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SUMMARY 

Microbarometric and se:tsmic perturbations recorded at distances 
i n  the  range 245 - 350 km from two la rge  explosions a r e  described and 
compared. The explosions were a t  the NYPRO (UK) Chemical Works, Flixborough, 
Lincolnshire on 1 June 1974 and :h a small ship, the  St  Bridget, i n  
the  English Channel on 14 February 1972. 

1. INTRODUCTION - 
An explosion occurred an 1 June 1974 a t  the  NYPRO (UK) 

Chemical Works, Flixborough, North Lincolnshire, causing major damage 
t o  the  plant  and k i l l i n g  28 people. The cause of the  explosion is stillt 
under investigation,  but i t  'is known from Press repor ts  t ha t  a process 
used a t  the plant  f o r  produqing (:aprolactam, the  raw mater ia l  from 
which nylon is made, involved thsr oxidation i n  reaction vessels  of l a rge  
quant i t ies  of a petroleum-like l iquid ,  cyclohexane. 

In  addit ion t o  the more apparent l oca l  manifestations of the  
explosion, microbarometric and seismic disturbances were observed a t  
distances i n  the  range 245 - 280 km by microbarographs and seismographs 
deployed a t  a number of si tes i n  the  UK by AWRE fo r  the  detection of 
atmospheric infrasoriic waves and low l eve l  seismic vibrat ions.  

Effects  a t  compariible ranges, 300 - 350 km from an e a r l i e r  
l a rge  explosion, were a l so  ?ecorcled a t  some of the  same instrument s i t e s  
when a cargo of exp:losives carried i n  a small coaster ,  the  S t  Bridget, 
blew up i n  the  English Channel about 80 km south of Falmouth on 
14 February 1972. The cargo consjisted of 110 tons of ni troglycerine 
which had been condemned a f t e r  ba3ing found t o  be i n  too dangerous a 
condition t o  unload. 

2. EVENT DATA - 
Flixborough exploaion 

Source : NYPRO (UK) Chensical Works, Flixborough, Lincolnshire 

Location : 

Date : 1 June 1974 

Origin t i m e :  1.5532 (reportecl i n  the  Press) 
1.552.152 (est i~~late!  from EKA seismic data) 

Explosive : Probably vapourised cyclohexane 

Quantity : Unknown 

Meteorological Fronts aseocian:ed with a depression north-west of the  
conditions: Br i t i sh  I s l e s  moving eastwards across Ireland. Surface 

winds i n  che source area and recording s t a t i on  areas  
were generally southerly 8 - 12 knots. 
Wind a t  altitucle 11 km, westerly, 64 - 75 knots 



Source : 

S t  Bridaet explosion 

Location : 

Date : 

Origin t i m e :  

Explosive : 

Quanti ty : 

Meteorological 
conditions : 

S,t Bridget, coaster ,  709 tons displacement, a t  sea  
olff South Cornish coast  

1,4 February 1972 

18172 (reported by the  Royal Navy) 
1.815.352 (estimate from WOL seismic data)  

N!itrogly cer ine  

1.10 tons (reported) 

R,idge of high pressure extending over the  B r i t i s h  
Isles. Surface winds i n  source area  and recording 
axes very l i g h t ,  vest-south-west 1 - 2 knots.  
Wlind a t  a , l t i tude  10.8 km, westerly, 113 knots 

3. DETAILS OP' RECORDING STATIQNS 

3.1 Microbarog;raphic data recording s t a t i o n s  

BMBA (Blacknest mi.crobarograph array) - Twenty-one micro- 
barog,raphs in an ar ray  of maximum aper ture  50 km 
(f igure  1)  operat ing i n  the frequency band 0.001 - 1 Hz. 
Seventeen of the  instruments a r e  deployed i n  an inner  
zone group of approximately 20 km aper ture  ( f igure  2). 

The ar ray  is operated by the  Blacknest Data Centre f o r  
the  parent  establishment, AWRE, Aldermaston. 

ESK - Sing;le microbarograph of standard AWRE/BMBA type. 

The s t a t i o n  is  operated by the  I n s t i t u t e  of Geological 
Sciemces, The Observatory, Eskdalemuir, Langholm, 
Dumfriesshire on behalf of Blacknes t /AWRE . 

BYBH - Sin~gle microbarograph of standard AWRE type. 

The! s t a t i o n  is  operated by RAF Brawdy, Pembrokeshire 
on behalf of ~ l a c k n e s  t /AWRE. 

Figure 3 gives the  locat ions  of these three  UK inf rasonic  
da ta  recording s t a t i o n s  and a l s o  of the  two explosion points .  

A l l  three  s t a t i o n s  were operat ional  a t  the  time of the  
Flixborough explosicm, but only the  BMBA instruments were deployed a t  
the  t i m e  of the  S t  ELridget explosion. 



Seismographic data recording s t a t i ons  - 
EKA (Eskdalemuir Seismological Array S t a t ion)  - A twenty 

element array of Willmore Mk I1 short-period seismometers 
deployed i n  two 10 element arms of 8 km length ( f igure  4). 

Vault instruments include three AWRE long-period 
seismometers i n  a 3-component s e t  and three  Willmore 
Mk I1 short-period seismometers i n  a 3-component s e t .  

The s t a t i o n  is controlled by Blacknest Data Centre f o r  
the  parent estthblishment, AWRE, Aldermaston. 

WOlL (Wolverton Seirsmological Stat ion) - A l l  instruments a r e  i n  
one vau l t  and include 1 Willmore Mk 11 short-period 
seismometer and 3 Geotech long-period seismometers. 

The s t a t i o n  is operated v i a  d i r ec t  telemetry l i nks  from 
the Blacknest Data (Centre. 

Refer again t o  f igure  3 fo r  the locations of these two 
s t a t i ons  i n  re la t ion  t o  the  exp1o:sion centres. Sta t ion WOL is 53 km 
south-southdwest of Blacknest. EK4 array centre point is within a few 
kilometres of ESK observatory near Eskdalemuir, Dumfriesshire. Seismographic 
data a r e  avai lable  from WOL fo r  both explosions. EKA data  a r e  avai lable  
only f o r  the Flixborough explosioin . 
4. - DETAILS OF THE RECORDS 

4.1 Records of acoustic e f f l w  

BMBA microbarographs detected infrasonic waves from both the  
Flixborough and S t  Bridget events, which took place a t  comparable ranges 
from the  array. Similar pat terns  of atmospheric pressure perturbation 
were observed on both occasions, 13is t i nc t i ve  features  of the  records 
being the  a r r i va l s  of two wave grcaups separated by several  minutes and 
characterised by dominant frequencies of widely d i f fe r ing  values, see  
f igures  5 and 6. 

A t  the  time of the Flix1,orough explosion, s t a t i ons  ESK and 
BYBH were a l so  operational; an accaustic s ignal  was recorded a t  ESK 
(f igure  7) but  not a t  BYBH. 

The pr incipal  observaticws from the  various acoustic data a r e  
tabulated below. In  tables  1 and 2 a r r i v a l  times of wave groups a r e  
l i s t e d  fo r  each event, together wlth corresponding values of Vp, the  
apparent veloci ty  of the  s igqals  over the  path from source t o  recording 
point,  and of VH, the  apparedt velocity of waves crossing the  array.  
The values fo r  V have been calculated using the observed a r r i v a l  times e of wave groups a pa r t i cu la r  recording points and the  estimated o r ig in  
times fo r  each event derived from the  supporting seismic data. 



Values f o r  VH have been calculated,  using the  observed a r r i v a l  
times a t  pa r t i cu la r  a r ray  recording points ,  the known array  dimensions 
and estimated azimut:hal d i rec t ions  05 propagation fo r  the  s igna l s .  

( Event : Flixborough Explosion, 1 June 1974 1 
Reported Origin Time: 15532 

1552.152 1 

Distance 
1 Arrival 

Times 1 wiv:, 1 wave m S-' , wave l / Group l Croup 2 Graup l Group 2 Group l Group 2 

BE/BMBA 
BB/BMBA 
WV / BMBA 
CH/BMBA 

ESK 

I n  t ab les  3 and 4 s i g n a l  abp1it:ude and period d a t a  are l i s t e d  
f o r  a number of instirument sites from which system ca l ib ra t ions  were 
avai lable  near t o  the  times the  s ignals  were recorded. 

Event : S t  Bridge Explosion. 14 February 1972 
Reported Origin Time: 18172 
Estimated True Origin Time: 1815.352 

7- - 
Arrival Times VH, m S-' 

I 
Flixborougll Explosion 

1 i 

km 

PWIBMBA 300 
WE/BMBA 314.3 247 

333 

BBIBMBA 344 255 
334 
333 

AE/BMBA 348 257 
333 

I ( Dominant Wavgs I Dominant Waves i 

246.7 1606.06 
252.1 , 1606.22.5 

Re;;m:ing 1 m ~ O u p ,  l 1 
Amplitude, Period!, Amplitude, Period, 

1610.50 
1611.03.5 
1611.19 
1612.16 

1610.33 

257.6 
279.0 

251.0 

I Wave 
I Group 2 

BB/BMBA 
ESK 4.1 3.0 2.0 2 8 

1606.41 
1607.49 

1606.19 

(PW - WE) 
(WE - BB) 
(BB - AE) 
Mean Array 

Velocity 
(PW - AE) 

433 
390 
400 

403 

297 1 223 1 327 297.5 223.5 (BE-BB) 
(BB - WV) 
(WV - QI) 
Mean Array 
Velocity 

(BE - CH) 

400 
355 
3 75 

376 - 

300 
315 

318 - 

297.5 
299.5 

297.5 

225 
231.5 

228 



TABLE 4 .- 

4.2 R~rcords - of seismiq e f f e c t s  

Event : S t  Bridget Explosion 

The Flixborough aqd S t  Bridget explosions produced two kinds 
of seismic disturbances a t  s t a t i o n s  EKA and WOL. The f i r s t  disturbances 
occurred a t  times which were cont3istent with a r r i v a l  times f o r  normal 
P and S seismic waves propagat in~j  a t  typ ica l  v e l o c i t i e s  over the  d is tances  
involved. 

The second onsets  of ground motion occurred many minutes l a t e r  
and corresponded p rec i se ly  i n  tirne with the  passage of the  atmospheric 
acous t i c  waves, independently de1:ected by microbarographs i n  the  
v i c i n i t y .  

7 

t Domimnt Waves 

Figure 8 is a recard from the  EKA short-period seismometer 
a r ray  which shows the  onsets  of ground motion across  the  ar ray  caused 
by normally-.propagating seismic traves from the  Flixborough explosion. 
Figure 9 shows the  disturbances observed severa l  minutes l a t e r  when the  
f i r s t  group of higher frequqncy atmospheric in f rason ic  waves traversed 
the  same array. Air-ground aoupltad e f f e c t s  from the  second acoust ic  
wave pulse (period 28 S a t  BSK) trere recorded only by the  wide-band 
long-period seismometers a t  the  15KA vau l t .  These instruments opera te  with 
peak amplitude response of 25 s pleriod. 

The p r inc ipa l  waves (b:l of group 1 from S t  Bridget were 
preceded by a lower amplitude and higher frequency t r a i n  of waves (a ) .  
The whole srtite formed a continuous and d i s t i n c t  group t r a v e l l i n g  with 
the  same holrizontal t r a c e  velocii:y, but the  sub-groups were s u f f i c i e n t l y  
pronounced l:o j u s t i f y  l i s t i n g  them separa te ly  i n  t a b l e  4 a s  "Groups l (a)  
and l (b)" .  

Dominant Waves 
Group 2 

Fjtgure 10 shows a sequcsnce of records from WOL where d i r e c t  
seismic wavtrs and coupled effectai from both f i r s t  and second atmospheric 
wave groups were detected fol1ow::Cng the  Flixborough explosion. 

Recording Group l (a )  

Amplitude, 
N m-2 

0.75 
1.0 
1.25 
0.8 
1.25  

The d i r e c t  seismid wavnas have ra the r  g rea te r  amplitudes than 
those recorded a t  EKA although, due t o  the  higher l e v e l  of na tu ra l  
background 11oise prevai l ing  a t  WOL, t h e i r  signal-to-noise r a t i o  is  
poorer. 

Site  

GE/BMBA 
GWIBMBA 

Group l(b) 
X 

Period, 
S 

18 
18 
18 
18 
18 

The coupled distu~?banctrs caused by the  a r r i v a l  of the  f i r s t  
set of acoust ic  waves (figude 10,, group 1)  were recorded a t  WOL by a 
s tandard Wi:Llmore short-per.liod strismometer and a l s o  v i a  a high-pass 
f i l t e r e d  output derived from a v e r t i c a l  component long-period 
seismometer (designated LPSP i n  f igure  10). 

Amplitude, 
N m-* 

3.5 
6.7 
7 .O 
4.6 
7 .O 

Amplitude, 
N m'2 

0.45 

Period, 
S 

3.5  
3.5 
3.5 
3.5 
3.5 

Period, 
B 

2 
2 

CH/BMBA [ iiii PW /BMBA 
RD/BMBA 

2 
2 
2 



Ground motion associated wfth the a r r i v a l  of the  second, low 
frequency wave group from the  Flixboaough explosion was regis tered  by 
the narrow band ( f igure  10, LPNB) outlput from the long-period seismometer 
which provides a high gain channel wilt11 a peak amplitude response a t  25  s 
period, 

The seismographic records dbtained a t  WOL from the  S t  Bridget 
explosion a r e  shown :in f igure  11. The P winre group was well-defined 
but  S waves from t h i s  event were ra ther  weak. A coupled disturbance 
associated with the  a r r i v a l  of acouscic wave group 1 was recorded, but  
no ground motion could be iden t i f i ed  posieively a t  the  t i m e  of a r r i v a l  
of the  much smaller amplitude, low frequency second wave group. 

Onset time, amplitude and ~ e r i o e i  da ta  f o r  the  seismic e f f e c t s  
caused by the  explosions a re  given i n  tab-les 6 and 7. 

TABLE 6 

Recording Distance, P Wave Travel Calculated 

Event Station/Site Onfet Origin Time 1 1 1 Tiqe 1 (fromTi:Elea] 1 (to nearest second) 

COMMENTS ON THE RECORDS 

TABLE 7 

(All amplitudes refer to the verfical coiupaent of ground motion) 

Direct Seismlc Waves i Recording 
StationfSite 

1 

5.1 Acoustic e f f e c t s  

Flixborough 

St Bridget 

An apparent contradict ion e(xistf.1 i n  the  acoust ic  wave 
veloci ty  da ta  l i s t e d  i n  tables  1 and 2 i n  t h a t  the  l a t e r  a r r iv ing  wave 
group 2, t r ave l l ing  between source aqd receiver  a t  an apparent path 
veloci ty ,  Vp, of about 75% of the  Vp f o r  wave group 1, t raverses  the  
microbarograph array with a hor izonta l  t r ace  veloci ty ,  VH, 20% higher 
than VH f o r  wave group 1. A second pqint  tilso evident from the  tabled 
values of V f o r  eaclh wave group is  qhat the apparent path veloci ty  
increases W! t h  d is tance  of the receiver  f i:om the source. 

I 
W(A R9 26 
E M  vault lh 
WOL vault 

UOL vault 7Cl 0.43 0. 



Both points  may be explained by supposing t h a t  the  infrason:Lc 
waves a r r i v e  a t  the  recording instrument a r ray  v i a  paths which a r e  
d i f f e r e n t  and a r e  aligned a t  angles of e levat ion  w e l l  above horizonta:l. 
The BMBA records may thus be adduced a s  evidence supporting t h e  existence 
of two prin,cipal  zones i n  the  upper atmosphere from which in f rason ic  
sound waves may be re f l ec ted  back t o  the  e a r t h ' s  surface  due t o  t h e  
r e f rac t ions  of "acoustic rays" by va r i a t ions  i n  the  speed of sound 
r e s u l t i n g  from the  v e r t i c a l  temperature s t r u c t u r e  of the  atmosphere. 
Long range propagation of in f rason ic  waves by successive r e f l e c t i o n s  i n  
"sound channels", which a r e  formed by t h e  e a r t h ' s  surface  and these  
upper zonal l aye r s ,  has been described by Diamond [ l ] ,  Wilson and 
Nichparenko [ 2 ]  and others .  

Sound ray path diagrams published by Balachandran, Donn and 
Kaschak [3] ind ica te  t h a t  i n  general (with some va r i a t ions  due t o  t h e  
e f f e c t s  of winds a t  high a l t i t u d e s )  the  apexes of the  paths of refract:ed 
sound rays  can be assumed t o  be s i t u a t e d  a t  a l t i t u d e s  of about 40 and 
120 km. A t  nearer ranges, of the  order  of t h e  d is tance  of BMBA from the  
Flixborough and S t  Bridger explosions, the  r e f l ec ted  s i g n a l s  which are! 
received may a l s o  be assumed t o  be re turning from t h e  f i r s t  upper 
atmospheric r e f l ec t ion .  Using these assumptions, s impl i f ied  representa t ions  
can be constructed f o r  the  poss ib le  paths along which each of t h e  wave! 
groups received by the  recofding instruments has t r ave l l ed  from t h e  
explosion source i n  each case. 

I n  f i g u r e  12(a) tlbe dis tance  (279 km) from Flixborough t o  t h e  
recording point  CH has been drawn a s  the  base l i n e  aa'. The path 
t r ave l l ed  by the  f i r s t  a r r iv ing  wave group is represented by aba' and + 

t he  path t r ave l l ed  by wave $roup 2 is represented by aca' .  By measurenlent 
aba' - 290 km and aca'  = 370 km, while from da ta  i n  t a b l e  1 t h e  
corresponding t r a v e l  times are found t o  be 934 and 1201 S. An average 
value f o r  the  group ve loc i ty  Vg may therefore  be obtained from 

and 

The corresponding values of t h e  mean hor izon ta l  t r a c e  ve loc i ty  
across  t h e  array a r e  318 m $'l f o r  wave group 1 and 376 m s'l f o r  wave: 
group 2. 

The angles of e levat ion  Cl and 62 f o r  t h e  two groups of 
r e f rac ted  waves a r e  given by 

and ii2 - COS -1 388 350. 336 

The angles of e levat ion  f o r  the  two wave paths found by 
measurement from f i g u r e  12(a) a r e  16' and 40'. 



For the  S t  Bridget event, the  base l i n e  aa '  is  drawn t o  
represent  the  distance of 300 km from the  explosion point  t o  recording 
point  PW. The values of aba' and aca' a r e  311 and 385 km and the  
corresponding t r a v e l  t i m e s  from tab le  2 a:re 970 and 1238 S. 

The group ve loc i t i e s  therefore a r e  :- 

311 X l!.! = 321 m s- l ,  
vgl 970 

The mean hor izonta l  t r a c e  v e l o c i t i e s ,  V*, over the  ar ray  a r e  
333 and 403 m s'l , giving angles of elevation 

and -1 311 82 = COS --p 39O. 40 3 

The angles of e levat ion  f o r  the  two wave paths found by 
measurement from f igure  12(b) a r e  15' and 38.5'. 

The second wave group of t4e  acoust ic  records from each event 
cons i s t s  of a s ing le  pulse of much lower frequency and smaller amplitude 
of a i r  pressure than waves of the  f i s s t  groups. Attenuation and loss  of 
high frequency components would be expected i n  a wave packet which had 
t r ave l l ed  a longer path through severa l  p13ssible r e f rac t ing  sub-layers 
t o  higher atmospheric a l t i t u d e s  where the  mean f r e e  path of a i r  molecules 
is long. 

S ta t ion  ESK: The s ing le  instrument acoust ic  record ( f igure  7) from 
s t a t i o n  ESK is compliqated by the  e f f e c t s  of a change 
i n  barometric pressure and wind speed associated with the  
passage of a weak weaeher f ront  which took place 2 min 
a f t e r  the  a r r i v a l  of the  second acoust ic  wave group. The 
microbarograph t r ace  remains disturbed by a higher l e v e l  
of short-period background noise caused by the  doubling 
of the  wind speed following the barometric pressure jump 
recorded on the  wide-band mic obarograph channel a s  a -1 double pulse of about 17 N m amplitude. 

S ta t ion  BYBH: No id .ent i f iable  signal. from the  Flixborough explosion 
could. be found i n  the  s ing le  Instrument record from BYBH. 
This s t a t ion ,  a t  352 km range, was 100 km more d i s t a n t  
than e i t h e r  BMBA o r  E$K. Also the  prevail ing westerly 
wind of 65 - 75 knots a t  11 km a l t i t u d e  was an adverse 
f ac to r  f o r  propagation t o  a s t a t i o n  s i tua ted  westwards of 
the  eixplosion, epicentre.  



5.2 - Seismic e f f e c t s  

5.2.1 Di.rec t waves - 
Direct  seismic waves were recorded by a l l  t h e  short-period 

seismometers which were o p e r g t i ~ n ~ s l ,  e i t h e r  i n  the  ar ray  p i t s  o r  s t a t i o n  
v a u l t s ,  a t  t h e  da tes  on which the  explosions occurred. From t a b l e  7 i t  
can be seen that  the  seismic amplttude recorded a t  WOL, 257 km from 
Flixborough, was about double the  amplitude recorded a t  EKA a t  a s i m i l a r  
range. This r a t i o  is an e f f e a t  of the  d i f f e r e n t  geological  environments 
and is  norma:lly seen i n  recoads f.i:om the  two s t a t i o n s .  

Va:Lid comparisons aan, I~lowever, be made between t h e  records 
from t h e  two explosions which werts  recorded a t  the  same s t a t i o n ,  WOL. 
From t a b l e  7 we see t h a t  the  S waves from the  S t  Bridget explosion; 
e f f e c t i v e l y  ia water-coupled e v e n t ,  were r e l a t i v e l y  weak. An a r b i t r a r y  
comparison 0% the  P wave data  sho~ss t h a t  the  amplitude of t h e  ground 
motion recorded from Flixboraugh ,[range 257 km) was 66% of the  
amplitude recorded from S t  Bridget: (range 339 km). 

5.2.2 - Cotsled disturbances 

Cmnparison of the  signa.1 a r r i v a l  pa t t e rns  produced by t h e  
p a r t i c u l a r  configurat ion of drray records replayed f o r  f igures  8 and 9 
i l l u s t r a t e s  the  expected l a rge  ra4A.o i n  phase ve loc i ty  between d i r e c t  
and acoustic~~l1.y-coupled seismic e f f e c t s .  For example, the  "move-out" 
t i m e  i n t e r v a l  between a r ray  s i t e s  R2 and Rq is 0.7 S f o r  t h e  f i r s t  
a r r i v i n g  d i r e c t  seismic waves and l6 S fo r  the  coupled disturbances,  
giving a r a t i o  of 23:1, correspontling t o  the  respect ive  v e l o c i t i e s  
across  t h e  ar ray  f o r  seismic P waves and in f rason ic  sound waves. 
A s i m i l a r  example of seismic disturbances coupled t o  in f rason ic  waves 
a t  EKA has been described previou~lly [ 4 ] .  

There is an apparelit anl~maly i n  t h e  records of a i r  wave-ground 
coupled seismic e f f e c t s .  Distturbar~ces associated with the  t r a n s i t  of the 
f i r s t  group (of atmospheric aaoust lc  waves from Flixborough were recorded 
by a l l  short-period seismometers of EKA but  not  by those i n  the  EKA 
vau l t .  On t h e  other  hand, the  1onl;-period instrument i n  t h e  vau l t  
appeared t o  respond t o  the t r a n s i t  of the  second acoust ic  wave group 
and a l s o  t o  the a r r i v a l  of the  meteorological pressure s t e p  noted on 
t h e  ESK microbarograph record. T h 2  onset times of these  two coupled 
e f f e c t s  corresponded t o  a few s e c ~ ~ n d s  t r a v e l  time from t h e  ESK micro- 
barograph t o  the  EKA vau l t  long-period seismometer i n  t h e  case of t h e  
acoust ic  wave pulse  and t o  a few rninutes f o r  the  slow-moving weather 
associa ted  pislse. The apparent ve loci ty  of the  l a t t e r  was 20 knots  along 
the  d i r e c t i o n  of the  prevai l ing  wtnd which was i n  agreement with t h e  ESK 
meteorological da ta  and corrqbora ted the  presumption t h a t  the  l a r g e  
pulse on thre ESK miccrobarogcaph i:ecord, immediately following acoust ic  
wave group 2,, was not associated arith the  Flixborough explosion s igna l s .  

A t  WOL short-period and long-period seismometers responded 
t o  t h e  respect ive  t r a n s i t s  of the  short-period and long-period acoust ic  
wave groups :L and 2 from Flixborol~gh, see  f igure  10. Coupled disturbances 
were recorded (by the  short-period WOL seismograph) f o r  only t h e  f i r s t  
a r r i v i n g  acoust ic  wave group from the  S t  Bridget explosion, see f i g u r e  11. 
A combinatio~l of a r e l a t i v e l y  weak s i g n a l  ( 1  N m-2) and high prevai l ing  
background noise  e f f e c t i v e l y  prevmted i d e n t i f i c a t i o n  of a second, long- 
period couplted disturbance. 



The fa i lur t r  of t he  short-period seismometers i n  t h e  EKA v a u l t  
t o  record any coupleti dis turbances from t h e  f i r s t  acous t i c  wave group 
of t h e  Flixborough explosion, un l ike  nearby a r r ay  instruments,  remains 
an anomaly. I f  i t  is accepted t h a t  t he  movements recorded by t h e  a r r a y  
seismometers were t r u e  ground motion caused by a i r  wave-ground su r f ace  
coupling, then s i t e  geology and vau l t  cons t ruc t ion  should be considered 
a s  f a c t o r s  which might con t r ibu te  s i g n i f i c a n t l y  t o  t he  observed e f f e c t s .  
I n  t h e  case  of t h e  EILA ar ray ,  seismometer emplacements a r e  s i t e d  on 
weathered s h a l e  a t  arr average depth of 1.5 m, whereas t h e  v a u l t  has  been 
constructed on a massive concrete  base c a s t  on t o  unweathered rock a t  a 
depth of about 4 m [5]. The WOL v a u l t ,  where short-period coupled 
dis turbances were recorded, is b u i l t  i n t o  a chalk h i l l s i d e .  The above 
d a t a ,  i n  conjunction wi th  t h e  records obtained from both short-period 
and long-period inst~:uments, suggest t h a t  t h e  coupled d is turbances  a r e  
near-surf a c e  waveiength-dependent phenomena. 

5 . 3  Comparison of t he  explosion ene rg i e s  

I f  t h e  ampllitudes of t h e  largest :  pressure v a r i a t i o n s  recorded 
a t  BMBA sites from t h e  f i r s t - - a r r i v i n g  groups of i n f r a son ic  waves (which 
have t r a v e l l e d  the  shrorter and s impler  path) a r e  compared, i t  is found 
t h a t  t h e  Flixborough s i g n a l s  on average a r e  67% of t h e  S t  Bridget  s igna l s .  
The average d i s t ance  of recording sites from which ca l ib ra t ed  da t a  were 
a v a i l a b l e  f o r  t h e  Flixborough event was 78% of t h e  s i m i l a r l y  averaged 
d i s t ance  of s i t e s  used i n  t he  S t  Bridget amplitude ca l cu la t ions .  

Assume the  simple s c a l i n g  r e l a t i onsh ip  

t o  apply f o r  acoustic: waves, then, subs t i t :u t ing  values from Flixborough 
da t a  f o r  A1 and R1 and values from S t  Bridget f o r  A2 and R,, we have 

then from t h e  reported value of 110 tons o f  n i t rog lyce r ine  on board 
S t  Bridget,  

1110 
W1 a -- = 15.7 tons HE equivalent  of n i t rog lyce r ine  7 f o r  t h e  Flixborough explosion. 

S imi l a r ly  a comparison of t h e  seismographic da t a  may be made 
using t h e  values f o r  P wave amplitudes a t  WOL l i s t e d  i n  t a b l e  7. The 
maximum amplitude of seismic P waves from Flixborough is found t o  be 
66% of t h e  maximum amplitudes from S t  Bridget.  The d i s t ance  from 
Flixborough t o  WOL is 76% of t he  d i s t ance  from S t  Bridget t o  WOL. 



A13suming.a sca l ing  re l a t ionsh ip  f o r  seismic body waves of 

and subs t i t t i t i ng  values f o r  A1, EL1 and A2, R2 and W2 a s  before, w e  
have 

W1 = 6.1 tons HE ciquivalent of n i t roglycer ine .  

These values of HE equivalent  f o r  the  Flixborough event can 
a t  b e s t  only, be regarded a s  a guide a s  t o  the  probable order of 
magnitude of: t h e  explosion. The Ebource conditions f o r  the  two explosiotls 
were e n t i r e l y  d i s s imi la r  and i t  aeems very unlikely t h a t  t h e  F1ixborou;gh 
explosion wau w e l l  coupled t o  the! seismic medium. Also i t  has been wel l  
es tabl i shed t h a t  propagation of inf rasonic  waves can vary g rea t ly  with 
seasonal  f luc tua t ions  i n  upper atmospheric winds and o the r  meteoro1ogil:al 
f ac to r s .  F inal ly  i t  has been asstuned t h a t  the  S t  Bridget explosion, usczd 
a s  a b a s i s  of comparison, was f u l l y  e f f i c i e n t .  

With these  reservat ions,  the  explosion energy may be estimated 
a s  being wi th in  perhaps a f a c t o r  of 2 e i t h e r  way of t h e  acoust ic  wave 
y i e l d  of 15.7 tons. Because bf the  probabi l i ty  of imperfect coupling t o  
the  ground, i t  seems l i k e l y  t h a t  the  y ie ld  value obtained from the  seismic 
da ta  is low and that: the  explosian energy may reasonably be assumed t o  
be  above t h a t  value. 

6. - COlNCLUS IONS 

The in f rason ic  waves recorded from t h e  explosions a t  
Flixborough and S t  Bridget ptovide supporting evidence f o r  t h e  
exis tence  of two main zones of r e f r a c t i o n  f o r  acoust ic  waves i n  t h e  
upper atmosphere. 

A i r  wave-ground coupled e f f e c t s  can be recorded by seismometczrs 
i n  near surface  emplacements but  they may be c r i t i c a l l y  dependent on the 
depth of v a u l t  emplacement and surface  geology. 

Camparisons of the  seismographic and microbarographic recordli 
obtained from the  two events i n d i c a t e  t h a t  the  HE equivalent  of t h e  
Flixborough explosian was of the  order  of 16 tons of n i t roglycer ine .  
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