)ot
62 A(IJ)= 1,2
€2 1JeKet
Ki=xe}
KMEKeM -
D0 2 I=Ki,AM

READ DATA
I
READ(S,3) Dl!(I),N“Mlll),EASTl,ANRTHl 0A2(I),N uMzc!).EASTe.auntua,
{DSTIME(]),0IST,DUM(I)) :
3 FGQMAT(E(AB PXs15,2F5,2)0F5,2,3%X,F6, 2,41.F6 Q)

FDRM MATRIX A -,

IJ:(NU*!(!) 1)e(rex)e] -
A(TJI=1,2

‘1d= (NUME(I) 1Ix(4ex)+]
ACLII=T,3

CALCULATE OISTANCE FROM 03 GRID COORDINATES

08ThM= (¢ lS'l EAbT:;--9)+((LhQTHl-AMRTHP)--e)
1F (DST¥,ER,A.2) GO TO S
GO 13 & ' . o .
5 05!!":!?0&0!):0151 . . . ' . -
GO Y0 2 o : ’ .
.6 DSTIME(#+a¢])2SORT(DSTM)
2 CONTINUE
MK2MeK
MN23« (MeL)
0O 124 1sX{,kM .
DSTIME (X<2+1)200M(1) :
OSTIME("eKe1)OETIAE(MIKST)aDUM(])

193 CONTINUE

00 94 [31,mN

© 94 DUH(I)=JSTIHE(I)

XXz X1)

ano

- - -

CALL SUBRUU?INE LLS®

CILL LL§1fl ODSTIME, ”K,N,.,EF NOATA,§ ,PFE=6,1ER, AUX)
00 95 I=1,%n : . .
95 DSTIMECTI=DUMCI) ) : .-

SRINT OUT £<RAK COMDITIONS

IF (IER,EQR.=2) KN TO @
G0 TO 1
4 wRITE (6.12)
2 FOAMAT(' ', INUMBER °F EQUATINMS Less THAN NUMBER OF TT4E TERMSt)
1 IF (IER, d.-l) GO 10 18
‘60 Y4 14
13 ak]ITE(Y.15)
1S FURMAT(' ¢, IXaANK OF “ATRIX 4 [§ Z:QO')
14 TF(IER,GT, A) G0 10 1A
60 10 17
16 ~RITE(S,1R) IEW
18 FORMAT (v ¥,'Qanvx JF “aTRIX A 1S LESS YHAN N.3 '.15,7,'THE ussLess
| COLUMNS ARE' ) i
NX3NeX
. WRITE(H,10) (NIATA(J),Ja1,NK)
19 FORMAT (¥ 1,8X,059) |
17 CONTINUE o
Tor(ty=,
TGT(?)=?.?
SuM(L) e,
SUM{2) 20,0
SA(4) 30,0



113 CONTINUE

At sy =

96 a4 l-nlv’“
CCIYsDSTIrat])~ tFlhuﬂitI)) EF (NUMD(T)Y
D1CIIENSTIME (MeasT)abF (Hehu™] (1) I=EF(NeNUMZ(]))
D2LY)TIST e lrK2e )i (2onNenUME (L)) EF(24NeNUM2(]))
TOYTC)I=TOT(1)+C(IYeD1 (1)
TGT(2)=TaT(2)+CCIYen2(])
SUMEL)=SM(1)enY (T a1 ()
SUM(2)sSur ()01 (1V02(])

B4 SUV(E)=SUN(aY+02(1)2D2(]) ‘
SU4(3)=5unr(2) :
CALL LLSG(SuM, 107,2,2,1,VEL, NDATA.! AE= deEP,AUX)
IF (IER,El,=1) GC 10 132
G0 TC 103

192 #RITE(n,1P4)

194 FORMAT( Y, 1UNADLE -TO CALCULATE VELOCIYIES')
$TOP
103 CONTINUE
IF (VEL(1)) 111,182,111
117 (VEL(2)) 113,112,113
2 2RITE(S,114)
4 FORMBT(Y 1,1 yNaBLE YO CA‘CULEYE Twl VELOCITIES')
- 80P :

VELC1)=1, FVEL(1)
VEL(2)21,/7VEL(2)
dRITE(6.lH~) VELL1),VEL(2)
las FORMAT( 1), 'VELOCITY DF [IMt BASEMENT IS ',F§, 2./.'VELOCITV CF THE
{GRANTTE TS Y,F5, 2)
72 00 78 1=1,N ‘ . .
NCATA(L)=2 ' : .
74 TTRES2(I)23,9
TOTRS252,0
00 73 I=K1,%K
RESID(! "(l)-d](I)IV‘L(I)-DE(I)/VEL(Q)
TOTRS23TIIRS24KESIDI1 €42
CONDATACNUMY (IIISNCATECniMI (1)) 4
NOATA(NUMR{I))=vRaATa(run2(T)) 41
TTRESZIWVUYIC1))ISTTRES2(NUMI(I)I4RESTIO(I)ww2

.33 TYRES2(NL2(D)) 2 TThEﬁ’(NU”Z(YJ)*ﬂt\ID(I)**Z

00 75 I=f,~ ) .
aAMNZ A, 2 :
iF (\DATA(I) LE,1) GO T 75
. AHN-ITJLa?(I)I(NQArA(l)*(NDATA(IJ-I))
75 TTRES2(1I=SURT(AMN)
. PMZMehpKa?
AMNSTUTRE2/7MN
S1GSI =SART (AMN) .
CSEGASESV(1)4s2#51GEAL/SLRTISUM(L))
CSEGRZV(2) 2 #2+516SUL/34nT(SUM(4))
ARTTE(5,272) SEBASE,SEGR

2‘3 FORMAT(VAY,V STANDARD ERRCR DF RSAFMENT VELOCITY 1,Fs, d,l KMgS 1,

JISTANDARD ERRDOR OF GHANITE VELOCITY ! FB a,! KMIS ') .
PO 7% I=q,nN . '

S 79 THTRM(IISEF(1)= FF(Vol)IVELtly-ﬁFteﬂNoIIIVEt(") ’ '
TaRITE(H,H43) TOTR32,STG80L '

.83 FORMAT(1{ 1,154 OF WESINUALS SAUAKED 1§ 1,F8 v20/,)'STANDARD ERRUR

10F Tk SALUTION 18 ',Fb,é,///,) STATION MATRIX E  MATRIX Fy MATRI
2X F2 TISETEnM ST.£°°Ek. NUM,DATAY) '
00 R4 I=1,N

WRITE(5,65) 1,EF (1), ar(nox).es(2-~+x).Tvrkn(xy,trnasztt).noArA(:,'

85 FORMAT(! 1,15,5F1d,2,1183)

A4 CONTINUE

: OUTPUT CONSTRAINT CaxDS
IF (X) 87,27,85 .

86 WRITE(H,RR)

88 FORMAT(V1', 'CONSTRAINT CARDS 01,/,1 STATIUN MUNFBER TIMETEOM 1)

00D 89 =2\,
ARITE(H,93) DAL(CL),NUMI (1), OSTIMECD)
.92 FORMAT(! ,83,1X,15,4%,F5,2)
a9 CoNTINE
37 CONTINUE
ouTPUT OR!GlhAL CAMDS
K{=K+)
sFITE(H,91) '
91 FUSMAT('1¢,10ATA C3¥NS1,/,8 STATION Nyd  STAaTION . NuM TRAVEL 1!
14E DISTANME) DISTANCEZ Patnlx € HATRIX D1 MaTRJX Cp RESIODUALY)
00 92 Isaf,md -
ANITE(A,93) 0211, NUMLLEIY,PA2 (D), NUMACT), BSTIME (L), OSTIME(Pen o],
LOSTIMF(MA24 1,811, R1C1Y D20, ke STOCT)Y
9V FORMAT(2(AK8,13,41),7F17,2)
92 CONTINUE
S$TOP
END
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SFINAURNS TIVE TEWM PROGRAMME 4
veanxrv INCREASING nITH DISTANCE

USED WebN VELACITY JUCHFASES LINFARLY BrAY FwOM SRIECE  VaVeeKaX

JUSES 1AM SSP SUBSUUTINE LLSC T SOLVE MATIX ESUATIONS SIRECTILY

ACCURACY GOOL AUT CORFFICIENT HATRIX GECOMES VERY LAvGE FOW LARGE NEYNORKS
PECOMMENDER FOR S§¥aLl WET#GRRS .

INP01‘}SI- (AL
NoM, R
FORMAT{3(5X,15)) )
NEZNUMBER OF TIME 17 RS - MUST AF CONSECUTJVE
MSNUMHEY GF THAVEL TImES
KzNUMBER OF cous1a1uru TIME TERMS

NEAT ¥ CA®OS (CONETZINT CARDS) 1=
S DAYCD) U (1), D8TIRECY)
FORMAT(A2,22,]5,25%,F&,2)

DAL(I)s  SEME CF STATION -
NUML(])=z  hJMEER OF STATION
DSTIME(I)= TIME TER~

NEXT M CARDS (DATA CEROS) g
DALCI), muxy (1), EASTi,AhRTk1aDAZ(,),NUMZ(l)aFASTZ.ANRThz,
" DSTI%E(1Y,181

FORMATI2(8R,22,15,2F5,2),F5,2,5%,F6,2)

D81(1)z namt 0¥ ‘Hul STATXON

NUML (1)Y= NUMIER OF SHOY STATION'

EASTY , AnNKTR)= 0,5, CODRDINAYER OF SHOT SYATIDN
‘DA2(1)= NAME IF RCOMDING STATION

NUM2(T)= NUYAEK OF RECORDING STATION

EAST2,annTr22 0,5, COCKRDINATES. OF RECORDING STA710N
CDSTIME(I)s TavEL TI“E

DIST= TRAVEL DISTAhCE. IF 0,8, COORQINATES ARE GIVEN THE CALCULATED DISTANCE .

IS5 USED : .

OUTPUT CONSISTS OF TIME TEKM DATA ANS ORTGINSL GATA CALCULATED Fon THE
UNKNOANS K AND VG
SATRIX Ez= BA4T OF THE TIME TERM NOT DEPEMDENT ON VELOCITY
»ATRIX Fz PAYT NF TIME TERM (DISTANCE) VELOCITY PEPENDENT ]
ST ERROW= STANYAKD EXwOR UF THE TIME TERM USING THE RERRY AND WEST
FORMULAE v
MaTIX Cx'PARY. OF TRaVEL TIME .NOT DEPENDENT DF VELOCITY
MATRIX p= PaRT OF TREVEL DISTANCE VELOCITY DEPENDENT. IE Revenseo

nnnhnnnhnnnnnnnnndpnnnnnnnnnnnnnnqonnnnnnnnqnnnn

-DOUBLE PRECISION DAt (a5w),DAR2¢452)

DIMENSION ~UMI(41),N042(410),4(4)000),, C - EF(4Aa), IPIV(1R
1), THTRM(102), FESTI(410) ,L (410, PL(41A),02(410),MDATACIARY, TTRES2(
21e3),aux (8421, ° Sum(a),vEL(2),TOT(2), DU”(!?aO) DSTIF€(121G)

HEAD IN NUM2pd OF Tf"& TEAMS N, EQUATIONS M, aND VELOCITY V'

nooon

READ(S,1) ¥,M,K
1 FORMAT(I(EX,[5))

RESD IN DATA CARDS ANC FURM “aTRICES

SET MATRIX & T3 2

OO0

MNaNe (AsK )
UK232e (MeK)
D0 4 I=i,ma
& A(I)zA,0

IF (X)) 62,£2,673

A3 DO A2 [ay,n
NUM2(¢T) =y
OSTIME(4enel)A, 0



DSTINE(MK2¢1) 20,0

"READ IN CONSTRAINT CAPDS

ann |

CREAD(H,A1) NDAY(TY,NUE(1),D8TIHE(])
61 FORMAET(AR,2%,15,25¢,F5,2)
. IJs(NUMTI(T)=1)n(vaK) el
© 62 &(Idi=t, e ]
(52 TJsKey . :
Kigkey ¢ :
WMSHM .
00 2 1= K!.KM

c
€ RELD DATA L
" C
READ(S,3) DAICTY, vuMi (D), EASTS,ANRTH], 012(1),NUM2(I)-EAST2.ANRTH?,
1DSTIMECI),DIST . L
3 FORMAT(2(AE,2X,15,2F5,2),F5,2,5%,F5,2)

[ .

C FOSM MATRIX A
¢ o
TJ2NUMS (1) =l )u( oK) o]
A(1J)=21,0
TJS(NUM2(I) =) w(MeR) ]
l(!J)=1 [}

c
C CALCULATE DISTANCE FRO* Gs GRID COORDINATES
c

DSTH'tfElST1-tA<12)t*?1+(tAhkTHl-ANRTﬂz)-az)
1F (DSTM,E0,4,8) GO T¢ 3 .
. GG 10 & o
S OSTIPE(MeKeI)=DIST. :
60 10 2 :
6 OSTIME(MereI)= sunt(DSTM)
2 CONTINUE :
C MKaMeK .
- MN2IN (HEK)
DO 126 IsK), KM
. DSTI*:(MK?tx)-o%TlﬂE(Mf‘tl)tDSIIME(H9K+I)
10@ CONTINUE . . . :
00 94 IEp,mN C : '
94 OUM(I)=DSTIME(I)

CALL SUBRQUTINE. LLSQ

(2 XsXzX21]
i

CALL LLSQ(A, DSTI¥E, MK, b, 5,EF  NDATA, |, 8E=6, IER, AUX)
DU 95 I=f, v : R 7 -
.95 DSTIME(I)=0UvCD)

oo

PRINT OUT ERROR COVDITIGMS

IF (1ER,EG,=2) GO TO o
60 TO 1t
12 #ARITE (6,12)
12 FORMAT(! 1, INUMEED OF ecLATIONs LEss THAN NUMBER "OF TIME TERMS!)
11 1F (1ER, EN.-l) 69 10 13
GO T2 14
{3 WRITR(S,18)
15 FORMAT(! V', 'RANK OF MATPIX A I8 ZERQY)



14 IFCIER,GT,2Y GO TC 14
an Y9 17 .
16 sRITE(G6,18) lER :
\n FORMAT (1 1,1HANR (1F Mllnll l IS LESS THAN H,3 ',15,/.'1HE ussLtss
‘) COLUMNS ARE' )
NKEN,F
le!Elh.lv) (NDATA(J).Jsl.H“)
19 FUIMAT (! 1,8X,19)
17 CONTINUE
TUT(YIzA, 0
T0T(2)=0,”
LY R TN
T suM(2)ze,0
LT ET
DO 64 1=K1,¢4
CCII=DSTIVELTII=FR (NUMILT)I-EF(NUY2(]))
DICTISOSTIAE (eI =EF (N UM (T2)mEF (NeNUMZ(TY)
D21)=OSTIVF (Mo 1) mbf (20NemyML (1) ) =EF (20N4NUM2(13)
TOTCLYI=STOT(1)+C(I)anY(])
TOT(2)=70T(2)+CC1)»D2(1)
SUMCIIZSUM(1Y+D1(1)+01(])
SUM2)E5ur(2)eD (1) eD2(])
648 SUMC4)=SU¥(4)=D2(1)e(D(])
SUM(3)s=SUM(2)
CALL LUSH(SLH,T0T,2,2,1,VEL,NCATA, T, DF-b 1E%,4Ux)
"IF (JER,Eli,=1) GO 10 !?2 - .
. GO TO 143, ) .o - '
192 ARITE(H,124Y ‘ -
104 FORMAT(11), 1UNABLE TO CLLCULATE VELOCITIES!)
stTop
133 CONTINUE
IF (VEL(1)=1,0E=y) 132,512,111
111 IF (VEL(2)=1,1rE=G) ll?.ll’al!!
112 “RITE(&,114)
114 FORMAT(! 1,t1UNARLE TO CALCULATE K AND Vel)
$T0P . .
113 CONTINUE | .
VELOCZ1,/VEL(1)
AKSVEL(2)/7(VEL(1)#VEL(L))
. KRITE(S, 145) VELOC, 4x . : :
195 FORMAT(! ', 1 LEAST RQUAw=s vEchITY ',F 22070 FACTCH XV,F8,5)
72 00 .74 1= l.N
NDATA(I)=2
ra'rTanztl)=n.n
. TOTRS2zn,n
o0 73 1= KI.MN
RESIO(I)=C(I)= Dl(I)-varl)tD?tT)'VEL(Z)
TOTRE2=TGTRAS2+HERIN( 1) 442
NOATA(NUMI(T))ENCATALNUMI(T) ) ¢)
CHOATA(NUSI (I YSNDATE(NUM2(]) ) e} .
S TTRES2(HUMICL))STTIRESZ (MUMI LI ) SRESID(I) a2
73 -TYRES2(NUm2(1))= TTkES‘(NUi?(l))OPE‘ID(I)"Z
© 00 75 Is1,N
AMN23,.9
- 1F (NDATA(X) LE, 1) 60 Tc 78
- AMV-TTRFSZ(I)I(NDATI(I)t(“DAT‘(l) |))
75 TTRES2(1)sS0kT{AMN) .
MNIMaN$K a2 . . .
AMNSTQTRS2/4N T
SIGSOLSSURT(AMN)
00 73 I=1,n .
79 TMIRW(I)= EF(I)-‘F(V0I)0vPLilJ+EF'2»N+I)*VEL(2)
TWRITE(R,93) TOTYS2,S816GSCL
© B3 FORMAT(!11,18U% OF WESITUALS SAUARED I8 ',FA,2,/,15TANDARD ER“OP
{tOF THE SOLUTIGN 1% ',F8,2,7//,' STATION. nnrnxx £ PATRIX F1 MATRI
2% F2 TIMETERM ST, gnnn: NUY, NATAY) :
00 Ba 13t,N
wH1ITE(6,85) I::‘(I).cF(HOI‘.P‘t7'u¢I) TMIRFfI)-T!RES?(I),NDATA(X)
95 FORFAT(Y +,]15,5F10,2,119)
Bt CONTINUE
. OUTPUT CONSTRAINT Laaos
IF (X) 87,37.8b .
85 wWRITE(S,80) . - ’
88 FORMAT(I1','CONSTRAINT CARDS 1,7, STATION NUMRER TIMETERM 1)
D0 K9 I=1,x .
ARITE (A, 301 OALLT), VUM (1), PSTIFECT)
9N FOIMAT(Y VLAR, X, 15:4%,F6,2)
89 CO~NTINUE i
A7 CONTINUE
0UTPUT URIGINAL CaRO§ .
SELTY . }
aRITE(A,Q1) ) . C
QL FORMAT('I!,T0ATA CANIKT,/Z, ) STATIUN MNuUM SIATION  Myn  THAVEL 11
1™E OISTANCF) DISTANCF2 MATWIN € MATHIX D) 4afNIX {17 RESTOUALY)
N0 Q2 I=zal, <
ARIYEC(H,%3) oAl(t).*lPl(!)::ﬁ?tx).an'?!l).ciTt“E(!).“SY!“E(HOKOI)..
INSTIMF(P<240),000), 0101, 22( 1V, RESID(])
Q) FDRMAT(Z(Ar, 11 4x),7F10,2)
92 CONTINUE
8T0P
FND -



snlhuuﬁhs YIME YERM Pﬁbﬂil”"k -]
ITERATIVE SULUTION KO« & DIFPING RLFEACTD“

USES JRM SSP SURROUTIAE LLSH T6 SOLVE' "LY!l ESVATIONS DIRECTLY
ACCURACY G000 wUT CRLEFEICIERTY MATRIX RECNUES VENY LAKGE FOK LARGE NETWORKS
RECUMMENDED FOR S»atil NETwWOrKS

INPUT ISt~ ) CAPDY

Ny MK,V (L)

FGRFAT(‘(ﬁl;lﬁ)-bS ?)

NZNUMHER DF TIME Yiw-§ MUST HE CONSECUTIVE
MaNUMBER OF TRAVEL TIMES

KENUSHER OF CNASTAINED TIME TERHS

VASRES ONLY ONE CONSTRIMNED VtLOcITV OR THE LEAST SRUARE VELOCITY CAN
BE USED

KEXT K C3RDS (CONSTAINT CARDS) L

DAY (), SUMICT),CSTInECT)

FORMET(A3,2X,15,25¢,F5,2)

DAY(1)z NAME (F STZTION
CNUnL ()= NUMAER OF STaTIQN . : '
‘DSTIMECI)S TIME TERM :

NEXT M CADS (DATA CA&NS) e
DAYCI) o NUPT(T), EASTY,ANRTHL,D802(T) NUM2(1),EAST2, ANRTH2,
DSTIMECI)SOIST | .
FORMAT(2(8E,2%,15,2F5,2),F5,0,5%,F6,2)
DA$(I)s Na~E OF SHOT STATION °
NUMY {I)s NUMBER OF S<OT STATION
EAST],2%?This 0,8, CCORBINATES OF SHOT STAT1ONM
Da2(I)= NAME OF RCORAING STATION
NUM2 (1)= NUBBEP NF 2FCPRNDISNG STATION
EaST2,aNrTH22 NS, COLRDIMATES OF RECORDING STATION
OSTIME(1)= Yea;eL TI“‘

18 USED -

ouTRUT CONSIST< CF JINME TERM DATA ANo ORIGINAL CATA AND DEFTHS TO THE
REFRACTOR )
N, H, ' SET F3% .a COVE~ VELDCITY oF 4.3KH/SEC
natﬁxx E= PAST CF TnE TIrk TERM DOT_DEPENDENT on VELOCLTY
MATRIX Fz ParT OF TIME TERM (CISTANCE) vELOCITY DEPEMDENT
NU% DATASNUMEER OF QATA TO " A STATICM
MATIX €= PART OF TRAVEL TIME NUT CEFENDENT OF VELQC!TY

ﬂ(ﬁ(TfT(if\f!r'f)f!()ﬂ¢1flﬂ¢1flﬂ(1r)ff(lﬂl1¢1 r|r.p¢1f1('f'f'f)nqwe,r.ngsf,(jf|n(1r\ﬂ

DOUBLE PRFCISION D810352),2a2€350)
CDIMENSION NLUMLIESIMY  ANURPIIIR) 03100 A), DSTINEC622),EF (220), IPIVCIR
1AY, TUTHR( 1'ﬂ),=£51)(‘1*).L(31P).0(62“) vis), ~0ATA(13F). TRES2(104)
2,8UX(dRHA)

DIMENSICN x(312), Z(!n’)-CDS(SIW)

OIMENSION D31(624)
. DIMENSIONV LA(024)

[z Xz NaXg

READ 1IN NUHﬂFQ CF T!*E TERMS N, EQUATIONS M, AND VELOC!*Y v

READ(H,1) N " HoV(l)
| FORMATLA(S Y, [5),F5.2)
. 00 124 [=2,4
124 v(I)3a,@

READ IN DAYA C&NDS and FOxM MATRICES

onon

IF (<) 62,62,63.
63 NC 63 I=),
NA2(T)=2
OSTIME(Mere[)zd
LA(22])2a ] .

REL) IN  CONSTRAINT CAFQS

anmna

READ(R,81) 281C1), %1 (1), 08TIME(T)
Bl FLAMAT(u3,22,1%9,28%F8, )
6 Le(2elel)aNumytl)
82 KI=Key ‘
RMIKeM
N0 2 TaxI,

READ DATA

o000 -

READ(S, 3) OA)(l).vJ'illl.tlﬂfl.Aﬂﬂfﬂl al?(l).hL"?(X),Eastp ALRTHZ, -
108115 (13,0187
3 ihaﬂar(?(A-.?x.l s PFN,PYeFR,2,8%,F%,2)

Fous ﬂATHlX A

[z 21 X2

NIST= THAVEL OISTAhCE. IF 0,8, COGRDINATES ARE GIVEN THE CALCULATED DISTANCE.
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¢
§
:
i
)
i
:

ano

112
204
72

12
222
108

94

LA(Pel~))anamy(])
Lh{2el)2Nyu2 ()
ostﬂal(tha'l-bbﬁta)a-))c((AN«INl-lhulv?)ﬂ-?)
tF IDSTH Ewan,¥) G TU &
GO 10 8

.DSTlﬂntﬂoﬂol)lGlsT

60 TC > .
OS‘I"E(rerI\'\lur(“ﬁ'%)
CUNTINUE

MASMeK i
MN2I2a(MeK)

00 §12 Is1,MK
X{I)SDSTIME(MKe])

00 2v¢y I31,MN
DSTETYISUSTINE(Y)

e 79 J=21,3

IF (J,:0,5) 6O T0 72

TF (V)Y 21,71,72

CONTINUE

00 (22 lel,MK
cos(1y=t,p
CONTINUE

ol 282 I=t,"n
NSTIME(])= DsT(I)
NiT=3

CONTINUE
NITanNITey

DO Q94 l=t1,N
LeI)=NSTIME(T)
NMKzka (Mer)

DD 4 I=1,Nux .

.atn=a,0

Do 7 I=2),%x

- 1R3¢

© @™

Onn

o5

19
11

13
13
14

- 16
-18

IKs(LACIK)e 1)*"K+I
IF (1K) 9,9,
A{Ik)=1,9

CIK=2alay

IKS(LACIK)=1) amxe] :
A(IK)=1,0 '

caLL sUaRuurxus LLsn

CALL-LLSA (A DSTIME,™¥,N,2,EF,NDATA, |, AE=5, 1ER, AUX)
PO 95 I=j,™N - .

DSTI~ECI)=D(I)

Dt(I)=e,0

PRINT QuT ERPOR COMGITIONS

IF (1E~,E0,=2) GO TO {2

G0 19 11 :

sRITE (8,12)

FORMATLY V,INUMRER OF FLUATIONS LESS TMAN MUMBER OF TIME TERMS?)
IF (IR, ea.-x) 60 T 13

6h 15 14

dNITE(6.15)

FORMAT(? s VRANK 1IF RATRIX A 1s ZERO')

1F (1ER,GT, d) 60 10 16 )

R0°T0 17 )

AaRITE(G.18) IER

FORMAT ‘() ', VRANK OF FATRIX.A I§ Lrs= THAN ~.= '.xs./.'fhs USELESS

1 COALUMNS, ARE' )

19
17

NKENeK
4°ITF(5'I9) (NDATACTY,d= l NK)
FORMAT (1 -1,5X,15)
CONTINUE
TOTCO=2,2
TOTDO=i,3
12K+t
D0 6& I=A,Md
c(l)= FﬁTIFt(I)-Ei(NU1I(I))-:F(NU"’(I))

- b(l)s= DbTI"t(“O'#I)~‘F(N0NU”|(l))'“‘(NiNuﬂz(I)J

64
65
67
.66
68
2a3

101
i3

122
79

TCTCE=TOTCO+C (I v (]
TOTOR=TOTCNeD (1) e0( 1)

IF (V0TCO) 55,65,8% .
NRITE(E,67)

FOIMAT('d1, 1UNARLE TO CBLCULATE LELST SQUANES VELOCITY!)
V(5y24,0

GO TO &8

v(9)=101PD/TOTCO

CONTINUE .

WRITE(R,20.0) V(SK)

FORPAT(Y 1 ,FR 39

00 79 I=1,N .
TRIRMEI)SEF(I) =@ (e 1) /V(JY
AMNZVJ)av(J)=1R, D

IF famn) 121,121,122

WRITE(A, 1Y) '

FORMAT(V PV, IVELCCITY LESS TNAN a.axr/s')
§10P

2(1)STHTSH(IYev ) eg, ulihut(tMN)
CONTINUE

Ly 1]

DU j28 Isny, MKk’

AMNECOS (1Y

ALY ALTILANGRR NI\ T S B!

2RI CIIIZCO D)
COS(I):(\(I\*:(lio(zl-l?)'f?)
COSEII=a(IYs8umTLCRSEL))
DSTIvEtPasltax(IYelNS(]1)
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¢
E
M
H

AMNgAMNSCHS(])
APNSABS (ARN) ] Bt Y
1IF (aEN) '1¢5,124,19¢8
195 4JT=41Te1
184 CONTINVE
IF (N1T~1523) 122,122,121
129 WRITE(4,127)
122 FOR™AT(! 1,9MD%E THaN 7a LTEPLTIONS REOU!PEO')
60 10 1238
122 CONTINUE
TOIF (MITe™ ) 186,147,106

“186 GO TG 108

162 CONTINVGE |

123 CONTINUE ) . - ' )
DO 74 I=1,N°
NDATA(I) =@

©C 74 YYRES2(IY=n,b

T0TRS2:z2,0 .

0D 73 Iakt, M« .
RESID(II=C(I)=3(T3/7V(])
TOTES2=TOTRSQ4#ESID(TY nv2

EDATA (UM (I))= \111Athu#1(1))0(

MDATLCNUMZ (YN TAINLM201)) e}
TYPFQZ(huﬂltI)):?Y-“?(PU“l(I))*RES!D(Ii*'Z

- 73 TIRES2(NumM2(1))= TYlE&Z(NU“?(I))Oﬂ‘slb(l)tiz

S u0 75 Is1,N

AMNS) 4

1F (ND!TA(I) LE,1) 63 10 75 ’

AvN-TT"S?(I)/(N)LYA(I)!ENDAT‘(!)-l))
75 TIRES2(I)=SQeT(auvy

IF (JeB) 76,77,75%

77 “NEMeNeKa

S0 T0 78

. 76 MNSMaNs

78 AMNSTOTRSP/MN
SIGSCL=SQPT (AMN)
o0 129 Iz§, N
189 Aux(I) 2,
DO 11# I=«q,%K
AUXENUE1(T) )5 AUNENGHL (1)) +CNSCT)

T112 ALXENUM2(1))zAUX(NU2¢1)) +COSE )

00111 I33.N
AMNIAUY (1) /FLOAT(NDATACT))
111 2C1)=2(1yramy
IF (J=5) 83,901,824
81 AMNE(V(5)+«2+SIGSHL)/SART(TOTOD)
~ ARITE(K,A2) AMN
82 FORMAT('A', '5TANDARD ERQGR NF VELOCITY IS ',F8,48)
83 CONTIMGE .
«QITE(%,93) V(J),TCTRS2,SIGS0L,NIT ]
83 FORMLT(I{!,9SOLUTION FOR A VELOCITY OF ',Fg,2,/,15UM OF RESIDUALS
19,F8,42,/,1STANDARD ERROR NF SOLUTION 1,F8,2,/, ' NUKBER 0F ITERATION
. 25'-,15,///,[ STATION MATRIX E  MATRIX F  TIMETERM DEPTH $T.E
ARROR  NUMN,DATAT) . : I
D0 &4 1=1,4 :
ARITE(H,85) T,EF (1), EF(NYL1),TMTRM(1),Z(1), TTRES2(I),HDATACT)
85 FORMAT(! 1,2%,15,5F10,2,114) '
84 CONTINUE

. € OUTPUT CONSTREINT ClRuﬂ X »
© IF (XY B7.57,86 ° - ) " )
86 ARITE(S.88) ' )
88 FOI®AT(T10, ‘CONSTRAINT CARDS 1,/,! STATION  NUMSER  TIMETERM 19
’ 00 89 1=, .

. wRLTECA,90) DAL(TY,NUMLI(IY,DSTIMEL])
93 FONRMAT(! 1,a8,1X,15.4%,Fé.2)
89 CGMNTINLE
87 CONTIMIE

c autPuT ORIG!NaL CAPDS

KyzKe
AR ITE(A,91) o .
. Q1 FNRMAT(I1Y,) DATA CAauRg |,/,| STATTON NitM . STATION NUM  TRAVE
IL TIME DISTANCE aTalX c MATRIX D &ESIouAL!1)
" 00 92 1=K1,%X
WRLTE(S,00) nalfxw.vv"|(l).DA2(I).Nu"2(I).osrl"f(I).PSTIHE(M0R+ID:
It'l).otl),#kalntl)
93 FORMAT(L V,2(48, l“).\l.‘Flf 23
92 CONTINUE
71 CONTINGE .
18 (V1)) 72,72,12%
79 CONTIMUE :
125 STOP
END
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PROGUAHME £ 0R CALCLLATIRT TRAvil PICEANCIS (EFN CICCEAPKICAL (FCen INATES

- ITAPLT P42 CIRD ) - S

FOPRATLEZ) : T
Fe MysniE 1 SHOTS (I ktoninpia srnvl"hﬂ) LT A vAxl“U" fro1s
THEN N CARLS: - EATE W SL ATV LINET SLF NIV

FORMATU2 1Y o120 1X0k ¢, 40}

E2TP: LATTIONE {(TFCubfc)
SLAYM= LATITLLE (#INLIFG)

LEseDh= Lt CpTyne {(NEnbgre)

SLCAGM= LEAGITUPT IMIRGTES)

- THFN hlx CLRDs=- - . b
CECHMAT(12) | ’ ' ' .
Ma NUMUED OF FICOTDIAG syrvvjon {rte CLSTE) LATE A MAXINUYM FF 06
TEER M CAREYS 1= (2TF,S SLATV L C1Cr, SLIAGY ’ :
FORMATID (1Xe1241Y,0¢.30)
LATE= Lattuger (CERaCr<)
SLATWMz LATITIRF (VINGTES) i
LONEPE LINCTITUPE (DERPEFSY
SLCRGM= LUNGTIILDF (MIADTES)

DUVéUT CCNSISTS CF AR M\ MATRIX OF CISTAACES AN VATICES CF DISTAMCES
DEVINED RY 6.0 AR 8.0 .
CISTANCES ARt STRAIGUT LIMF 1 STANCES

CDNIUKLE PKECISIGN B,F,FACT,SLAT{15),SLCAGI2R),SLAT2,5PL15)
1eALAT (ALCAG,FyCLEN ‘ CLh-"FFTAVQ'QI(l=|§9|
, DINEESITA 1DLM(15)
A=6378.160
- Fel./258.247 . -
REACIS,1) N -
1 FCRVAT(]12})
FQCT=301415n?65/lBG-
NAW2 T=1,N
REARIS,7) LATE, SILT".LCNGD'SLCNG"
T FOCRMAT(2ULIX,12,1X,F£.3))
L OSLATLIN=FLNAT(LATI)4SLATH/EC .
SLCNGLT )= FlrlT(LC\(C)GSLr'Culﬁﬂo
SLATUI)=SLAT(I)*FACT
SLCNG(T)=SLONGIT ) %FACT
SLAT(I}= GATA“(\-‘J‘B“‘4*DTEA(SLET(]),'
SLAT?2=SLAT(1)%2, .
- SRI)= A*(l-'F*CST\(QLAT(I),¢‘2'

. Z 10Ur(T)=]

WRITE(6,3) (ICUMII)eI=1,N) ‘ ’
& FARMAT{ILY,0SHCT DISTANCES CALCULATED FROM LATITULE AND LONGTTLDEY.
1y /7y YPECORDING® ./.'STAII(L . SHCT RUPRESS? 4/ 5K
2,1517) )
REAG(S5,5) ¥

"5 EORFAT(12)

DL 6 T=1,P :
READ(S9 7} LATPySLATH,LCAGC,SLCACN
ALAT=FLOAT(L ATP)+SL ATM/£C.C
ALCRG=FLCAT(LCNGC)i;LC&CMléo.O
ALATZALATRFACT
ALCNE=ALCHG*FACT
.ALA1=CLTAh(b.¢9310544*CTAN(ALATl)
TSULAT2=ALATA2 . . . o
R=A%(Fo=FACS IN(ALAT)2#2) . - .
DC 8 J=1,A . )
DLCAG=ALCNG-SLCNG (U]}
DLAT=ALAT-SLAT (J)

THETA= nsxnt:tAT(J))tuSlhtALAr)occr5(<l~r(J))tttCS(nlAt)ttCﬂs(tLrNc
1)
NISTAJs] V=Sh (JI=SE{LI+RIR=2, +SR(JIIRATHETA -

8 DIST(JeI)=DSCRTICIST(I 1))
WRITE(E+G) 1o(PISTIS T )yd=1,N)
9 FCRVMAT{? ¢,]15,13(1¥4F6.2))
& CONTINUE '
WRITFU6,12) (ITHMIT), I=1,M)
12 FORMAT{I1V v SEFT ATSTANCES/84C% /7y TRFCRRNINGY o/, $STATICA
! . SHET  NUMREES,/,5%,1517)
DO 10 I=1.M .
NC 11 J=1,.N
11 OISTUJ I} =N ST ) /5,
HRITE(&,13) 1, (ST {, 1) g0 48)
13 FORMAT(Y 0,15, 15(1X,F6.2))
1¢ CONTINUE .
WRITE(Bela) {TCULT) T=14N)
L4 FCRMATL!LY ' SHCT ‘lSTﬁ*fﬁilﬂ.ﬂ'.l"RF(F““INC'.I.'SYArlnN
1. SHCT L”"‘“'-I-“anﬁl7)
0O 15 Tal,w
DO 16 J=1,N
16 NISTES T )=NISTC 120,78
WRITELE1T) 1olFISTiSelded=2l,4N)
17 FORPATLY P18, 1n01%,FEe2)) -
18 CONTIMUE .
stcp
EAD
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’ suxnuuwus VELOCIYV PROGEAMUE
PHOGRAMME YO CaiLCHULATE A5PLKENT VELOCITY ACROSS AN Akilv MHEN THE
S$HGT PUSITION IS xNOWN (KNUaN AZIPMUTH)  FOR & LlwvEd NnLVEFRONT,

O RPR (PR

INPUT I8t~ . ' K h ' R Lo
CARDY N :

FOAAT(IDY

- NEe A\UMEER OF EVERTS 1O PE CALCULATED

FCR EACH EVENT .
EAST, ANORTH, NSHOT,NDATA
FORMAT(2F5,2,/,12%,1Ah,7,6%,12)
EAST, ANCHTHE  C,8, CUCRDINATES OF 1HE SDLRCE
NSHOT3 HUvRER CUU!&G DF ThE EVENT
NDA(-A‘ NU“EER DF ONSET TIKES

THEN &DATA GNSEV TIME CaWDS
APIT(I),ONTIHE
FORMET(5Y,A2,nX,F15,5) -
ARIT(I)= NAME QF 01T
wr.»é- ONSET TIME

QUTPUTS APPARKENT VELOCITY W]lTw 95 PER CgNT CONFIDENCF '!"!T, CONSTANT T@.
STANDARD E~RD< UF TuE SOLUTION, 44D <ESIDUALS TO ELC» PIT,
- ALSO QUTPUTS & 53aP= OF RUALLYY aF FIT OF THE DAT2 TO REFACTOR VELOCITY

6nnnﬂnnnnhnnnhnnnqnnnnnnnnon-

. . DIENSION PITL22),PM(20),PE (20),hI(29),F(2R),X(20),Y(2¢),4%AP(41,1
1R : T lal).DU“V(li) FESD(22), 4011 (22),ERR(22)
o : DATL H1/2,032,2,220r2,018,243,20022,00 305,20, BL1,mes#t13,2R,013, '
1-2,813,n,021/
nata F712.7,8,%,3,18,2,74,2,57,2,45,2, 17.? J1,2.20,2, 23 Re2,2,
. 118,2,16,2,15,2, 13.2 12.2 t1,2.13,2, ﬁg 2,89/
v - DAY2 “LAV*I' ‘I.itA-/'t'I'CHUSSIl#‘l.stﬂaxhl'1'/ DlSH/'-ll
- DAT‘-EP"/P.w»ﬂ...‘ A, " R, 2,00, 0,0,2,0,0,¢,93, ﬂ.l 0,3,0,0,0, ﬂ.
13,2:,3,8,2,243,2,3,28,4,
. DATA LEAS!-CANHTBIIO! 43,543 69/
DATA CON,VCIVER/19,2,3,84 '
JATA P1T/72mnt,2rma2 52"*3'?“"4'?""512"3192ﬂ3209h5319"“‘!lZ""‘?r?HNSI
CDATA . X/=3,274,=0,3448,e1,14,2,7,%,892,-0, 35.@ f32.$¢ 1A9,+0,169,
10,169, 264/ .
DAr: v/2,153,0,474,4, las.a a,3, 221.-3 152,-1,811,-3,956,~0, 956.
] : 1=0,656,06,7517 .
R X : « 7 ‘polaezp 1J 1,22
PECIJY=CEAST+X(ID)
992 PN(IJ)sCAN%TFeY(1J)
: READ IN IN1T7Jak STATESENTS
- READ (5,32) N ]
32 PORMAT(IR) ) '
00 33 III=1,N E . . ’ ’ St
; READ(S,1) EAST,AvdATH, usdnt NDATA
i oo | FORMAT(2FS,2,/,12%s16,/774X, 19)
a . DATA=FLOAT(NOATAY
aQRX DUT DISTANCE ahD SET UP LEAST SGUAHE SUMMATION
T0Tx=0,3
TOtY=za,2
TOTXX=¢ .2
ToTYY=R. @ '
TOTXYZR, 3
00 2 I=2t,NDATA
READ (h,3) &FTT(1),ONTIME
3 FOKMAT(2),42,6X,F14,5)
. DO & J=1,22 ]
TP CARIT(])=21T(JY) 4,5,4
CONTINUE
Y(I)=OhTIrEenl(J)=bkE(])
XCIYSCEAST=FE(J))ne22 CANO TH=PN(J) ) %22
TOTY=TCIYLY (D)
. TOTXxsTOTXXeX(])
. TOTYYRTOTYYeY(1)eY(])

cebma e

(¥}

[V



.

YOI RELETRLT)) ot
10Txaftlxen(}) . -
2 TOTxYSTuTetae(LYat(]) ‘
nORK 5ilT VASTANGES AMy Ok LFR CENT (nuFlnlN'b LI"ITS
SYAEBTUIAX/(DATA=Y /) a(TUIXTOTIX)/(VATREN(DATA-1,8E))

N SYYRTOTYY/(ATA) A) e (TLIYOINTY)/(GAYAR(DAT =Y ,P))
SXYBYQTAY/(DATA~] ,A)~ ('nilaturv)ltﬂlrln(nﬂvl “t.7))
VELESYX/SaY
ccv§!=101V/0A1A~rqrx/(oltn.vEL,

JWORREHGATAD? : ) .
IF CInbiK GT,20) ]nosn;ﬁ .
c=FlIka&)

.  OvE(DATA=1,6)#(8YY-SXX/(vELOVEL))
. ) CUNF'LII((Dlll-c,a)-(DlTl-l va-sxx)
CONE 285 (CONF)
CONF =8k T (CONFY
CONF 2 o C ONF
CONFSCUNF #VEL#VEL
TGTRES=0, 0
00 7 1=1,MData
RESD(T)=SY(1)=CONST-x(T)/VEL
: . _ o 7 TCTRES=TOVRESe~ESD(1)#RESD(])
‘ ’ Co . -8IGSOL=TOTRES/(DATA=2,2)
' : A S1GROLZSLFT(51650L)
€ . ° OyulPUT CAlA
; WRITE(6,6) "NSHNT, VEL, CONF,CONST,STCS0L
§ FORHAT(I11,18R0T NuspER 116,10k, 16EST FIT VELOCTTY !,FE,3,7 & OR
C4e 1,F5,3,/,0C0N8TANT ¢, F5, 3,Idx,'STAHDARO ERNOW OF saLuTIoN. 1 bF5.3
z./.vaesxouastw _ .
D0 34 Is1,NDATA
. ARITE £6,35) APIT(I},RESD(])
. 35 FORMAT(Y 1, 18X,42,4%,F5,3)
.7 34 CONTINJE
i . S‘T 714 GRID FQR GRAPF
PO 23 1=1,¢) -
oG 20 J=1,101 :
20 AMAP(I,J)znlank .

Avore o ud

DO 21 I=1,41 .
06 22 %s{,%
' IF ((1+9)=120%) 22,23,22
. . 22 CONTINUE °
: - - g0 10 2%

23 D0 24 J=1,198¢
24 sMAP(],J)=DASH
"21 CONTINUE o E
00 25 J=1,101 £
00 26 n=1,11
IF ((JeV)~12aK) 26,27, 28
256 COMTINUE
. 50 TO 25
T 27 00 28 1=1,41
’ 1F (aMaP(I,d).EN,DASHY GO YO 29

: ‘ ' 60 YO 32
! ' -+ .29 ARAP(I,J)ECRUSS
y g0 10 28 -
37 AMAP(I,J)=3TROKE
: 28 cole~uE 4
Ly . . 25 CONTINVE
Fo A c SET.UP PLOTTING

IVEL=IFIX(VEL)
DUMV(L)SFLOAT(IVEL)=2,¢
_ IVELIIVEL* 191205 . .
' 20 1A J=1,12
© {VELs IVEL+5
BzFLOAT(IVEL)
422,076
© TOTFESza,@
NG 11 K=21,%0A8Ta
.QER-Y"?VIDETA-ﬁtTOTX/"l-Atuﬁx(K)-V(K)
t1 TOTPES=TOTR: S+~ESHRES
TOTHES=TOTRESN/(DaTAa], @)
TUTHESS«ALUGIH(TATRES) 212 4R 5
IF (TOTKES,LT,1,2) TOTREST] A
IF ¢TOTPES, G’.dl 83 TCYRES=41 e
I=IFIX(TGTRES)Y
10 AMAR(T,J)25T4k
[ PleINT OUT PLOT
| L WRITECS.17) ' »
E 17 FOAMAT{IAY, 100 T 0K STA%N0aaD &peua AGAINST v‘LoC!TV' Il/.' STANDAR
] ’ 10 ERGIRY,/, 1 LOG- SrAl-'\.
OliM=ey, 25
00 12 I=1,4}
00 52 A31,5
IF ((I+Q)widan) 92,13,5¢
82 CONTINUE
. GO 10 14
T13 DUARDUMAA Y )
N"ITF(h.lS) DUM, CAMBBLL,J) s dmt, 1Y)
1S5 FORZAT(' 1,8Y¢,FH, 7,1214A1)
G0 TC 12
14 #PTITE(H, 1A)(ANAV(],]), J=1.|t|)
16 FOAMAT(T 1,14X,12141) -
12 CONTINUE |
no 18 Is2,11
QUAEFLVAT(T)
18 QUQAVISOUMVEL Y e (OUMat ) ad g
19 ARITECA, 311 COAvT), It 1) . -
3L FOHMAT(Y 1,20, 11 (hX,Fd,1),7,1 . o : © VELOGCIYY!)

3) COUTINUE
stop
END
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PRGGHAMRE TO CALLULATE AbPAnpnT erucllv AND ‘[lvuln ILnV-ﬁ b ARKAY ;n"
A LUAYED WAVEFRONT

INPUT 151~

caen MN

. FORMAT(ID)

MNE  NUMKER OF EVenTS 10 RL CAICULA'EO

'-!4zw FOb LALM FVENT

EAST, A%, NEVENT, NPT, SPST
FORMBY(2F8,4, 7,120, 1A, 7,4 ,12,16%,F8,3) ‘
EAST,alvTHz 0,3, cnnkn1~alrs OF THE SOUNCE - (TF KhOnN) sLsg wLANK
NEVENTE NUMBER LODING OF TeE EVENT . '
NRPITe NUMBER OF ONSET TIrES
§PST= Pu8 TIME  OMLY NEED BE vazn IF THE 9,8, cnaRnquTas OF THE SOUNWCF -
SKE NOT SPECIFIEN

) THEN APIT ONSET TIYE CA%DS:

APIT,?
. FGRPAT(BY,42,6%,F13,5)

" APYT= NAME OF PIT

T= ONSET TIME

TOUTPUTS APPAREWT VELOCITY, AZIMUTH AND CRGSS OVEW TIME »1Tm 95 PER CENT

CONFIDENCE LIMITS aNG CRIGINAL D&TE ~1TW THE ﬂrsx ALS CalLClnaTER, ALSO
QUTPUTS NUMAER DF ITENATIONS FOW 5 SOLUTION, Sum L= RESID-ALS SQUAva.
DIST2nCE OF EVENT TG tThE CROSS, OVER POINT, BZiruTmAL ANOMALY, AND TnE
RECALCULATED $40T PIOSLITION, o . : ’ :

" CALLS IbBM sSSP su"vuu71"= SIvV FOGR MATRIY IMVERSICN

" pImEvs ION ozr(zzs.1czé>.v(2¢>,AT(?:;.ATi(zr)}Pisrze:.L(ée).HItzo).'

LTIMELS VI, F (23,3),803,2¢),2(6),5(3),S81(Y)

DATA ¥/+3,276,=2,344,=1,12,3,0,8,892,°8,38,7,732,=0,169,-0,169,
1=0,16G,=2,2h4/ i _
DATA v/0, 1ss z;o7¢ 2,153,0,0,1,821,+3,152,=1,811,=¢,656,=8,956,
122,956,078 " S - i
DATA nl/P,. 11H,z,u74.5.~oﬁ .u.r.mh?,e.422,-o.naz,-w.eas.-o.u4s,
WP, PaR, 0,077/
DATA P11/24w1,2102, 9“h1gdﬁwd ?H-b.?ﬂil.2“8?.2F53.2HFI.?HN2.2”NII
. 0ATS ChAST,CA~~1v11U1 93,%4%, 50/
DATA CON,VCTVER/12,2,3,4/7 . - R
CDATA TIME/1.9,3020404,5,72.7,3,R.2,9,5,19,8,11,6,13,¢,14,1,15,3,16, "

T 148,17,5,18,5,15,9,21, ?.2).#-23 1,24 2,25,3,26,4,27,5, ?5 6,29,7,30,8
L 2s31,9,33,1,354,1,158,9/7 . :

DIMENSION TIEST(26) .

.. DATA 1TEST712,.7,4,3,3, 1%.) 7R,2,57,2, 05.‘.37 2. 31,2 2%, .23.2.2.2.
195,2.15,2015,2,13,2,12,2,11,2.10,2, qo,z.aol : S
-REAots.l) MN

{ FORVaT(12)

DO 12 JJJ=1,"N
READLS,2) FAST,ANATH,NEVENT,»PIT,5PST

2 FURnBT(2F5,2,/012%,16,/04%,15,16X,F8,3)

WRITE(S5,3) NEVERY

3 FORMAT(IE),1EVENT NUMAER ¢, IA)
D0 & K=f,iwPIT :
READ(S5,5) APLT,T

‘ S FORMAT(RX,42,6X,F12, 5)

00 5 131,23
IF CAPIT=PITCI)) e 7'6

«6 CONTINVUE
’]-L(K) i

ATT(X)=T
~AT(KIeT
Fl,1)se¥ (1)
F(K,2)==X(1)

4 FeR,3131,2

IE (APITa3) 33,34,34

"33
3y
- 34

©

12
1

M
32

23

i
H
H
H
H
H

WRITE(S,35)
FOINAT(14AY,
GO TO {@
CONTIMUE

1SOLHITION NEED

5 AT LEAST TMREE ONSET TIMEST):

0157z (CtAﬁf-EASt1-taoCC‘nQTH-ANQtM)-az

DIST=

SURT(DISTY

IF (ELST~AwnTn)

CALL CIFINOCTIME, 3R,

9.8,9
§PST,LON,DIST)

13

L CONTINUE
DO 11 1=1,3
o0 11 J=1,3
wOAKaA, A
00 12 K=l.~“lT
wORK=uU“(+r(n,1)tF(i,J)
Ke(Jafd=131)/72+1
A(R)TwOHK
CALL SINV(A,3, 1,36~ 5.IER)
DO 32 I31,nFIT .
D0 33 Jay,}
8(J,1)za,0
‘DG 13 «=21,)
TR (k=1)¥21/24d
IF (<,LY,J) IKa((J=110d)/2¢K
N(J,l)=PtJ,l)tF(I.t)tA(IK)
CONTINUE
CONTINUE

- NIT=a

CONTINUE
NITanITey

DG 18 188,98
Sc)z, 0

00 1e Jai,NPIT
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TO THE HIGWEST VELILITY Lave® anD Ty GwF OTebd SPECIFIFD FFFﬁlCTOR

CINPUT IS1-  CARD 1= N, VEL

FU NATCIS,FYe, M)
NSAWUABER IF VELOCTTY DISIANCE CAKDS -
VELS SPECTFIED REFWACTOR VELUCITY POk CALCULATING DELAY TERM
$LANK . . ' B
TRE N CARDS
X(n,ven
FOaNAT(Flv G,13%,F10, a)
XCI)s DIST&nCE
V(s VELOCITY

N3, .X(1) MUST BE 4,0 -
X(I) MUST BE I ASCENRING GRDER
VII) »UST &E IN ASCEMDING ORDEK

OUTPUT IS THE ORIGINAL DATA WO osvtns_uxru NELAY TE#MS

D!HFNSIC\ vt99),x(99) 2(°“),D1(°°)
READ(S,1) N,vsL
1 FOAMAT(T5,F12,.3)
wEAD(Y,2) (X(I), V(I).1=t'“)
2. FORMAT(FIP, ?.1ﬂx.Faa.u) . :
1F (x(1)) 3,4 S e -
3 wRITE(S,9) ’ 3 N )
8 FORMAT(Y 1,1 X(1) MUST BE a,p IMPUSSIPLE TO INTEGRATE 1)
stoP . — . :
4 DO 9 I=2(N
O IF (a(1)eX(I=1)) 14,9,9
13 JIRITE(E,12)
12 Oi“AT(! t,% DISTaNCES NGT IN ASCEADING CRDEW!)
s10»
‘9 CONTINJE |
TR0 11 I=2,N
1F. (VE1)=ViT«1)) 18,11,11

15 WMRITE(%,13)

13 FORMAT(! 7,1 VELOCITIES nual IN ASCENDING ORDER?)
S$TOP e ‘ .
11 CONTINUE
00 & 132,N
. JaN=le2 T
8 X(Jyzx(J)= x(J-l)
PINVER,12574TANC], ")
- 00 8 JJ 2,N
- SuMsa, 2 ’
JK-JJ-
00 7 [31,Jd€
AKXV (JII /v
CALL 2COSK(wIRK)
2 SUMBSUMEADSAA(X(T)+X(Tet))
3 2CJJ)ssumnaPINy
I(1)z0,0
D0 16 Ts2,M
‘18 XCI)an(l)eX(i~1)y
T OAPITE(S,14) (2(I),V(TY, Y1), 131,0),
14 FORMATLY F,0 PEATY VELOCITY DISTANCE!,%6(/,3F8,3))
PLELS .
22 00 17 I=,0
«ORKIV(NI*V(M)=V(TINVLD)
a0RN2SIRT (wi)WK Y

17 DTCI)=wUHR/ (V) ev(T))

“DT(N)2A,0
SUM=2,2
nn 18 Is31,9 .
18 SUM=SUMS R, 50 (DT(IeDTLI1N )0 (Z(I+1)=T(]))
arTTF(0,19) SuUm,v(N)

19 FOAMATU! ‘1, 00ELAY TERM [3',Fb.4,! SECOMDS TO TnE!,Fé, 4,| RM/SEC RE

tFRACTONRY)
IF (vEL) 26-21.21
29 VINYIVEL
VEL=S, 2
63 Y0 22
21 STIP
END -
- €ND
SuUSKOUTINE AcuSutauHK)
CAZAQRKeAURR=] @
ARSONT(A)
ABd¢alix
waINKIALDG(4)
RETURN
END

PnoruAnur EGR CNNVERTING VELGECITYSNISTARGE FunNCTION lh'ﬂ A VELOCITY DEPTH
CFUNCTION USTnHG T28PFZnIpat, J9Tewa Ik, aLSH CBLCULATFS YHE DELAY TERM

ELSE



PROGRAMME FOR CLLCULATING THE SEST FITTING TwO LAVERED MODEL 10 FIT THE
ORSERVED EPPG TI4ES,  MAPS GUT THE VELOCITY OF InE FOP OF LAYER 2
AGAINSY Tt THICKNESS OF LAYER 2

CALLS SHRRIUTIHES TNPUT AND nstuz :
" ¥(I)s VELOCIYY NF I TH LAYER
K(Iy2 RATE NF INCREASE OF VELOCITY thhg;a) hltnlN THE 1 tn LAYER
LIS SN TNICKhESs OF Tmk | 1n LAYER
nRUT IS te  CaRD" 1te % FonuAi(tza
Mz NUMHENR OF OHS2RVATIONS TO FOLLOW
THEN ® CarDS  T(JJIY,x{JI),0TCII) b
: FORMET(IFIR,N)
T(J )= ORREEVED PuePG TIME )
X(JJ)=s GISTANCE
UTCAIY=  ESTIHATE OF THE,.SUM DF THE DELAY Tenns FOR tne suor AND
PECEIiEA .
¢« - PARAMETERS FUH L}YER 1 aND LAYER 3 ARE SRITTEM 1IN ThE PRoGuAnuE AND MAY
NEEOQ CHINGI\G.

OUTPUT CONSISTS OF av ALPHANUMEnlc AP OF THE Flf oF Tue MODEL TO THE
oasaav:n DATA

A REAL %A V(lﬂl.Dflﬂ)u‘tl‘):i(lﬂﬁ)qftlaﬂ) DT(130)

5 LT ) CI®ENSION ALenA(28),A%aP(yR1) i '
i o T e . T ODATA ALA-A/I1AY, 0l ,ICH, 1D, 101, 1), 'Nl.'l'.'J'.'K'-'L'-'N'p'N'
: ST 1ot08, MR, IR, RR I8T, 0T, Yt 0ye, |.| |x|,0y|,|1|/

T DATA BUANK/Y U/, STAR/twN/ -

. - . CALL INPuT(M,T,4,DT)

i R ToBty)y=12,¢

i : : S v(1)=EA

; oo . K{1)=e,n2

& o : T K(2)=4,02

5 i - : A(3)=2,205

. V(3)=8,2 i

: _ . ‘ WEITE(6,9) ' -

i . . 9 FOAMATCI1Y, 'SwINAUAVS RESIDUAL CONTOUR ™MAP FOR A TWO LAYERED CRUST

. . 4 BASED OM PUepf TIMES!,/, ! THICAMESS LAYER 2 - ]
- ! Lo ow 2 VEUOCLTY OF LAYER2V,/, 0. 8,8 . - 8,1 . . 662 6,3 '

C 3 45,a 8,8 . 8,6 - €,? 6.8 69 7.0

4) -

D0 1 Ist,45
0¢2)sFLOAT(I)x?  ,3¢5,8
o0 2 J=1,1m ) o
V(2)35,99+FLOAT () *2, 18 R : . L
CaLl kESlﬂ?(? My Ve%,D,T,%,0T, nqu) .
I - . RES22VE52/FLOAT (M)
- . | AQRAKZEL0513(Re§2)
: : o If (»0AK) 3,4,4
AMAP(J)=STAR
60 To 2 N
IF (wOrRve2,58) 6.
AMAP(J):*LAV«
G0 TO 2
WORK=wr0RK813, 0
TRORKSTFIX(#OKK) &1
AMAP (J)SaLPHA(IvN&<)
2 CONTINUE

thT:(Go“) 0(2)u(l‘l”(J$ Jst,101) : b
: . 3 FORMAT(LY 1,F4,1,1X,12141)
i . . ' 1 CONTINUE

- ’ S0P
END

- D b
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PROGRAMUE FOR CALCU'ATI'G THE REST FITTING GAE LEYFWED MOLEL T0 oesznveo
PC~PG  TIFES

CALLS SURKOUTINES-INPUT 4ND KESTNHZ
V({I)s VELGCITY DF T Tw LBYER .
. KEI)E  RATE GF INCPELSE LF VELRCITY (i IN£ab) ~l1THIN !Hg 1 tr LAVER
D(I)= TrICANESS OF T4E ! Tr LAYER

INPUY TS 1= CARD 1;. » Fﬂnth(L?)
Mz NUMRER OF URSEXVATIGONS TO FOLLOR
THEN M CARDS !(JJ).!(JJ).DT(JJ)
FOMMATY(SF1d,A) .
Y(JJ)x OQESERVED PuedG TIME
“XtJJ)e DISTANCE

DI(JI)= ESTIMATE JF THE SUM OF YNE DELAY TEPMS FGR 7hE SNOY AND
RECEIVER .

OUTPUT PATXTS 4 GRaSM 0F TWE FIT OF TWE DATA IC Tng TFICKKESS OF TWE LAYER
PARAMZTERS FNR V(1), Awd XK(1) ARE SPECIFIED I\ TeE PHOGRAMME ANC MAY
_NEFD CHARGING ) - .

REAL+H V(I@)-*(I?)ob(l‘J.DT(leW) thaﬂ)rfthES
" DIMGNSION AMAP(SY,121)
DATA. KLANK/! V/,5TAR/ 144/, CROSS/ 41/, STRORE/ Y11/, DASH/ V=)
00 22 I=1,51% : . ~ . ' .
© 00 22 J=1,10v
20 AMAP(T,J)2RLANK
-00 21 I=1,5)
00 22 L=1,6 Lt
“1F ((T1+9)=13sL) 22,233,227
22 CONTINUE :
60 YO 2% -

23-0C 24 Jei,1at

24 AMAP(T,J)=DASH .
21 CONTINUE v . . .
" PO 25 J=),108 :
DO 25 L=1,11 . . .
IF ((J+9)=132L) 28,27,26 o
26 COMTIMUE : ' : ’ '
6C TO 2%
27 00 7h 1= 1,5
- IR (AH.P(I;J) EQ, OASM) G0 TO 29
60 19 3@
29 AMLF(1,J)=CRNSS
GO 10 28
32 AMBF(1,J)=STROKE .
29 CONTINGE . - . .
25 CONTIMUE L '
v(1)s5,7 Co ' : ’
K(1)=v,0n2
v{2)s€,5
K(2)=0,02
SGALL INPUT(M,Y, ! DY)
no 1@ J=i,101
DCLISFLOBT(1)xA,144,9
CALL KESIU2(1,%,v,<,0,T,X,UT,TOTRES)
TOTRFS 1b1~rSIFLOA¥(‘)
TOTRES=ealOGIACTCTRES Y 1 2,040,58
IF (TOTRES,LT,1,2) TOT<ES=L,2 . -
tF (TOTRES.GT.51,9) TOTRESSH1,.Q - ’ . -
12IFIX(TUTRES) . . .
14 AMAP(I,J)=5TAR i
ARITE(D,17)
17 FOaMAT(1y1, SATNFURNS INTERMEDIATE REFLECTIUN GRAPHI,/Z,!
IMEAN SQUARE BRROR'!,/,'  LOGG SCALE!)
CUMs=y, 2 . -
DO 12 1=1,51
If (AMAP(I,
GO 10124
13 DUvsdUV el P
ARTTE(B,19) DUM, (AMA3(1,J)edz0,000)
19 FORMAT(Y 1,5%,F5,2,17141) -
60 TO 12 : - '
14 WRITECS,tA) (AMAP(I,J),J=1,121)
{o FOR>AT(! 1,14%,131A1)
12 CONTINUE .

).EQ.C&US8) GO TO 13

wPITECH,1R)
12 S0nMAT(Y v, LY 6.8 - Tt 8,4 Qn
H 19,0 11,4 12,4 13,4 14,0 15.89,7,10
2 . 0ERTH (kM) 1)
S10P

CEMD



2 SURRGUTINES CALLED Fioi Ing nlus ANGLE urrnrr11uu uuohu.pups
DOSURRGUTINE INFUT wE80S o [HE T{4ES ahn AISIANEES

S uAOUTINE #28702 CALCLLATES Tws 8y OF WESINJALS SRUARED

BUSROUTINE 2ESTD CALCALATES TrE RESIDUAL 10 Tnk FIT OF THE MODEL. wITH THE
QRSEVVED ToavE( TlwF .

, _ : H :Eh:fUTINn LHR CNk<ELTs FAR 'MF DIFFEHETIuL DELAY OF YHE (DN VELNLITY

- v VEW .
. SURROJTINE €2 calfy aTES T=¢ JEFQACTED ARRIVAL #ITu THME LEAST TRAVEL TIME

SUARDIYTIVE WeF CALCULATES ThE TA4VEL TIMF WF TnF KEFWAGTED WaVe

SURSROUTINES ASlien LwD ACN5K CALCULATE IRVERKE RYPEFMILIG FUNCTIONS
t ¢ SUSUJUTINE PEST CALCULATES TWp P PARAMETER DF Teig REFLECTED WAVE
H 3uano¥rxne XMaX{ CALCULATES Yht PEXIMYA DISTANCE THAT TaE REFLECTED WAVE
¢ EX]STS

SUSRGUTINE INPUT(M,T,X,0T)
RE2L »R 7(!)-th) DT(l)
REAU(H,1) % .
! : 1 FOS+aT(15)
: ; C 00 2 JI=1,n
- . READ(S,3) T(JJ), €0JI),07¢00)
3 FORAT(IF12,2)
3 COTINUE
RETUAN
. : END

SUBRGUTINE ®RESIDA(N,M,V, ,0 WX,0T, FES?) :
RE& 26 V(1),k(1), n(l).1( Yo X ).Df(l).k&s? er"DIsT p;,p,pgs,
1DELAY
RES2=w 2 . . S

C CALL YMELY(N,V,K, D, {48K,P1) - ° ’ o
20t JJy=L,m .
TI4E=T(JI)
DIST=X(JJ) : o
OELAYSDT(JJY
PPy .
IF (PISTexnAx) 3,

4 RES2=21E9

TG0 1O}

3 CONTINUE
CCALL PESTIN,V,K,D,0181, °)
CaLL RESTD(N,V,4,0,P, LIST,11ME, RES DELAY)
. PF§2= 9:‘2¢~‘SaHES

1 CONTINUE
RETURN
END .

LSURVUTING RESTDIN,V,H,D,P, X, TTME, NES,DELAY)
REAL 2D v(:).n(xz.otia F uz.x.rxnz.ees.xoan WORKL, THIN,DELAY
RESsA,m | .
‘na.y 1=1,N.
IF (<CI)) 2.3,2
3 wORuS)  ReV{TIsV{T)nPeP
1F (WA LT, A, 0) wo=«=-u0RK
: ~04K'D$LHT(NOrK)
RESsHES+D(1)/ (V) #nOKK) - _
60 T4t . i
2 AO0RKSVIITHA{I)«D(])
WGRzL W/ (REyDRK)
wOARKIRL A7 (Pry (1))
. CALL ACQSh(40RK)
! : CBLL ECUSWIwORKY)
i . RES2HES¢ (rIMAlaw(RK)/X(])
1 CONTINYE
CALL REFRINS V%, N, %, T4IN,R2)
CALL CURS(IFLAY,P?,F2)
RES=TIME«2, eS¢ THINaJELAY
. . . RETUEN
i END

i
:

SUSPUUTI VE CURR(DELAY,F,P2)
REaLsA DELAY,#,P2,ve, vt.va.V1.h0RKl.u0Ruz.onK1
i vihsa 9
) vizh,a
v::l.n/P?
vaazg,e/P
WlNRgsVIsVIaVvaARVA
sO<c aNSCRICALURRLIZVY
WASKIRYDPaVIaviie Vit
WA 23NSORTLA00K2) V2
C AUNKRIZVIeVieviiey
FUDIATHEL LA R EDEL R FA'R]
FRLATZDELAY A (AURC Sanlkn?) sulivKy
nETUYN -
END



SUBPQUTINE HEFNIN,V, v, 0, &, THEN,P2)
REBLoH J(!):‘(!)-h(l).ioT“lN.ll*:.P7 F
TMINT) (AESY
JJzNe]
00 ¥ 1231,JJ
CALL KEF(T,v,x,D,%, 1lw§,=)
IF (TIME=T¥IFY 2, 2.1
2 TMINBTINME
P2ep
- CONTINUE
T ORETURN
END

QUBHOUTINE REF(N,V, l 0, X,TI“F P)

MZNe{
TInE=), @ , ]

DIST=X .

IF (%) 15,1%,13 s
153P-KtxatntlanD!bT.olsvoc YeViL)ev(])

v=z.g»u%an1¢=, -

60 10 @

12 TIME=V(N)

T4 PR1,A/TINE

DI8Tep, 8 ) )

DO § I=i,M . .

w0RKky1=1, q-vcr)¢V(1).v.a kN . . -
- IF (a0RK1,LT.0.2) ACKK!--«ORKI

WORXIS0SART (4CRNL)

1F (%(1)) 2,3,2
3 DIST!DIST+U(1)QV(])tP/RDR(l

60 731

2 4ORK23V(I)4K(1)#D(1)

Akqﬂﬂezi.V'lﬂ“‘?inonl?gpip
IF (w#DRR2,LT,#,2) AORr22-W0KN2
AORK2=DSONT {40RK2)
AORKSY , A7 (K{1)xP)
pisrts olsTsnoant(nan1.pcn421
1 CONTINUE
© DIST=Xxe2,/ AelST
wORKz (r(h)ﬂﬂ(\)iUIST-DISTIld 9oV(~)-¥(N)
AORKSDSGRT{A08K)
c AORN SuORKTIME
TTIvE=WIRK
WORKIZDABS(wDRKYY
IF (nORn]e},4EeR) §5,5,4
5 TIME=P,2
DO 6 I=J,M
1F (‘(!)) 7,8.7 -
8 WORK=] ,MaV({)eV{1)aPeP
TR (20K 1 T,B,4) wilnnzeWlKK
CWORK=DSUAT (A0RXK)
TIMESTIMESUCI)/Z (V1) nnOka)
GO0 10 6 )

7 WORKzV(1)eX(I)DCT)

WORAS] B/ (AQRKP)
40RK121,2/7(V(1)*P)
CALL, ACOSH({A0WR)
CALL ACUSH{AGR«1)
T1AEsSTINE+(AURKIenURKI/N(])
o CONTINGLE
9 IF (A(N)) 12,18,14
2 TeInzq,AES?
RFETUIN
13 TYME=2 ,MaTINESDIST/V(N)
RETURN
14 «0Rx=(K(W)4DISTY/ (2, MV(N))
CALL ASINM(#3RK)
TIMEZ2 , 3o (TINE+nARK/A(NY)
NE TURN '
ENOD

SUMRQUTINE aSTan(X)
REAL®A  A,X
.A=XeXxet A
ASDSINT )
AzAeX
© ABDLOG(A)
NETUAN
END

REALSE V(l)-‘(ll.bt!),l TixgE,P, DIST.RORK MOPKY, WOIPR2


http://15.l-S.l3

-

@ .

SRRUdTINE ACOSNLN)

vE Al ek 8,% :

Amtave] v

1F (8) 1,2,2

nlTE(n,3) .

FOAIMAT(! #,' X LESS Thah (00 ND VFaL ACOSHE)
sT0P : . ‘
£2DS2RT(AY -

AmbeX

225LO0G(A)

RETURN

END

“SUSROUTINE PEST(N,V,< u,x P) : _
REAL#E v(g),n(g),p(1),u P,nnGk,uuuuj,dDRK? FUNCT.DEPIV:PHAX

wlakay, 6
«CAKISI,9
#MAXzR

. D0 ¢ I21,N

IF (X(1)) 3,9,A8
«GRK1gAURRLeD(I)/V(])

60 10} .
“GRK2=VI1)eX(1)*(])
WORK2EnCFR2/V(1) v

'~09(|-~bnnx+0L0&tuo-xz)/x(1)

whxKzwdkaed ()
WK 2= XtronOHxvtﬂnKod 2

' »uRK-Xsnuwtx/twaaxaosﬁnT(wonx;))

N

[}

IR (409K, LT,P) P:doP&
NCOUNT =22

FUNCT=d,d

DEQ!V:Z.? :

15 (NCOUNTiGEY 3,4,4
NCDU\T‘NCDduTox .

0C 8§ (%, ,N T e
IF- (P, 57,P2A2) p2PMaX

wOINZ] ,GoV(I)rv(T)aPep
#0IRYSOSIRT (WRRK)-

1F (K€1) 5,7,4
uUiK-u19¢1nrnPt

FUNCT= FL-CT#U‘I)*V(])*?IthKi

'CETV= OERIV¢D(I)tV(1)/0ﬂRV

e TO0 §
WCRK2= V(’)vK(I)'O(IO

WG, U(K(TI*P)

W0IK2=Y, TmAOVKTRNITU Q4P 4 ¥
WOIKDZDSIHT (Al 2)

. 'Fhﬂcv-pncht*ﬁnxa(uoqx|-nonkg,

1

B

,OERTY=DER]IVealTua (Y, 4/ucnxz-1,n/.onx1,/p

CONTINUE .
wGIK=X/2,F~FUNCT
sCRIRSAORR/DERTY

PEI4A0RR .
A0IK2DABS (AQRK)

IF (403,67 1,2E=9) GO Tu 2
RETURK

END

SUSRQUTINE x*AXI(N V,K,DoXaX,P) ’
RESL*2 VLIV, KE1),D(1),ACKRK, ~o=41.-uun2.runcr XMAX,P
“0¥Kav(1)en(1)*0(1)

Ivaaxey

0C 1t I31,M

© aGRMEBVEL)ex(1I2DC])

-

&

IF (KCIV Wi T2, ) wORut=v(1)
1F (hOPFI-ﬁOHR) 1,1.2
‘MOIK=WORKY

IvviaXs]

CCNTINUE

Pz ,A/wORN "~
PzP8p,999

1F (K(IVMAR)) 9,9,14
XMaxXz2y ,4ES A

[1¢] 10'11“ ’

CONTINUE

FusCima,p

"0 5§ Jat,lvAAY

ADRC2Y PV (IIV(IIaPaP

1F (a0RA LT, 4, 0). naﬂn--nhﬁn

uhihiao‘uhflh(n&)

1F (K(1)).€6,7,0
U\C|=Fu~fTvn(l)tV(I"PIKOHll

G TO 5

nuﬂx?:v(t\*\tl)'n(l)

WOIKEY AL (T)aBY
nni!?:g,#-ﬁnuu?-uunn;aroF

16 (SORKZ LT, 6 ) alin¥zenlFrd
AN DIZDS LT (il 2)
UNCIBFUNCltnuﬂlt(1nul|-wlﬁ‘2‘

EN9

COAT InUE '

XwaXP WebUNC T

CENT e : @@gﬁ“

_RE Tinr, : Lo
20 NI




