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ABST HACT 

Seismic and geologi c sec tions ;'Ire of vi tal i rnpo r1ancc [0 the vari ous profeSS ional bodies, ins titutio ns 

and IIlduslrics. They give us an IIl slght on the grounds we a rc lite rally s ta nd lllg Oil . T his s tudy has 

conducted the subsurface Imaging of the c3 r1h \0 a depth of 10 Km on a 98 Kill long seismic pro!ilc 

lin e. The study was cond ucted starti ng from the foot or th e eastern rift marg m in to Ihe eas te rn pla teau 

to give us results, which arc a rche type to the study area . 

For the generation of se ismiC waves exp losives were detonated inside boreholes and programmable 

selSllllC energy recorders called ""rex'lIls" were deployed o n Ihe surface a l ;rbout one ki lometer 

spa c lIlg . 

Red uced firs t arrival P - waves \\' c re p ieked and C o/lvcr1cd loa clua l tllll e priOl to In ve rsion . The 

geosc ismi c model wa s in VCrlcd by Ihe mcthods of lhe Gen erali zed Reci proca l Method (GRM). 

FoUl la yers at an a"cragc depth of 2 Kill , 5 Kill and 7 KII1 \\'c rc idcllldicd with corrcspondlllg average 

P-\\ ;}ve veloc ltics 01'2700 m ls. 4000 m is, 5S00 m/s and 6300 m/s respecll vely The ;!colog l e~d sec tion 

of Ihe sw ell ed <'Irea ha s hc!.:!] Idcn llfied 10 res t on a c rysla llin e b:l5Clllcn t ovellaltl by low-grad c 

I11CI;}1110I1' lllc rods -, he nl :.l la yci has bee n Idenllfied as Ih \' Oll goce nc MlOCl:m; \ o lcJlllcS and the 

MCSO/OIC sedllllcnls 

" hor~ 1 hkl: SIr1lC tIllT has been I(JcIJllocd at ,I localil y knowIl as 1!amd.:! Dlhls . J hI.' lOp pari orl he 

:.lrtI .. ' llllC hilS;. depth or :; :. Kill from the smfilcc 10 lI s to p :lnd 11 IS Inuu;a led sh:trpl y h~ Ihc ASSt.:I2. 

Sin.' h0rdcI !;Hlli on Ih ... j\.'\\' ILin k 

( , 
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I. Inlrodu ctioJl 

The Easl l\frican Rift System is o ne of the very few places In the \' orld where aClrvc nOlllg processes 

can be observed . The way III whIch II IS nftmg IS III accordance wI th the plate teclOlllC theory. 

The geology a nd struc tures o f the caSlell l phHcau adJoinlll g the flft system arc partial ly controlled by 

the nfllllg process. The aim of Ihi s thesis is 10 map Ih e p . wave veloc it y dI stributIOn or tile la yers in 

Ihe uppe r mosi enlsl. 

1.1 Pre vio us wo rks 

J ho ugh dee p sci smi c works were condu cted III th e neal by A far iJcprr.:ss io ll (IJerdhelller el al .. 1975: 

RllcgX. 1975), no wo rk ha s evcr been done III Ihe eastern pl ah:au 

In rega rd to geo logy. ho\\c\cl', some works have been u:porlcd (PuIII A. Mohr. J9(j2. 1963. 1966. 

/967. 1970, 1971. Juch /97"5, /Jakel el 01 . 1972. Rex f'/ al. 1971. JO l/es & Rex, IYi:! , Ka:1II111 Vel 

al. /974 /V7fi. / . K(I' III I11 . . I{o)' /979. II. }':{/: /1111J AA. /V i:!. ;..'0, 11/1/1 & Herl/(, 1978. 1), 1)(10/(1. 1972. 

19-fi. hlllellill ('/ 0/. /978. /1)80) 

.2 1'11 .\, ~ jCJ g l·:lphic o lli li nes 

I h~' rt:gllltl (kSlnbnl III Ihl~ !>llHh S[<llh rr nm Ihe 11(l()1 01 lhl' l:a~1l"111 nil 1ll,I/gill :md t: .:~ IUl1ht:1 

s')lIrh 10:1 slll;dll(ml1l'alkJ Ikk fOl/nrJ 111 rill' :\ISI admllmll,lll\t: /i11lC or l ill' 0101l11,llo.: C!II"l 
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The area o f s tudy is accessibl e by 4x4 vehi cles through asphalt a nd gravel road. 111c study area s tans 

al th e Ooor o f the eastern rin margin wit h an eleva tion of 1,300 m t a .s.l and q uickly rises 10 an 

a ltlludc 0 ( 2,500 nl! a .S.1 al the top o r the eastern csca'l)rncili. It :luai ns a loca l high o f 2704 Ill! a.s l. on 

the pla teau . ThiS local highs and lows arc fo und al a UTM Easlin g of 576799.3 and Nonh ing 

9 10661.2 a nd f asting of 564439.4 and Nonhing 0(936347.4 Zo ne 37N respec tively. 

1.3 Ai lll of th e present s tud y 

The major o bjectives of this work arc: 

I ) Mapping the seism ic layers beneath the castclll plat ea u alo ng the EAGLE pro fi le I. 

2) [n tcrprcI the geology. 

3) Id enti fy s tructures i f any. 

1.4 iVl cl hodology 

Re frac tion SeI S1l1IC method has been em ployed [0 produce [he se lSI11 IC model bc nca[h [he eaS[CIll 

pl :l [cau J he ge nerali zed rec iproc:1l lllc[iJod (GR M) was used 10 JIl:l lyzc 1he da1a and Ill\ e n Ih e 

gCOSC I$Ill IC Illodel. 

Th IS "'l' I ~ IllI!': m odel was Ihe ll illl Cl1>1l'lcd 111 1 l' nll ~ of geo log~' lI Sl lig J dt' l"Illini s ll C p - \\ ,I\ C \ eloe I\le~. 

lield IIl\C"' l l!!<J Il( lIlS 10 com:l :l1 e [he 11.'';1111" nh!:ullcd IIllhlS \\\111.. \\ 11h l1i;l1 of [lie Ollln ()r~ :I IIH: 

pl otik ,mil PIC\IOLIS leglona ] gcologll'al \\Oll..~ 
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2. Region:) 1 Gco logy 

'1 he lttho logic success io ns beneath the study area is underlai n by an a nc ient Archaean Craton where 

the age IS grea ter than 2500 Ill .y . In some parts of Afnca, the pre-ca mbrian rocks, representing the 

fi rst 5/61h o f the so li d ea rths history, ca n be separated mto three great divisions, each newer one being 

less folded and mClamoq>hosed than thaI whic h preceded 1\ (Paul A . Mohr, 1971). 

2. 1 Pa leozo ic 

The PaleozOI C extends from the Cambrian 10 the Penman. Dunng tillS period, the whol e o f the " fa bo-

Ethiopian massif fonned a stable landmass subject to denudation resulting in nca r pcncpl ;m3 lion of 

th e ancient pre-cambrian o roge ni c moun tain r~lIlgcs al the end of the era . l lowcvcr, some doubtful 

local occ urrences of the Paleozoic sirata arc worth y of note (Mohr \97 1) . 

In th e P:l leo70 ic era , twO li thologICa l UIlII S ,li e dlsceln;lh1c, the edaga a rbl glac lals and Ihe ellticho 

~andSlOnes 11 has beell nOlCd thai the ullCOnf0r1111ly bl.:l\\ eell Ihe Adl grat sandstone and und crlYlll g 

(\aS ll cs IS 1101 SIl,;ni!iC<:1111 T ill S 51\0\\ 5 Iha l dl ffercntl atlo n belween thc clastI CS oflhe PalcO/Ole :l11d Ihe 

Ad lgl;!1 sandslones of the Meso7olc IS barely pOSSible . 

2.2 Th e i\ lesozo ic 

1 arl~ 1111111.' i\kSO/OIC thc horn 01 ,\foca \ \ <1:' l1l;l1hl'd \l~ the 1!1~t IllJJOI tra nsgll'S:-lOtl 01 the -.ea Since 

p:l1h 01 the anclcn t COnlllll'nt ot Ihl' {l lll1lh\ani1 land o.:ml1111l' nrt'li11l 11Ia ~"1L It h.'a ched 11'- llKI,\IIllUIl1 

'J 
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development in the carly upper Jurassic, anel' \\!lIc h regression due to cpt:rogcllI C uplift followed By 

the end of the Mesozoic almost the entire hom of Afnca was again raised above sea level (V Kaz.lllln 

A .A., 1972). 

2.2. 1 T h e Ad igra t S3nd a loll C 

Thi s is a transgressive facies ra ngi ng fro m the upper T riassic age in the Ogadcn to lower or poss ibl y 

even midd le Ju ra ssic in Ti gre .'Ind Eritrea . Induction there fore is th ai the sea adv:tIlccd from the SE 10 

the NW . 

• 

• Wh ils t in a given parI of Ellllopia the tlllckncss or lhe Adlgral sandstone re mains fair!) cons tarll . local 

v;'fial ions arc observed where IITcguiaril lcs 111 the basement complex peneplain occur Gelleral fi gure 

orthe central Ethiopia can be given as 500 Ill! , but va ri a tions in the thickness or the Adlgrat sand~tonc 

ill\: "rruwn as much as 1000n1l and \0 as Imlc as a few mctcrs. 

Thc I\digra l sandstone LS genera lly lL1a S~L\'C imd thick bedded II gc nerall y compnses il pproxLrn:Ll cly 

• I " 
6/5 major li lhologLcs \\ hClc till' thi ckncss of one may Lange from maXLIllWll of 400 1(1 Il's~ Ih an _~ nll 

In th e Chcrceher (Alll~sl) IlLghlnnds the bol S:!1 "dlgl:!t sa ndstone forll1:!ILon Ilndeilmg the Jura s~'dc 

11l 11cstonc \ane~ m lllL d,ncss flom 200rnl III til l' (JaIICIL \alley LI1 Ih!,' S\\' 10 on l) 251m III th e R:lJlllS 

\alley IIl lhe Nt: (V.Kazll1ll1 A.·\ , 1912) 

• 

• 
l. 

J .. ." 



2.2.2 The An( a lo li mes to ll e fa cies 

The AnlnJo limestone has been observed 10 be lYing dIrectly on the basement complex in nonhcrn o r 

{ 
I' I I In, 'I 

" , 

central Ethiopia , a lwa ys bem!;: underla in by the Adigrat sandstone . 

The I\ l1 lalo limestone compri ses Illany lilhologicall)1)cs o fl illlcsione and includes layers of marl and 

sil t. The A ntalo limestone fo rmati on varies in thickness from 0 to 800 1111. In the Anr ssi highlands, th e 

~ '" 
, r 0 

• . 

I 

Mesozo ic succession is up to 1000 IllL 

[n Chcrc hcr these occur 250 to 460 tnt of lllllcstone restin g on the 150 nll thic k Adi gral sandsto ne 

forrmllion. However 10 the N I ~. thi s basa l sandstone fa CieS thins oul unlillhc limestone occurs rcs llIl g 

directl y on basement com plex locks (Mohr, 197 1). , 

2.2.3 T he reg ressive IIppr r S:tudSlOnc fa cics a lld rocks of cre laceo us age 

1\ new Ir:ll1 sgression bl.'gall III th e I\ptian and Ihi s 11 3S also the time of;1 widc spread tll<ln ne 

transgression in the II ho le I\!tddle East Jt IS importan t that the first manifesta tion of pasa lll C 

lolca rll sm c01tlcides \\l1h the lo\\er cretaceous transgression (tu ffs and flows) In the I\l11haradam 

fonnal10n - (Abale c lal 1969) 

• 0 

• 

In Ihe ChclI..: h!.'r 111ghlanJ ~ Ill !.' Uppo.!l ~:llld ~ IO ll!.' UCC U!T!.'d II I lITCgU1Jr1~ orsmblilcd Isol:lt ed \)lIt...'l l) P " In 

i 0 

the Soca valle~ 150 Illt (1! lIPp~'1 sa nd $to nc IS I)V]{;;dl) dn(' loped (\lolrr 197 1) 

-o· j • . ' , . II 

'" • 



2.3 The Cenozoic 

According 10 Zancllin & Ju stin Visentin (1975) Oll l crops of th e Ashangj basalis (Eoccnc-

Paleocene) , arc rcslriClcd to the north- cen tral part of the Ethiopian plateau. Absol ute age 

dClcnnination con firms Ihe absence of pre-Oligocene basalts o lllhc soulhcaslem pla teau . /l owever Oi 

•• Paola (1972) Siales Ihal basalts and Ignimbrites or the trap series (Eoce ne - laic Miocene) occur on 

Ihe lOp of the Ethiopian and (he Soma lian plateaux . Only in few places it is possi ble 10 observe 

ullwcalhrcd basaltic Ja va no ws orthe trap series (quarries o r highway trenches) . This scncs is known 

to covel the Mcsoi'.Qic mari ne scchmcnts. The trap seri es 15 mostly made o f bilsallic lava nows with 

subord inate ly associated ignimbrilic un ils inlercalated between Ihe basic la vas. Accordlllg to .Mohr 

• (1962, 1972) the trap senes fOnlled by fissure eruplions ages from Eocene-o li gocene lind is over la m 

• by thick accumulatio ns ofthc basalti c lavas enlpted from the shi eld volcanocs on the Somali pl ateau . 

According to .Kazmin (1972), Ihe namc trap series usu:l lly app licd 10 these rock s cover a considerable 

part of Ihe Somalian plateau . This group is made o f compact basalt s. The Ihides l sec lions o f Ihi ... 

g roup occur close 10 the nft escarpm clll (Mohr ,1967 a ,b, 197 1 c) 

forom tatc M10cene to PI10CCI1C, volca1l1Slll was largcly restn cled 10 the rifts . But In SOIll t' areas they 

• cover Ihe cscarpments and e\'en the adj acent plateaux (Ka7m 11l 1972 ). According 10])1 Pao la (1972) 

these arc the la sl IgnimbnlJC cover o f the plateau. 
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3. Projec t EAGLE 

3.1 Int roduct ion 

The Ethiopia Afar Gcosclcn tiri c Lithospheric Experiment (EAGLE) is a major initiative to investi ga te 

how Ihe African continent is splitting a long the Et hiopian rift in the hom o f Africa. The project 

involves th e Universi ti es of Lei cester, Leeds, and Roya l 1-I 01l0wa y from the United Kingdom , 

S t'lilford Universi ty in Cabrol1lla and the University of Texas at EI Paso both from the United Stales. 

These gro ups arc work1llg with major grou ps from the Geophysical Obse rvatory and the Departmen t 

of Geology and Geophysics at the Addis Ababa Universi ty together with mallY sc ienti sts from th e 

Ethiopian Geological Survey and the Petro leum Operations Department o f the Ethiopian Ministry of 

Mi ncs. Th c COlllmission o f Sclcnce and Technology of the Democratic Fedcra l Republic o f EIIHOPl3 

coord inated the whol e projec t 

The projec t included the carrymg out o f two se Ismic profiles; th e first, profile ! , across the EthlOP1i1ll 

nft in th e Vlel llll ), of !\';lIn.:t e\l~lldll1 g [0 Ihe Hlue NlIe III N\V and to (i llllt" (1Il Bale regIOn) 111 th e 

sou th cast: the second . profile 2, ex tended al on g the nn frOIll J\Wa SS;l Itlthe sOlllh 10 Gewa ne 111 the 

1I0rth. J\ dense nctwork ofinslnll11cnt s (pro fil e 3) was al so to be dep)o~cd around the Itltel sectlon o f 

the two profiles to plo\ ldc a 3- D tomographi c IIllage of the subsurface Immedla tc) y beneath the 11("0-

volcalllC segment of Hoseul In th e VICllu ty of)\anct (FIg J J) . 
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• lhc work was Sl,lI1cd III 2001 and filll shcd by 2003. I( jl\\'oh'cd reco rding of SC I Sill Ie "echoes" f,om 

the controlled exp losions and nat ural earthquakes, to provide an image of the top 100 km or so of the 

• 
J. I.':mh mer a n:glOn encompass ing the nonh";1s lcm part o f the m,1I1l EthIOpian nn where i11.'n lCI S afar 

nilS project \ \;1 S divided 1111 0 three ph;! s l.'~ \\hl.'fC phase I il1voh'cd 30 long 1eml C0I111 1Hl!lUSI ~ 

.. 1 ! 
• 
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recording seismic ins trum ents be ing deployed over an approx ima te ly 250 x 250 km 2 centered 0 11 the 

volcanic segment in the rift va ll ey immediately 10 the nOl1h-east orthe lawn ofNazrel. Phase II began 

• in September 2002 and in volved the deployment of a fUT1hcr 50 recorders w ithin the phase I arra y, 

concentra ting the density of recording the cen ler of this region, in part ic ular to study loca l 

earthquakes to refine ou r understandi ng of the pall crns and origin of the local seismic acti vity. 

3.2 The conlroll cd source phase of Iil c project 

Ph ase II I was the contro ll ed source se ismi c study and was undertaken in January 2003. Thi s project 

involved the dep loyment of nea rly 1000 recorders over an 8-day period , which instillments will 
• 

• record Ihe seismi c waves genera ted from the detona tIo n of 19 charges o n both boreho les and lakes . 

nle instrumentatio n used in the project included two ddTeren llypcs of se ismic reco rder; Guralp 6 TO 

broadband systems and Refiee Texan recorders . 

The Guralp 6TDs corn e as a bundle with a 12V d r)1 cc ll bal!ery, solar panel, to energize these 

SC lsmometers and 11 GPS c lock receiver to syncllTolli ze ,hell' tillle round the clock. They were buried 

1e\C1 and oriented nOl1h in a hole approximately 50 75 ern depth . They were deployed at a nominal 

spaelllg of 4 - 5 km. 

• 
. . BOIh Ihe Gu ralp 6TDs and the Re fl ee -I exans "ere d eplo~ l'd usmg a deploymelll sheet ·1 IllS sheet 110\ 

only hdpcd 111 Ihe easy reco\cnng o f the sels rnOlllc l<'° b hut al so to identify the IOCall()1l o f each 

, 
l. 

SC I"rnOl1leter fo r the underslilochng of the data II ha s recorded 

j I ~ 
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4. Basics of tile me,hods used ill this work 

4 .1 Seismic Waves 

Contro lled SOurce seismology involves the detonation of se ismic explosive charges in deep boreholes 

distribu ted along a prolllc of seismic recording instrumen ts dep loyed a l regular in terva ls along the 

surface. The seismic waves genera ted by the charges travel down inlo the crust of the ea rth and arc 

reflected a nd refracted back to the surface from geologica l interfaces in the cal1h. The seismic 

instruments record the resulting seismic waves as they reach the surface oCthe earth along the pro file . 

Of the many se ismic waves gcncT3tcd during the explos ion, only Ihe refracted waves will be treated 

in this work . 

4.2 Behav ior of refra cted waves from shol 10 reco rd er . 

Sei smic c lastic wave is a fonn of encrgy, \\"hich tmvcls through a mcdium dcpcndtllg all ti S elas ti c 

prOpe[1y. J t is by vibr3ting the IXtl1i cles of the mediUrl1 thai se ismic waves travel inSide Ihe ca [1h . 

Fncrgy could be released from a controlled source which could be a mere smile of Ihe surface by a 

hamme r or throu gh the detonallon of explosi\es ins ide a borehole as treated in Ih is work On the other 

hand. the energy cou ld a lso be natural such as ea l1hquakcs. Th e way in wlltch til ls encr gy is 

dl s~t'minalcd IS 111 the fonn of sei smi c \\'3\C S ernanalllt~ li o m the source tr<!\clm g out\\Jrd 111 a 

spht'!!C;! I Wll Y I It 1\\ 0 manl I }1)C:- of W;)\"CS; bod y \\ avc s ami SI!! 1:1cc \\'a \"es . 
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The fomlcr arc fu nhcr subd ivJded 11110 two namely P a nd S waves whi le the lall er arc dIvided into 

Ra leigh and Love waves. 

P waves also known as primary! compress iona l ! J ongitud inai waves; tra vel by v ibrating t he rock 

particles in the d irection of thei r propaga tion. Their names arc typical of their behavior fo r th e 

part icles are vibrated in a continuous ra refaction and compression . 

Of all the waves thaI arc genera ted during an explosion, P waves as their name implies are the firs t 

Diles to arrive on the seismograph . But when doing so they follow three natural rul es while traversin g 

inside the eanh. 

Prima rily, th ey follow Fcnnat 's prin ci ple, which states, "Scismic waves trave l in paths req uiring th e 

least time", 111C seismic waves aner being generated are refractcd when th ey intercept a media of 

dilTerent acoustic propcny (Fig. 4.1) . Sne ll 's law states, "The directions of the reOec ted and re fr<lcted 

waves traveling awa y from a boundary depend on the direc tio n of thc incid!.!111 wav!.! and the speeds of 

the waves" . 
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Fig 4.1 Diag ralll sh ohling 1t00il sdslllic !Valles refract til (111 ill tet/ace 

Eql/ 4 I 

I-QU3 tiOtl 4. 1 is also knowTl as the SneJJ' s i:Jw FOE an clastIc wave to prop<1ga lc from one POlllt to 

another through a p~Hh taking the Icast tllnc should follow Sne ll 's la\\ 

I ' 
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Fig 4. 2 Diag ram showil1g lit e crificaf(p refra cted ",al 'e 

Figure 4 .2 shows Ihal al crilica l angle of incidence, the wave is re fracted in a hariloma! direction o r 

is "critically re fracted" asS nell put s i I. For I his p at1icu lar case, th e angle of refraction "" 900 and 

snell 's bw becomes 

=s. Eqll 4.2 , , 

It IS wonh nUllIlg (10m eqU.:l l10n -1.1 the followi ng three POlllIS, 

a) If\ I ==' \"2 ~ 1 = Llhc)) there I S no refraction 

b) 11'\'1 .... ': -7 1> r. lhCI1 there IS llO way we c.m recOld lhe rcfr<lCICd \\. ;1\"::-. 

c) 11'\"1 < \ : -7 1'-: 1. \hell the rcfrac\cd waves go up 10 Ihe- su rface . 
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Thi s crit ical ly refracted wave is made of inlinitc amount of poin t explosions, which si mu la te in finite 

amou nt of explosions inside the earth. Hence energy fro m within the earth is again released and 

rcaches the su rface to be recorded . n lis principle is known as "Iuygcn's princ ip le. 

• After the seismi c energy has been crit ically refracted and sta rted to risc up according to I-Iu ygcn 's 

principle, tben agai n, it is the ray wit h an angle equal 10 the critical angle o finc idcllcc that rcaches the 

surface first. Mathema tica lly, it is shown be low. 

• -x-
• /- x ' a 

, Fig 4.3 /Ji(lgl"fIlll ShOIl'illg I h 'O ,hf/l'l'em " '{/\ 'e~' ('lIIerg illg from lit e rd layer {If ,ltffc/'e nl (111;:/('" 
• 

oj rcfraction 

• 

I 

J 20 .. 
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Path 1- actlp - 1/ 

Poth If - ac(/ "p - I } 

nc cd tip 
II = - + - +-

VI v1 ", 

tiC cd" d"p 
'2=- + - + --

VI )/2 " 1 

Eqll 4.3 

As II < (1 the pa th followed by the wave, accordi ng 10 Fcm13 t's princip le will be Path I. And hence 

the se ismic wave that arrives first on the surface is the refracted wave, which has the same anglc as 

the crit ica l angl c of incidence. 

4.3 Ge nera lized Rcc iproca l l\1clhod (G RJ\1) 

This method was fir st deve loped and !aICI introduced by th e Australia n sc iCIH tst Dcrcdc Palmer al 

Ihe 50'h annual interna tiona l SEG meeting In Nove mber 18, 1980, lIouston. The GRM IS a technique 

for dcllllcating undula ting refractors a t any depth from JIllinc SCl smic refrac ti on data conslstmg o f 

forward and Ic\crsc Iravel [ll11eS 

2 1 
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Fig 4." Diagram Sh Olllillg 'he forward lind rCI'erse shols 1II;,h lit e I'lIriahle distafl ce X )' 

• 

• 

The travcltim cs at two geophones, separa ted by a variab le d istance XY (Fig 4.4), arc used in refractor 

velocity ana lysis and time depth calcula ti ons. At the opt imum XY spac ing, the upward tra veling 

segments of th e ray to eac h gcophollc emerge from ncar the same po int on the refrac tor. Thi s rcsull s 

, III the re frac tor veloc ity anal ysis function bei ng the s imp les t and the time-depth bei ng the mOSI d c t;IIJ 

-, he GRM provides a means of recognizing and accommodating undetected layers prOV ided an 

• optimum XY va lue ca n be reeOI cred fro m the lr3\'C I-lnnc data. the reli ac tor veloc ity a na lysis, and or 

the tmlC dept h. The presellce of undet ected layers call be Iflfc rred "hen the observed optl lll um Xl' 

\Jlue diffe rs from the XY value ca lcul:lIed from the compu ted de pth sec tion rhe undet ec ted l a~e l s 

• ('an be accOllllllodated by uSJnJ; an alcragc ,clocl ty based on the Optlllluill XV value 1 Ills ;tVClagc 

\cloC IlY penll iis aCl.:ur;t tc depth calculations 11'l th commonl y encou ntered velOCi ty contrasts ( J) 

I Palmer 1980) 

j .. 
• 
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4.3.1 Optimu m XY valu e 

• TIle optimum XV va lue is obtai ned based a ll the veloc ity a nalysis function I ~ (Eqll 4.4) bei ng the 

sllloothest and the time depth function (Eqn 4.5) being the most detailed. 

f, :: velocity onalysisfilllction 

1,0': forward time from shol A (0 rhe geopho ll€ a{ Y 

fHX = Reverse lime/rom shot B 10 'he geopholle (/I X 

Eqn 4.4 

• 

The shot gcophonc poslI lons arc shown in figure 4.4 . "!lIe plot o f the velocity anal ysis curve verses 

o rrscl would be smooth beca use al the opt imum XV value, the sei smic wave refrac ts from nearly th e 

same poinl. 

'g = lillie depth fi llletioll 

I"" "" Apparent l'eloeilY delermilled jroll1llie l'e/ocifJ'fiIl1Clioll 

£qll 4 5 

• 

13) lime depth function . II can be defined as Ihe measure of depth 10 the refractor III UOIIS o(llm:; 
• 

J. I, 
11m funcllon IS convened as dcplh In HmlS of space USIllg cqun llon 4 6 

J .. 
• 
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£qll 4.6 

Where Z, gives us the layer number. Note that I. is measure of depth In unilS of lime and Z. is 

measure of depth in units of space. l ienee, 

Z, = I,. DCF 

DCF = depth conversioll f actor. 

The opti mum Xl' \'alli e we obtai ned usi ng the above two fu nctions is known 3 S the observed xv 

va lue. xv value is then ca lculated using the apparent velocity obtai ned from the velocit y fu nction 

lIsing the equation 4.7 

. - 1 

Xy = 2LZ" . lani,~ , £qll . 4. 7 

' 0 1 

"' he X Y "al lie \\' co bsen "c and c a1culalc s hould be t he s amc loa n a cccPlable I IIm1 If no\ the n II 

IInplll:s thai there IS a hidden layc! prescm 

It .\T " ,/, = Xl'"", (,\'0 II/liden/iller) 

If. \T w i, < . \T"b) (7//111 /111 el'j 
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Hence once a hidden layer is observed, then the average velocity is used to l1lap the IlIddcn layer. 11115 

• average velocity is defined in equat ion 4.8 below, 

v:: Average velocity 

_ [ v". XY ] : 
\/ = X Y + 21, V'. £qn 4.8 

and depth to the refractor is de fined in Equation 4.9, 

• 
Z,rl = Depth 10 the refractor 

Z 1 =k ,i =Sin(V) 
,~ cos; v' Eq" 4.9 

• 

• 

I 
I 

• 
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S. Data Acquis ilion 

• 

5.1 Borehole drillings 

Saba Engineering Pic. was given the C011 lr3c llo drill s ix scie ntifi c wells in Jul y 2002. 11\C ho les wc re 

drilled to be 10" in diameter and 50 1111 deep, though thi s co nfi gura tion was not kept at some drill 

s ites. The dri lling was conducted by the usc ofrolary n gs where all the well s were drill ed through the 

usc of DTH (Robinson. 1992) methods . At sites where morc than one hole was drilled, the dlSI:mcc 

• 
• was kept al a minimum of 45 mt so thalthc explosion from one wou ld not detonate the c harge in the 

other hole. Two holes were drilled at sites where Ihey were needed to produce a 11Igher energy from 

the detonati on. Drilling oCt he wells was fini shed by Janua ry 2003 

, 

1 
The holes drilled were far away from lukuls. COllages, bui ldlllgs, bridges, underground pipellllcs, 

cl eC lric l11::Jin s, clC . TIli s was 10 ensure Ihe sa fety of Ihe COTl1TllU THIICS and Ihelr II1fra structure, The 

location ofthc shot holes after optimizi ng safety and higher sIn ratiO IS shown III Table 5. 1 . 

• 

• 

1 
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II 

I 
ShOI point Name Eastin g Northing Zone Elev:ltion 

14 Chefc Donsa 51lJ 16.39 1992624.9 37N 2369.5 

15 Doni A 562852.55 942514.5 37N 1226 

25 Doni B 568062.56 943 140.5 37N 1236 

16 Kula 575890.59 886436.8 37N 2497.6 

17 Belc 6 13879.67 854243 37N 24 17.6 

18a Dela Scbro 667362.99 799874 . 1 37N 2 159.2 

18b Dela Scbro 667248.67 799777.6 37N 2 156.6 

Tnble 5.1 SIIo( points 1I';lh 'h ei r POSilio11 lIlItl el el'af;OI/ 

The d filli ng 0 ( I hese h oles was s uccessfu ll y fin ished except for srI 4, w here there was blockage 

inside Ih e ho le, which disallowed the full un loading orthe ex plosive . 

The drillin g log for SP 15,25, [6 , and 17 (Appendix 3) desc ribes the ph ys ical nature orlhe boreholes. 

The fu ll report 011 th e gco logical1og elm be obtained form th e drillin g co mpany Saba Eng lllccnng 

Pic., Addi s Ababa , Eth iopia 
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5.2 S hoot ing and Texan d eployment phase 

S.2. 1 Seismic sources 

Sources of sei smic energy come in a va riety of sizes and shapes. Anything lha l causes motion on th e 

ground could be defined as source of seismic energy. TIle type of seismic e nergy source used for tillS 

particul ar work is an explos ive . The pros and cons when using th is source were considered and arc 

desc ribed below. 

Advantages: . 

TIlese types 0 f 5 aurees impound I he h ighest a moun t 0 f 5 cismic energy, which arc a dlfec t 

function o Cthe type and size or lile explosives used . 

./ Th e energy tends 10 be of very high frequency 

./ These types of sou rces 3rc usua lly placed In sIde a borehole , w illch tends 10 reduce Th e 

generation of su rface waves 

./ Exp lo si\"c sources arc repealable. 

Di.wdI'{JII(ages: 

./ Sa fel)' 

./ Ob taining pem1lssion to usmg these sou rces IS difficult 

./ Data acquisit ion usmg this sources is much slowcl than uSlllg other sources. Thi s IS pnOlJnly 

because boreholes Illust be dnlled wlllm1 \\llIch C'p IOS1\'CS are to be placed 

Explos l\es tend to be npcns l\'e 10 acquire and ll1all1l311l 
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5.2.2 Shot deta ils 

The whole procedure of transporting the explosives, unloadlllg thelll at their respecti ve SlIes. shooling 

them and returni ng to Addis Ababa lasted from January 9 10 the 15th 2003. 111( shots wcrc conducted 

between January 11 and 13 (Table 5.3). "nle explosives and their accessories that were tra nsported to 

the site include; 

a) 8.4 ton power gel C+ (Fig 5.1), where the malll ex plosive is pac ked III 25 Kg boxes each 

conta in ing two [2.5 Kg packages of diamCicr 2 1 Omm and length 300m rn . 

b) Multi prime booslers, each 0.5 Kg to detonat e the po wer gel. 

c) Cordtcx (Fig 5.1) detonating or primacord , 10 connccllhc boOSlers . 

eI) Electric seismic detonators (Fig 5.3) to initiate the explos ives. 

r'g 5 I Power gel C+ Fig 5.2 Cort/lex JVires Fi;; 5.3 Seismic tletol/ m ors 

I he power ge l C+ (Fig j_J) npl(lSI\'CS were buned to 30 IllI of lhe surface (TaM.: 5_2) The boO~h:I" 

\\ ere POSlllOllCd at regul ar lIl !en a ls alo ng the l ength 0 f I he h o le "I he p nmacOlds \\ l're e onne..:ted 

aJ{l llg the who le Irll gth o f the ho le \\ hell: thell ends WCIC !Igh lly la ppcd logcthel III the <klNllllO r 
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The top paT1 o f the hole was stemmed ",ccordmg 10 the I!AGU' <;pecliic31Ton The specifica tion .... 3S 

two parts of 15mm angular cllIppmgs to one part of wei sand to provIde cont:lI.nUlcnt and to prevcOl 

blowou \. The holes were stemmed wl lh 3 Cu In o f s lemnllng nle s temmmg W3S nceded In paT' to 

a) COllta m the explosIon IIlIO Ihe ground so thaI there would 1101 be any darl1ages caused 10 

humans or properly. 

bJ If the explosion IS cOnlJmcd III the ground, II al so g ives hI gher energy. \\hlch IS dIrectly 

relat ed to more energetic shock waves. 

% Of a ctll:l! 
T:u':,;cl Actua l 

S hol Ge l to eel 
1:lrgcl 

Na me lo:ul cd int o 11 1111111'11 " 

po int be \Ieight 
the 

• load ed 10:l(lI'd 
boreho le. 

14 Chefe DOll sa 1000 375 37.50 ShOl1 loaded due \0 blod;)},c of hole 
~ 

15 Dom A 1000 50 500 Shorl loaded due \0 sa fcl Y I ca~on .. 
-~ 

6833 Shon loaded due 10 safe l) IC;ISOIl\ 25 Dom B 1500 1025 

f- - f-
I 

Ove r loaded from the exIra gel onl<l lllcd from 

the ~hon loaded ho lc!. due '" d,ITcrcnl 

• 16 Kill :! 1000 11110 11000 reasons 
~ - - O \C T loaded from the niT;'! gel (lhl,lIned from 

the shon loaded hnk .. dlll" h dlfkrcnl 

17 -illdC 2000 2~OO 125110 reasons 

- -- _. 
O\CI loaded limn the C\\la ~l'IIlII;llncd i;,11l1! 

the \hon \o;ldt'd h{lk~ dill,' I ddtc'l'll' 

• 
I~ IJdo !'-.l'>ro 20011 :!:!uo 11000 n:a~lIn ... 

-

Tahll' .L! .... IUJI tWIll" fIIltl ali/Oil/if of ell III ;':/' '(I{I(lI'tI 

• 
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The lime of biasl fo r eac h shol ( Fable 5.3) was precisely sCi on Ihe Shooll111; boxes, which had 

sa tellite (G PS/Lciccslcr, EI-Paso or USGS) timers where Ihey arc synchrOllJi'.cd With the reco rdlllg 

Texans. All the charges were detona ted ancr 12.00 mid night local tllnc, limes where SIN was 

considered to be high . 

Sho t pni llt Na me Shol da le ShOlli lll c G MT T im e/" 

14 Che fc Donsa J311-12·03 2 ];03:00 G PS/Lc lc~ 

15 DoniA Jan- 12-03 22:50:00 £1 Paso 

-25 DoniB J311 -12-03 21 :50:00 £1 Paso 

16 Kula Jan -13-03 21 : 10:00 USGS 
--

17 Bele J:n1- 12-03 2 1: 10:00 USGS 
--- -

18 Del0 Scbro Jail- I 1-03 2129.56 USGS 

Tflble S.3 Shot POill l, lime ill shot flllt! Tilllf'l" 

, I 
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Gcncr:J lI) the al!itudc orthe stud), area increases \'hen climbing Ihe eastem escarpment and 111l3tn5 a 

morc o r less constant value 0 ( 2500 III a.s. 1. on Ihe eastern pla teau WI/: 6 9) 

N W Section Doni (sp 25) ~ scre (sp 17) 
SE 

3000 r-----------~~--------__ ---------------
~ 2~ 1 
z 
o 
>= 2000 1----.:.-;,tI=-~---~-;; 
~ 1500 
w 

OFFSET (Kin) 

Fig 5. 5 Diagram silo will g the ~ecfif}// ojfhe li ll tl)' (IIWI 

S.2.~ acf T ('c 125-0 1 "Texan" 

Iht: 11;IIlle Texan (Fig 56) is gi\cn 10 a miniature ~CI"'nll~ Iccordcr. \\hl/.:h " rrodw.cd from a ,11111 

proicl.:t :llnong the '"Ic\as Uni\ersi tics seismic In<,'/umcntallnn allIance (\\hlch In(ludc~ the 

I illl\l"'IIIC'" of TC\:ls aT II Pa so. RH.:C UnI\crslI) and [he l'nl\'cr"lt~ n( IC\;t ~ at l)all;J \) lilt' I C\ III' 
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I I 
II. 

Fig 5.6 Rerlce Text/ II 

The par1rcular model used in Ih lS project IS the Ref·ol e!.: 125-01 ""' cxan" "Illesc LIlSlnlnlc n[ \ h;I"c 

been slirp il cd by the Um\'crs1\ ~ ofCopcnhagcn and IR I. I PA SS AI . UllI vcrsll Y of Icxas 31 ,·1 

Paso 

5.2.3 J Feafures of lite Texan 

r hc~c Ins trulll ent s could be used for 

a) Active source crustal ~;tudle~ Re fraction 

h) /\C II\'C sou rce crustal studl l" Reflectloll 

;1) /'(mercd h om 1\\0 'J)' cell !'."'l'ItI:S 

hl (;I'S synclll oll l/Juon 



c) Recordi ngs arc made based on pre SC1 110iC wmdows 31 a I'~UC of 100 samples per 'OCCond (S I)S) 

d) Timing accuracies for the rccordmg penod must be Wllilln i/_ 5 mstc relatIve 10 Ihe shot lime 

• c) 32M B data Storage capacIt y expandable 1064MB. 

5.2.3.2 Ills/rumelll operation 

Texans fea ture a low noise diITercl1lial IIlput amplifier, 24 · bll ana logue 10 digita l convc l,cr fhe 

tmnsi! case has many functions In addit ion 10 COll t311llllg, stonng and Iranspo l1 mg the geophones IlllS 

IranSIi case includes in tercoll llectlon cables (12 5 bus), \dllch helps 10 easd y connect to the c.\lemal 

co ntrol dev ice also known as the Bndge . 

• 
Functions o rtbe bridge include 

;,) Transmit da ta between the 125 bus and the 'Je p/IP I,themet bus, which cnablc!I the U <; CI 

1Illcrfacc program (UIP) 10 run on Cllhcr a wllldows or lJmx work Slallon 

b) Rou tes the IliA GPS rcccI\ crlciod signals to each J e"an for synclll onL/ lll!! IIlICIIl.lI III11C tn 

UTe. 

c) Suppll cs power to thc ·' c\ am fOI selll)} and d:lIa letncvaJ 

Aller :.ct up. thc Texans arc dcplo~ cd for rccordlllg. }\ state 1 H) displ ays Ihe opc.: r.1I101l (Undlllll ll o f 

Ihe 1 cxan Grcenl iglH lIlolcallng Ihal 

• 
a) B:lI lcry voltage IS su ffic lcnt 

h) I\ cqlll srllon proglam 10adcJ 

• 
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5.2.4 Reeo ,"di ng in srrlllJ)cn lS d ep loyment phase 

S ince the opcrtHiol1 o f these Texans IS dependent on the alkaline b;lltcncs. Ihey werc progrillllll1cd to 

operate to the maximum time ava dable. They were programmed for a one-hou r .... lOdow for (ach shol 

and then 10 SlOp. The way they were program med was to stan recordmg Within the Window \\ here 

when the shots were fired . All the Texans had the same mforrna llon on when to sian and to SIOP_ 

Their illlcmal clock was synchron ized 10 a clock that generates III1Ullg pulses usmc GPS slgnnls 

At all In stant , any amount of Texa ns could be programmed by 311 3Chlllg Ihelll together Ihwu!!h the 

bridge and when the programmmg is dOlle, Ihey 3rc made 10 SWi tc h to the ir mternal b:IIICncs and 

rcady 10 be deployed. They :lrc designed to be a stngle channel l eeOlder \qlh a 4 5 II I I~corhone 

atlached 10 I hem " T hei r battery lIfe lasted fo r e 19l1l days \v here they w erc J eploycd for I wu J ny'), 

recorded for four days and finall y recovered wl th rn two days before thell ba nery Irfe IS dead 

lire deployment was done bel ween January 10& II , 111 Ihe year 200) \\1Ien deploYHllt t he~c I ("\In<,, 

the follo\\ lng packa ge \\ Cll l as a bundle, 

./ Road Logs + c01l1 3mil1£ dlrccll ollS, d istances and contact detail s lor each ~ rt c 

../ Maps + 1"250K and I :50K maps WIth SItes and rout es marked 

./ Rd cvam PCmll $Slon Letters for the deploymen! regIon 

./ (i i'S \\Jlh dcplo~lllen l srtes \\ay marked \\here lIeeded 

./ IJl$trumen1 Dcplo~1llen[ and Reco\'ery sheclS 

./ J l!l ler C\pl:JlI1 l11 g lhe pJ O)CC1 111 Amham:, OroJ111fa and j' nglr!".h t(1 111.' hUllcd 

\\ 11h Iht' ll'\nn and h;Hldeu 10 any locals 



DUring dcp/oymcnI, it was donein ... mann ' II • 
• , CI la ll llcyc ould be easllY l cco\,clcdandycl l hesl lc 

should be olle with rnimlllum noise and maXlIl'Un, ,ecunly 
Almost all of the I titans were deployed 

• along Side the offroad. nils was deemed app,opn ' l, ' I 
lor casy relneva 

They were buried in approxi mately 0 [S I d I • 
• OJ Cpt IS WII/I the geophonc bcm g Inscn cd m iD the ground 

wllh a maxi mum vel1 icat alignmcni (FIg 5. 7) 

• 

Fig 5.7 TI!WIII buried ills;l/e fhe gro /ll/(/ 

!'aSl111g, No rthi ng and CI C\ 3IJOn data was III ken for cach gcophonc (Appelldn I). In addition 10 1111 <;, 

lhe 51:1 11011 number, the UI11 I senal number, cOlll me nt S, ' ' 'lle h help m the ca ... ~ le[lle\ :11 III these 

IIlstrurncllts, were noted all a sheet These Texans \\cre deployed III an appro\lIlla l(" d"lanu: of nne 

kdonll'ICI a nd deploymen t Ju mped al si tes where the GUlaip 6, I J) (Sec .~ ~') SCI'lIInnl(:h:I' \\t' l t' 

rle~elll 1·0 1 detai led Tc.\3 n·shot, Tcx3 1l -Te,\ an dl'ilance (. .j{J{JI'lId/\ 1) 
• 

"\( Iht (onduSI(lJ] Ofl hc njlc lllllcll!. the lC\1lI15 ale relumed 10 Ihl' <;CIUp 1011..1111\ 1\"111"\l'tI,m,j Ihc 

,Li!;1 do\\nlnadcd 10 the \\ork~IJtlon lor proccsslI1g the earl\ (c rnl'\;) 1 pha"..: oll/]l""" III ''1Ulllll!\ 1;1~ 

PI" \ llIu a I IInp0!1;IW':C Thi S I'" hCC:lU~e. 1 hell baucr)" had II fClIIllC I,f l'!l!llI JJ\ .\ :tel ht'rr • <;\11l h( J 10 

1 

• 
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a GPS clock, these Texa ns keep track of lime uSing Ihelr In lemal ba nen 

registered wi th time, it is flot the actual time that IS registered rather rel:Hlve 

1l1Qul!h the data IS 

I\f!cr be ing retrieved , th e Texans arc Switched 10 an external power and Ihe raw SlCi . Y da ta IS 

backed up and later uploaded 10 a server. When being SWItched to the external bautnes. " IS 

lI11po l1anl that the internal batteries are runnmg. If nOI then there would no t be the SlOp mfonnallon 

and the data from the laSI shot would be useless for that pa rtlclI Jnr Texan 

, 

• 
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6. Da ta procc~si ll g 

The data processing includes 

Picking of first arrival s. 0) 

b) Converting these fi rst arrivals values from their reduced BITIVII1 11ll1C 10 theIr aClUalamval 

lime. 

c) Feeding the aniva l times, to the ,"veIling software IIlclud1llg mfonnat ton on o ffsct 

distances and eleva tions . 

eI) Assigning layers on the travel time cunes 

c) In ve rsion of the assigned layers to produce Ihe gCOSCISI1l1 C model 

(., 1 ncduccd :IITi " a l tim es 

I he r;1\\ d,ll:l was reduced by assum ing average crustal \'e loc lt y of 6000 m 's I he dl ~lan(C (I I each 

gco phonc fl0!l11hc shot was known; hence the IrJCCS welc reduced 111 (lIl1e \\ 11h the b;ISlI: fnnn ula 

\ 

X 
/ ' 

d/\/(II/( '(' of (he geoplJol/e 10 fhe shOI 

CJ 1/\1111 I ('/OIU)' "" 6000 III/.\ 

(/ If I, (j I) 

11m. Il'dul'(IOll \\a s lI11pCra ll\ 'C bC': ':lUSC 1hc sca le of 1he C\PCIIIl1CIl1 \\ .. 1'; 'I."r. hu· 1." and ' .lU cml'l I-

\ It \\ all Ihl' ~CI$ll1l e uaecs \\ ould be ludICrous (01 Ica\on ~ HI ~.1k I I ~ rc {J , " II I I.: l" 

,. , 
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arrival limes for each geophonc rrom each shol. 'n lc picked reduced firs1 amval [nne of each 

gcophonc lie within the window oro - 2 sec (Fig 6 / 66. AppendIX 4). 

'" E 
i= 

S h o t 1 4 

Fig 6. 1 Traces /1'0111 ~ h or J 4 
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Fig 6.3 Trllces / rolll shol 15 



o S h 0 11 G 

• 

1 1 :20 1 ;)0 

Trace Numbe r 

Fig 6.4 Trtlcesfrolll sho' 16 

S h o t 1 7 

• 

Pi;: 6.5 Traces from lJwt 17 

• 



o 

• 

• , , 
T r ace NU O"lbc r 

Fig 6.6 Traces/roUl !j hol /8 

6.2 Pickin g of Ihe firsl nrri va ls 

"' he fi rst :l ITi val s arc the rerracted CnJslal p - W3VCS (Sec 4 2) They \\ ere pIcked II Cla ll\ ch 1(1 !lKIC.I'~ 
• 

precision. Fi gures 6.7 &. 6.8 show recorded signal s with varylllg degree of SIN rallO 
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6.2. 1 Raw traces 

With the understanding that first arri val time increases with offset some of the lelroue am val s (FIg , 

6.1 10 6.6) do not fo llow th is principle. 11le scientific rational IS mostly controlled by the d lffen:nce In 

alt itudes between adjacent geophones. Though difference In allltude which IS also known as SlaIlCS, 

controls the arri val ti mes at each gcophoTle, other factors mclude offset di stance betwee n geophone 

pa irs and the veloci ty contrast between the layers (£qn 6 1) 

• 

A D 

I X I u 

, . .. 

1\ ~ h1 
I v1 " v1 1\ 

t <l> 
h2 

I • 

/ 
L 0 E B 

v2 v2 
• 

. I ' " eonhol1(!s p laced (If Ilif/e,.('1I1 ('/(' I'IIIIOIIS Fig 6.9 Dwgt"tJIII S IOl1'/I1g ¢ r 

J 
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¢ Cnl/cal (Ing le of incidence 

hi. II ., = he ightjroll/ the s/(rfi,lce fo rhe ref ractor 

\', & 1': = seismic velocilies oj/aller J & 2 I 
J respectn e) 

, d,stollce f rom shot 10 j JI geophonc 

" dlS/ance between conseclllil'C pair of geophones 

1/ lillie rake" fo r ' he seismic wave to (ra ve/ froll/ lhe ShOl lO Ihe /1' geophone 

' .' (1I1It! rakel1 for Ihe seismic wove fo Ir{/l 'el from ,he slrm (0 III r- geoplu}//(' 

/ 11 differ ence iii l ime between cOllSeCUfil'e patr 0/ geophones 

1 
t-,r = - [(112 - hl) cos¢ + usin ¢ 1 

,'I 

Where 

111 i.\' 'he difference in firsl arril'al limes belWecn olljacenl geophones 

Lit < 0 iff. {II 2 < h, and iJh CoS¢ >u Sin;} 

£qn 61 

PIcking o f the fi rst arrivals was graphical and the software Idenllfies the SCls mlC trace) 10 be space-

Illlle referenced. Actual picking of the reduced fi rs t am va Is was executed by screen dlglllllng the ra .... 

traces (Appendix 5). 

This data was laler converted to an exce l fonnat 10 IIlcrease manlpu13110n The major \Iep" thai .... ere 

done here arc; 

1 ) Conversion of the *,Ixt to · ,xls fom131. 

46 
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2) Convert ing the rational trace numbers as rccogmzcd by the picking software 10 mlcl!nllTlcc 

numbers (Appendix 5). 

3) Ass igning true offset va lue from each shot to each trace 

4) Convert ing the picked reduced first amval limes 10 thelT 3ctual amvallnne$ uSing equal Ion 

6. 1 (Appendix 6). 

6.2 .2 S hOI 10 geophonc configunltioll 

The software Gremi x has a cCr1ain configur:lIion which II would a!tlun liS shol-geophone 

nomencla ture (Fig 6.10). It rccogni7..es the far end shots ( & D), end shots (A & 13) and centel ShOI 

(E) based on Ihe offset data we feed it. 

G I!OP I-I O N S 

______________ ~A" ___ _"-O_~, ______ __",, 

- - , , 

Fig. 6. 10 Sk(!(clt showillg ,lie II Qmt!II c/(lf lire of GREM IX 

\Vh cll a reference posi tion wilh a va lue of zero IS given, the m"Cr1l1lg sofi\\ue "CJlcmOt" 

. I 10 ,I,e geophones a ll the nght of this rcl:lI1\c f"'I'~111()n and <llltonl<l!l ci'l1!y assigns positl\'c va ues 

ncgall\ 'C v:.llues to the ten (Fig 6 J I). 51' 14 I ,e the fal end shol deSignated by the lenel "( \\3'\ 

I d hence there are no negau ... e \ atue!O Ihal IM\e ~en aSSign cd to be Ihe reference pomt 111 IllS stu y • 

IccogT11 7ed as offsets (Append,.,. 6) 

, 

• 



REFERENCE POSITION 

LEFT [NEGATr\lE VALUES) 
fUGHl (POSITIVE VA LUU] 

REFERENCE POSITION 

• 

SP1 4 $P25 

I T 
SP 16 

T 
SP 17 

T 
SP l' 

T 

Fig 6. J I Sketch showing Ille re/erellce posifion for 'h e ;1I/111( 

The P~\Vave fi st arriva l lime and offset values ofGeophonc 110. 72 76 wel'c taken With rcspccl lo SI' 

15 and thai o f geophonc no. 77 - 158 were gi \'cn values with rcspccl lo SP 25 (App<'nthx 6). ThiS was 

pcrfOllll cd to increase the precession of the reciproca l IlIllC (Flg 6 I}) 

• 

• 
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• 

- 3. 642 SP 25 

S P 15 

c 

G #7 1 
8 .258 

9 .208 
G #72 

G #77 

G #76 

Fig 6. J 2 Sketch show;lIg ' he placemcllI of S /' 15 '"U/ S P1S wi,It re:,."cct 10 '!fIeit Otlll'" 

6.2.3 Data inversion 

After feeding the data into the proccsslIlg sonwarc Grcnlll(, whIch IS an Interpret3tlon sofh' dfC. 

incorporati ng the methods or lhe GRM (Sec 4.3), II automatically pcrfonns SIaliC corrccllom ll.l .. cd on 

the eleva ti on param eters of eac h gcophollc (FIg 6 J 3) . 

.., 

• 
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Fig 6. /3 SI(flic correc/e(1 flrril'flltimes 

6.2.4 T echniq ues o f iden ti fy ing vc loc ily cha nges 

DirrcrcnI tec hniq ues were used \\hen Il) ing 10 identif) the veloc ity changes \\llh dcr1h 113"call ) 

these tec hni ques were narnct~ : 

• 

:I) Veloc ity Gradien t Dirrl:f!.: IlCC A llal ~ s i s ( I'GDA) 

hi Mirror image anal>sis ( \/1.-1) 

.. 
• 
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6.2.4. / Velocity Gradient DifJerellce Analysis (VGDA) 

Unless th e geo logy beneath changes very abruptly within Ihe prctexi IhalII causes a slgnlficllll amva l 

veloc ity c hanges, the velocity gradient between two adjacent geophones 'hould be the same or morc 

or less the same. (Eqn 6.3) 

V. ::: Apparent seismic velocity recorded between adjacem geophones 

X. - -'"n.1 "'" Offset distance between adjacem geophones 

I . - ( •• 1 ;" Time of arrival recorded between adjaeem geophones 

veDA z: Llv "" Change in velocil), analyzed 

1/ :: Geopholle /lumber 

v. = XII - X".I 

n an I ea case ul' S I 
·d I ' hould g'·vc us a va lue ofzcro whClll hcrc IS no change 111 ve/ocHyor.I should give 

us a value different from zero whell Ihere IS a c g . han c in velOCi ty between adjacent geophones Willi 

, laled for each geophone frol11 each shot tillS aSSUmption, VGDA (Fig 6.14) was ca cu 

a .:~ ~... • ..... ~~.u ................... ... 
;.:; • ............ . .... \ll 'lt <O~Na>q)ION.., 
~ N ~ ~ ~ 0 ~ - q) _ ~ _ ~ N q) ~ 0 w 2 ~ 0 - _ ~ - ~ <0 - ~ ~ ~ 'It V ~ ~ 10 ~ v ..... OO ... 'OO --- N _ ..... _____ _ Mu:i oiM<DM~ __ __ _ _ 

,... r-- ,... 00 00 ~ ~ orr"1 

Fi" 6 /4 VGf)A frolll S P Z5 . . 
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Loo king a t figure 6 . 14, it shows a clean agreement with the assumption abo\ e I fence the only pomlS 

deviating from the zero VeDA wou ld be an indication of a change In seismic velocity 

6.2.4.2 Mirror image analysis 

In thi s method the assumption basically lied on the precondition that refraclors do not dip 

s ignificantly, otherwise the intcrceptl ime will vary Signifi cant ly nle seismic waves cOllu ng from the 

same refractor would ma nifest themselves by being al igned on the t faveil ime C uJ"\Ie ThiS I Inc I S 

referred to as the paralle lism line (Fig 6. J 5). 

MIRROR LINE 

I 
30 

r 1 30 
~-." I .... -.' 

" " y 

~ ; 
'0 '0 . ' , 

'0 U • • 
" !!! "' ." . 

• w w 
~ '" ..... r, 10 ;: >- 10 , 

." PA RA LLEUSM 
, 1I E , 

0 " "' " 
0 

59 .1 88 .7 118 103 133 73 .9 148 16 3 177 

OFFSET (Km l 

Fig 6.15 Sketch sholl'illg the paralle/i<;l/l of the X l' ClIrl'e 
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Layer assignments were carried out iteratively using the t eehmquC5 d ISCU ~ earlier. which were: 

assisting as controls for the procedure (Fig 6.16). Reciprocal tllnes were cheeked before the In"(BIOn 

process was ca rried OUI. 

The inversion process was carried out using Gremix. OptImum XV values " cre determmed ror each 

velocity ana lysis and time depth function. The lime depth was later convened Into DelUll depth With 

the assignmen t of the true velocity to each layer. 

The layer assignment shown in Figure 6.16 were 

./ 111rec refractors each for SP 25 & SP 17, indicating the presence of four layers 

./ One refractor each for 51' 14 & SP 18, mdlcating the ]>rescncc of IWO layers Thcsc layers 

would be three and four for Ihe shots were beyond Ihe end shots 

./ Two refractors were identified for SP · 16 011 either side of the travel 1101c curve, mdlc311ng 

three layers. 
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Fig 6./6 Arsigl1t!l/ ("';1'(11 CUrI!er 

The s(' ismic model of the eastern plateau using the RM me thod of inversIon "as then fin<llly 

produced. The output from the inversion software indicates four layers to a max depth of 10 km 

• 



• 

• 

• 

7. ltucrprcl:Hioll 

7.1 Geo ph ysical interpretation 

After inverti ng the data, the geoscismic model had four layers of different lC0U511C propeny The: 

se ismic velocity distri bution of the layers shows lillie or no I:llcral vanatlons 10 Ihe upp<:r ''1\10 

layers. But the third layer exhibits an increase in vclocuy gOlO8 from the nonh\\, tst 10 Ihc 

sou theast di rection (Fig.7.J). 

The upper most layer with a velocity of 2,700 m/s has a more or less COnstant thIckness III the 

studied area. It generally follows the surface topography and dips northwest 1010 the MaIO 

Ethiopi an rift The lower layers with velocities of 3.900 mIs, 5,800 mls lind 6.259 mfs \how 

undulating refractor surfaces due probably to tectonic forces actll18 on the reSlon (FIg 7, I). 
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7.2 Gcologica l int erpreta tion 

The geo logy orthe study area (Chapfer 2) IS charactenzed b h 
Y t e eOOUlIC era on lop ""here II IS 

divided into primarily the Miocene volcaics underlalll by Oligocene pre nO r100d \ 'olc&f\lCS The 

seismic velocities of lhis fonnalion vary from low (1000 m/s) to high (6500 mls) 

This era is underlain by the Mesozoic sedimcnlS, which are of conSldcrlblc Ilucknru "",here lhe 

major lithologies In this period arc limestone & Sand Sl0nc. The P' \,':3\,( velOCities In rocks or lhl!, 

peri od vary from low (1500 m/s) to high (6000mls). 

Beneath al l the format ions lies the basement complex 0 11 which all known rod, t)'pCS rCSI The\ 

arc fonned under high pressure and temperature givlllg them a hIgher dcnsJly as cornp,ued 10 the 

other roc k types. The P - wave velocities in this com plex vary from low (3000 m/s) 10 hIgh (7000 

rn/s), (Appendix 7). 

Knowi ng the geological settmg of Ihe stud}' area coupled WIth the detenlllncd \4:1 mle \clocl tle' 

(Appendix 7). the geologIcal sectIon interpreted IS shown III the fi gure 7. 2 . 
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The flTSI layer 10 a d epth of around 13 20 k 
. - . m IScompnsed oflhe MI()Ccne volanw:und lhe 

Oligocene pre-rift flood volcanics underlam by the Meso'. d 
...... IC se IIIlCnlS 1be Stntlgr.arhy (or Ihl' 

layer follows like wise but at the extreme Southeast end flh fil fi 
o e pro I e, ,,"c md MesozoIC oulaoPi 

The second layer therefore is the basemen! complex as ded d fi ph I d I I 
uee rom geo )'IIC.J an 8e<) OJICII 

eVi dences. This layer has an average thickness 0(2.2 km wnh an average vclocily of 3.900 mls With 

regard \0 (he basement complex; the re latively low velocity recorded from tlus layer could mosl likely 

represent low-grade metamorphosed roc ks mainly composed of meta Sedlll1Cllts and or volcamcs 

The ttmd layer has been recognized to be the crystalline basement complex. nus high velocity could 

be aunbuted 10 the high-grade metamorphic rocks such as gneiSS. The deplh to thc t p of Ihls laycr 

vancs from 3.3 Km to 5.3 Km from the surfacc. This layer has a th ickness Maboul 2 2 ) 2 Km~ A 

horsl like fea ture has been developed in Ihls layer where II has been hi ghly affected by the A.sse la ,SlIe 

border fa ult on its northwestern flank. TIle celller of Ihe horst hke fealUlc IS only SO km from Ihe 

easlem margi n of the Main Et hiopian Rill. ThiS horst like structure has no an mal us P W.\C 

\ cloclI~ from its environs and is an indicallon thai It belongs 10 Ihe same layer, 

The fo unh layer shows typical crustal vclocilles of more than 6,200 m/s. 1'IHs layer stans al 111 

apprOXI:na le depth 0 f 6.6 Km from I hc surface. Though Ihls layer III ost likely reprcscnlS rocks 0 r 

mJfic u:!ramafic nature, there is no concrele eVldcnce (Fig 7.1) 

- ,· ntcrpretat,·ons a~cc wd l wllh the earher work! (Gebrt:lohontJ Jfu/:trc:r: i he ab~ Ie geologica l e' 

& II' K Jfnrl , 1999. lIoMI!8abrtd et nl 199'1 \' :9S'; f:':mhlW1 Gobello el aI., /997. T Chernel 

3')(,;/el t!1 al. :999. KKer(lIIell t'l al.1004) 

• 

• 

• 



• 

• 
• 

8. Conclusions :lIId Hcconllllcndation 

8. 1 Concl us ions 

From the resu lts obtained in this study the followil'! ' 0", 1 S be U Ions can made 

Cabc1css record ing Texans have been found very CffCCli\'c in caoying out seismic expenments orlh" 

scale. 

The technique that was used to detcnnine the break points dUTmg layer aSSignments hu produ~ed 

vcry good resulls. 

Though the data quali ty is very high with vcry good energy propagation across the elltlTe length orlhe 

profile, the uneven explosive distribution InSIde the boreholes has caused a slight problem In adJmll ng 

amplitude ga m when perfomling data proccss1I1g. 

The study lIldlCalCs the presence of fo ur layers benea th the castem plateau down to a maxmwlII depth 

of 10 kl1omclCTs. These layers from top [0 boUom have average velocilies 0 ( 2.700 mls. 3.900 nt'S. 

5,800 m's and 6,300 m/s at depth of2.0 km, 5.0 km, and 7.0 km. 

By correlation \\'l1h the known geology and usmg detemmllstlC P· ..... ave \dOCllles, I~.e fir<;t 1,II\er 

d r the Mesololc sequences The seco:-d and Ito rd compnses the CenozoIc \'olcamcs and se unenlS 0 

d I I d lIelalllorpluc roch The fourth .HOCI <;h( 
layer on the other ha nd IS Ihe 10\\ grade an 11£ I-gra e I 

typical cru"1<l1 \e!OCl lles h'Teater than 6.200-I11'S ThiS layer could rnost h~ely N IOterpre td,1\ to 

comprised of tile mafic - ultra mafi c roc ks . 

• 

• 
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All the layers dip in the northwest direction wi h 
He could most I k I be 

ley annb\lIc:d 10 the AsK:LI.~lfC' 
border fault located on the eastern margin of the: M • 

am EthIOpian nft This $arne border fau l1l) 1M 

most probable reason for the formation of the hars\ I l;-
I C structure: found In the third layer lfo_C\"cr, 

the fonnation of this structure could also be altnbulcd 
10 compresslonalteclonu: (orces acuna.Jonp: 

the profile. 

The center of the hors! like structure is located in a local I k II 
• I Y no ..... n as :unda DlkslS The: depth 10 the 

lOp orlhis horsi is 3.3 Km from the surface. The maximum thickness IS 3.7 Km and IS loc::aled 13 km 

northwest from shO! 16, Kula. 

8.2 Reco mm endatio ns 

Geophysical study based on refraction seismic methods 10 [he study area IS the filst of liS kmd lien" 

this work IS just a beginnlllg for further detailed studIes; therefore further refinements to this " or ~ c.an 

be made . I3ased on the oul come OflhlS study, J suggest the fol1ov.mg reeommendallons 

I) To differentiate between the different flows of volcanIC umts and lsolale the Quaternary 

sedimen ts. as well as to map the structural features. fine r sampling of wIne field IS needed 

2) Gravity surveying shou ld be earned out to constrain SCISIllIC inverSion re.sults 

3) Ampl itude swdies of the firsl arrivals should also be undertaken to understand the altenlitatmR 

behavior of the rocks . 

4) Renecllon seismic methods be employed w dlrreren\lalc bct\~een CenozoIc "oleamcs .and the 

MesozoIC sedllllents and 10 Ident ify deep scaled structures_ 

• 

• 
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A PPENDIX } - GEOPlJONE STA TION, 1.0CA TION I I D AtTi TUDL 

• !Zo'" 
; ". 

11250 P300 17N 

!1251 II 12 9lli18.1 37N 
• 

1253 339 ~ 37N 

1254 361 566s2iT 37N 

1255 ,.,420.9 l7N 

256 1637 ,.7628.4 193 1231.7 m 

1257 1752 " 
259 11868 1929371.7 17N 

• 260 11938 570466.5 17N 

11261 p976 ,,,"v._ J7i; 

1263 12 11 0 "'".. , 17N 

1
1264 12093 74362.8 37N 

1265 109 574071.7 6 l7N 

'1267 229i ,.049.1 37N 

268 12451 ,,922.J iTi8T 17N 

• 1
1269 2529 . " 921 191.4 37N 

~ 17N [i2iT 12 570 ,"VN • 
1 

rmz ,2579 wn. 37N 

i27J 12 576 57 1611.4 ~175 11 7 J7N 

;7349' 3 ~15973 8 17N Ims ':609 

S il7" '" '" v ~15932 rm 
1
2633 

2 117'1 
[W7 12613 15 750429 

-



1279 2653 575905.0 1)294 4 37N 

1280 2693 576021.8 9123122 37N 

1282 2704 576799.3 106<;12 37N 

1283 2686 576512.2 ~957 37N 

1284 2686 57608 1.6 908722.2 37N 
• 

1286 12682 577055.7 906860.0 37N 

1287 2672 577511.8 rx>5923 .7 37N 

1288 2663 577974.6 905028.2 37N 

1289 2659 578461.4 9041 79.0 37N 

1291 2666 578376.3 r<>29266 37N 

1292 2655 577933.9 902039.5 37N 
• 

1293 2637 577 174.4 90112 7.3 37N 
• 

1294 2635 77639.9 900235.8 37N 

1295 2626 578112.5 899346.2 37N 

1297 2587 577593.8 897561.5 37N 

1298 2622 576431.6 897l1 1.4 37N 

1300 2605 576204.0 895909.1 37 

1302 2595 575675.8 893522.4 37N 

1303 2588 575681 5 892475 4 37N 

1304 2570 575432.0 8915083 37-

1305 2568 5757469 8904360 37N 

-
1307 2542 5761 625 8887388 37N 

1308 53 l 5758630 18877762 J7N 

1~O9 2506 5757825 886783.5 37N 

1:- 11 2507 i 575 -l768 885020 I 37N 

• 



1312 2503 575535.8 8841 32.9 37N 

1313 2491 57561 1.8 882974.4 17N 

1314 2476 575836.2 88 1986.3 37N 

1316 2477 577060.1 88 1968.4 37N 
• 1317 2483 577955.2 88 1926.5 37N 

1318 2488 578911 .7 88 196 1.3 37N 

13 23 2463 582461 .5 877702 .2 J7N 

1325 2468 583506.5 876193.2 37N 

Ii ' 1326 2486 584195.3 875266.8 37N 

Ii (' 
1327 2470 584863.2 874510.3 17N 

1328 2469 585634.1 873782.2 37N 

1330 2450 5870 17.6 872330.0 37N 
• 

13)1 24)6 587570.0 871480.4 37N 

1))2 2441 588282.9 870837.0 37N 

iJ34 2496 589513.8 869422.1 37N 

1m 2499 590)46.8 86885 7.6 37N 

iJ36 249) 591144.2 868348.0 )7N 

1))8 2480 592668.7 867067.4 37N 

1))9 2476 59)478.) ~66558 .8 37N 

1)41 2492 595345.5 865266.) ) 7N 

I~ J 2 2466 596181.5 86'6976 37N 

1343 2461 596969.1 863896 I J7N 

- IJ1N 
1345 24;8 598086.0 86~034 6 

2480 599891.7 861 076 4 37 N 
13·n 

2481 601357.5 860255 :l 37N 
13..!9 

--
, 

.. 
• 



1350 2476 602332.5 859974. 1 J7N 

1352 2457 60425 1.6 859656.3 37N 

1353 2464 ~5236.3 859180.8 37N 

1354 2446 ~5983.3 858462.1 37N 
• 

1355 2435 606684.9 857719.0 37N 

1357 2443 608224.8 856236.2 37N 

1358 2443 rw401.3 855 161.8 J7N 

1361 2470 611 928.7 853697.6 37N 

1362 2442 613326.2 854101.3 37N 

1363 2427 14429.7 854307.9 37N 

1364 2466 61 5366.9 854297. 1 37N 

1365 2468 61 6621.3 854204.9 J7N 

1367 2484 18418.3 853052.2 37N 

1368 2476 619440.9 852424.2 37N 

1369 2479 620083.2 85 1850.9 37N 

.. 
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APPENDIX 2 - OFFSET OF EAC 
If GEOPJ/ONE FROM £A 1/ SI/OT 

Offset Orrset o rrs~ 1 OrrStI orrw. 
from SP from SI' from SI' fro m SI' 

Stat ion from r 1 run· 1 tun 

• Offset from SP 14 IS 25 16 17 18 db •• net 

(Km) (Km) (Kill ) (Km) (Km) (K III) ( Km) 
- S HOT , 

I SHOT 

1250 73 .472 3.642 153.973 
-

98 .~3 173.727 0815 

1251 i74.307 14.53 -
53.075 97774 172 6 0%3 

1253 75.27 5.525 52.073 6.763 171 69 0816 
, --

51127 1254 76.106 6.373 
-

5.897 171014 0919 
- -

1255 i77.025 7.292 50.319 94.9l3 170.08 1.7.6 

- 9lli 1256 i78.8 11 9.208 48.746 16829 I Ol2 , 
1 

j /47.89 192.177 1257 179.863 9.785 167 256 1 105 
I 

- t·968 

, 
1259 I 10.664 146.854 91058 16614 108 

-- , • 
1260 82 048 

, / 1922 45.57 89 .8~ 165007 1001 
, , 
" 112.4 87 /261 ,83.049 44 .864 88.93' 164 03 1 2026 

I ---
1263 85.075 I' 3.925 ' J.J4l 87.011 162039 0924 

L , --
1264 '85.999 42.409 86044 161 092 0959 , 14.868 

I - - 41.777 185.159 160 159 220l 
1265 86.958 115.55 1 

• -
1
17

.
249 40.362 J 831 3 158019 0909 

1267 89.161 
-

1268 90.07 17.791 40.13 241 8 157 192 0466 

_. -. ,Ci6MJ ItlS1 - -- 39251 81 715 
1269 90 536 18.533 

- 20 7 36 968 7979') I c;.t s \J 0·'" 
12 71 92 223 

- -- . 2!.7iS )5823 78.862 lSl %' 1 (l()1 
127 2 93 016 
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II 

,I 

.. 

1273 

1275 

1276 

1277 

1279 

1280 

1282 

1283 

1284 

1286 

1287 

1288 

1289 

1291 

1292 

1293 

1294 

1295 

1297 

-
1298 

1300 

1302 

-
1303 

1304 

1305 

94.019 I 
94.695 , , 

i 
94.887 , 

95.175 , 

97.549 ! , 
98. 189 

, , 
I 

99.279 I 
; 

101. 145 • 

101.994 

103.773 

104.366 

104.879 

106.96201 

107.98501 

108.98201 

-
109.95501 

11 0.9 1501 

11 1.37901 
. 

111.681 01 

---- - .-
;112.68401 , 
~-- . - .-
1113.681 01 
1 ____ -
1114 .86201 

J ___ . - .-
i114.50501 

._-- .--
' 11 5.47501 

-
.\ 17. 19801 

-
22.837 34.808 77.811 152 %2 ~676 

24.406 32.967 76.818 1522lJ i::-192 

25.039 32.263 76.517 152 01' 288 

25.893 31.376 76.124 151.74\ 2.374 

27.726 29.64' 73.8 ~ 149 357 
• 

• 
27.975 29.543 73.23' 148.7 11 1.09 

9.026 28.578 72. 135 11'7.621 1.866 
-

30.883 26.871 70.2'1 145 759 0.849 

31.865 25.889 69.349 144 917- 1 779 

" 33.66 2'.256 7.542 143 \4 7 ,0 93 • 
... 

34.523 23.28 66.895 1'2581 ,0.5 1l 

35.366 22.297 66.338 142.11 3 ,2,08301 

1 
37.408 20.469 64.2' 6 1'0053 1023 

. 

38.428 19.567 63.2 18 139 045 997 

39.411 18.723 62.218 138061 :0 973 

0.358 17.943 61.242 137,098 '0 96 

~ 

41.547 16.692 60.276 136203 0 464 

42.303 115.75 59.823 135821 0302 

14.756 59.566 135646 1003 
43.022 
I 

158571 13.922 1)466<1 0997 
43.995 

_..1 , 
13. 112 5758' I3Hl9 1 !III 

'44 ,966 , 
46.599 11.267 56.525 132.71~ ·0 357 
, J - . 

10.793 57,0 16 D3.2SI 0.97 
'46.7 19 
1 
~--
47 ,965 9.481 ) 6 185 1124$1 1721 

.1 o tilJS - 7,086 5480 DI 101 
;0 236 



1273 94.019 I 22.837 34.808 77.8 11 152%2 ~616 

1275 94.695 I 24.406 32.967 76.818 OJ92 , 152.2 13 , 

1276 94 .887 25.039 32.263 76.m , 152014 2 8 

1277 95.175 25.893 31.376 76.124 151.74) 2.374 
• 

1279 97.549 27.726 29.644 73.8 149357 64 
; • 

1280 98.189 , 7.975 29. 543 73.234 148.711 109 , 
1282 ~9.279 I 29.026 

I 
28.578 72.135 147.621 - 1:66 

1283 101.145 
, 

30.883 26.871 70.241 145.759 .8' 9 

1284 101.994 31865 25.889 693 49 14. 917 ~ 1779 

1286 103.773 33.66 24.256 67.542 143 147 0.593 • 

1287 104.366 34.523 3.28 66.895 142.58 1 om 

• - • 
1288 104.879 35366 22.297 66338 142.113 208301 

1 
1289 106.96201 '37 .408 20.469 64.246 140053 r 023 

-
1291 107.98501 38.428 19.567 63 .218 139.045 0997 

-
1292 108.98201 39.411 18.723 62.218 138.06 1 '0973 

I -
1293 109.9550 1 0358 17.943 61242 137.098 .0 % 

-
1294 110.91501 1.547 16.692 60.276 136203 0464 

1295 111.37901 '42.303 15.75 59.823 135821 0302 
, 

fs9.566 
1297 111.68101 43.022 14.756 135646 1003 

, 
-. - - 43.995 113.922 '5857 1 134664 0997 
1298 1'12.68401 , 

1-
- - - 44 .966 13.112 ,57.584 13) 69 I1SI 
1300 

f3.68101 I 
- 46.599 ~ 156.525 132715 ·0357 

1302 114 86201 

1'0.793 ~57.016 1)3 251 097 - ---- '46.7 19 1303 11 14.50501 

! - 111J~1 I 72'\ -- - -1 7.965 19.481 ,56 .185 
1304 P 15 .47501 , 

.L - -' 54 08 1:\1 103 o S'15 -- , - -- - '02'6 .7.086 
1305 " 17. 19801 

) . , 

• 



1307 118.09301 i 51.274 6.038 54.052 
130.347169 - 118.78301 , 

1308 I 52. 194 5.085 
I 53.552 129839 1.07 

1309 11 9.86 101 53.301 3.997 52.584 128862 161 

1311 121.53 101 I 55.043 2.322 
, 

51.! 11 121.311 ~661 
1312 122.19801 55.951 1.336 50.102 126.923 ~11 • 
IJ I 3 123.01501 

i 
56.925 0.344 50.106 126.29 

I SII OT -I 
.A 

II ... 
1314 124.38401 I 58.634 1.464 ~9.2 16 125.306 10-791 , 
1316 125.18101 59.522 2.328 8.621 124 .663 - ~046 
-
IJ 11 126.22701 60.682 3.475 7.852 123 .822 91 

• 

131 8 127. 1970 1 j 61.69 4.457 1.086 122.996- 0622 

~ 4 5 1323 127.8 1901 I ~1.874 4.642 6.091 122015 , , 
1325 128.30401 I 2.053 4.993 5.356 121.381 [0 451 I 
1326 128.76101 I 

62. 179 5.442 4.622 120.106 1001 

-~ -
I 1327 129.76201 62.95 6.486 11 9609 2477 
I 

1328 132.23901 I 65.133 9.001 1.039 111.105 I 118 

~-

1)30 133.35701 66.224 10.096 0.036 116.061 0.881 

~ 

13) I 134.24401 67.053 10.982 39.201 11 5.2 1.83 

-
1332 1)607401 I 68.755 1 28~ T.468 113414 114 

! 
-

)137. 22201 
, 

i13.961 36.37 11 2283 '0991 1334 i 69.8 14 , 
~ - ~ - III 215 1024 1335 138. 21901 170.708 14.977 35.383 

~ - - - 34 m 11 0213 I 9~9 1336 139. 24301 71601 16026 

- - -- -
IS.021 32.37 1 108214 IOJJ l.;JS 14 1. 20201 73.356 , 

- -
(142.21601 

- - - - 31.44 107.234 091 1339 74321 19.031 , I 
~ 

106 211 I 855 , 
17s 13 -:] 9.976 30.495 IJ·n 143. 13601 , 

I , , 

'2 

• 

( 



]342 144.99101 76.832 21.855 28.689 104.409 .916 

1343 145.90701 77.6(]8 22.8 16 27.688 
I 

":"86 1103 '<1 6 

1345 146.76701 78.33 1 23725 6.734 102.475 1896 

1347 148.6630 1 80.0 11 25.689 24.764 100'<85 ~.862 
-

-1349 149.52501 80.746 26.6(]5 23.81 99.545 2096 
• 

• 
1350 151.62101 82.573 28.816 1.543 r 293 /0:933 

1352 152.55401 83.389 29.804 -20.531 96.289 1.1 01 

- -
1353 153.65 50 1 84'<12 30.927 19.448 95.168 2 171 

-\354 155.82601 86.546 33.054 17.584 93.089 1.794 
, 

1355 157.62001 88.084 34.99 15.534 191.1 02 1.4 9 

h -
1357 159.10901 89.383 36.593 1l.864 89.47 1 

--- J 
1358 159.88901 90.015 37.<84 12.857 88.557 1.34 

I --- ~ 1.055 1361 i161 .22901 39.083 11.014 86.94 :0 9'8 
, , 

1362 1162 .17701 ~1.885 40.126 J 9924 85.9 1.013 

i .. - , 
1363 163.19001 92.844 1. 159 8926 84.866 1.01 3 

1364 Ii 64.2030 1 93.8 11 42.182 7957 83.842 2096 

, - - -
I. 59 

1365 1 166.29901 95.8 44.3 19 596 81.705 

, 
12655 -

1167.85801 97.275 45.918 4 524 80.107 
1367 

• 1170.51301 9.691 48.772 1.967 77.268 048 
1368 

I -
99.95 49.545 0.521 76565 

1369 1170.99301 -
I , :o, H(fI I 

• 
I • Sil O I . . I 

1 

1 



APPENDIX 3 - WELL LOG OF Sf' IJ 

1 

• 

Project : AGL£ 
Drilli ng IU l' lhod : lAIr ROiorylDnl 

Client : eicesler University 
Rig typl' : m60 

Loca tio n: \Doni A 
Coordina te: N 941514 5 

Shot hole designation: f5P 15 ,E 56]85] 55137# 
Shot hole No.: ~H I Altitude: J]]6 

• 

Casin g depth (m): 42.20 Inclination: VertIcal 

II ' .. 

Casing Diameter: 8.5 " SWL: 1895", 
Welt lithologic log 

~I Y Deplh (Ill) Section Lilhologir description 

-2 Olive gray, slh (lUff) 

2-3. jolive gray, sand sill (Tuff) w!lh few rounded ,''0"<1 

• 3-6. !conglomeralc 

onglomerllc, mind Wllh pale green 10 I'Ih,\ 

6-10. pumice 

10- 12. Pa le green pumice 

Same as lO ·12, mi'\cd 1,,11'1 gnty. Slightly "~.thc,,:c 

12-13. Ignimbnlc • 
13-1 9 Gray shghtly "calhercd tgrumbntc 

19-21 BrOWnish gray, gra\'ely and uody Silt 

21-26 Conglomerate 

26-30 BrOWnish gra~ , SlInd) and gra.'cJyslh 

• Brownish gray " pale gf1ly. ifIH'I~ .. ~ 
30-32 pumIceous) 

•• 32-35 BrOWnish gra} to guy gravely sand 

35·36 Conglomeral(, 

• 
mi.\ed ,"ith gn('l55 8ft\1 \;Jf\ cbl onglomcr3u,·, 

, 36·37 (,uff) 

" 1 
h si ll clay (luff) ml\ed "'I,h ,rale 37-40 GrccnlS gU} 

-lO--45 I ed \I Ith grOl' si ll, tin Salld} gr.l\ (' ml.\ 

-l 5--l6 CongI0l11('r~le 

46-55 Sand) sill II Ilh fcll' gla\cI~ .. 



APPENDIX 3 · WELL LOG OF SP 25 

Project : EAGLE 
Drilling method: /r ROlaryfDnt 

Clie nt: eicester University Rig type: TIl 00 
Location : Doni B Coordinate: N 9JJf.fO j 

Shot hol e d esignat ion: SP 25 • 
, E 

68061 j61 111' 
Shot hole No.: SH2 Altitude: 1116 

Casin g d epth (m): 34.00 Indinat ion : VerI/cal 

Casin g Dia meter : 8.5" SWL, 11.00 nr 

II . 1 Well li thologic log 

Depth (m ) Sectioo Lithologic description 

·10 Pale yellow to reddish brown silty clay 

• 
10· 12. Reddish brown silt and sandyelay 

12·22. Sub angular gravel mlud .... l1h clayey und 

• 22·28 Olive gray silty clay 

28·30 Fine 10 medium grained sand nu~ed wI1h gravel 

30·32 Dark gray. sligh11y wUlherw \'CSlcutar bU1i1t 

32-40 Dark gray, fi ne gramcd bUo1h 

40-49 Gra y, medium grained basa lt . locally \'cslculll 
• 

9·51 Pale yellow welded 1uff 

51·54 

54·70 Dark gray. mcdulm grained basalt 

, 



APPENDIX 3 -WELL LOG OF SP 16 

Projec t: EAGLE 
Drilling 1II ~ lhod : ~Ir ROlaf}IDnl 

Leicester Ulli\'crsil}' -Clien t: 
Rig t yp~: TIl 60 Locatio n: V<'ula 
Coordinate: N ...... Sho t hole designation: p 16 -,E 

75190 59 I J7N Shot hole No.: ~H 1 
A l l i lud~: 

.-
'')16 

Casing depth (01): 8.00 
Indi nation: "'" -"('rllcal 

Casing Diameter: lOY 
SWL: ~J 4m -

Well lithologic log 

• 

• 

Depth (m) Section Lit hologic desc riJltion 
0·\ 

Gra)uh cia), 

\ .J. 
Gray salldy Jlld sIlty clay with few ,",vel 

J·5. 
ra)'lsh salldy SIlt .... uh l ub fOUlldrd guver _., 

Brov.'TllSh Vi)'. fine &nlned, modcl1llcl) tel hlahh 
5-\0. !.-'eathcrcd bUalt • 

-
IJrOllnish grl) 10 fine grllned shstll1y IOUU\(re 

\0-\8. b.3salt 

\ 8-J5 Darl gray, fine grarned basah 

35-44 Same as 18-35, mixed with reddl~ &. ~lIow clay 

YellOWish £.IJy. moderllely IOtllhered kOl'ikl()U 

44 -50 basalt 



APPENDIX 3 - WELL LOG OFS/' 17A 

Project: AGLE 
I)ri lling lIIel hod : I,. Rotary/DTtI 

!Leicester University Client: Rig Iype: m oo 
Location: Bele 

Coordinate: N S4UJ • 
Shot hole des ignation: SP J7 A ,E I J879 611 J1N 
Shot hole No.: iSH I Alliludc : 4/16 

Casi ng dep th (m): 8.00 Inclination : -
VertIcal 

Casing Diameter: l OY SWL: -04j m 

We ll litho log ic log 

Depth (Ill) Section Lithologic desc rilltion 

0-1 Dark gray clay • --
1-2. Dark gny clay ml~td "',Ih oj,V( gT1.)' li lly ciay 

2-4. Olive gray slity clay Wllh few gr1Ivcl 

-
\4-7 Reddish brown, highly wnthclcd SCOflCIQUS basal! 

-Gray. slightly to m<Xkrald y weathered """'''" 
7-10. basalt -

Dark gray. fine grained basalt InlCl bcdcd \Oollh 1"\ 

10-11. SCoriC1OUS bUlh 

- -
11-36. Dark gny. fine gramed Nsah 

Dark gray. fine gramed basal t, InlCl'Cllatcd \lllh 

36-37 brownish gray vC$ lcular baiall 

Brownish gray. slightl) " I'1'l<Xknllcl) \\calM:lC< 

37-40 vesicular bas.ah 

Brownish gray, sllghtl) " mOOerald) .... catOO(,f 

vcsicular b:lS3It, inlcrca lal~d Illth finc @ramcd. dlrl.. 

40-45 gray basalt 

.. Brown to dark gray. sh~hlI~ to modcr1ttl~ Ildll\(lt 

45-50 scoraclOus basalt 

, 



APPENDIX 3 - WEU LOG OF SP 178 

Project : EAGLE 
Drilling met hod : ~Ir Rotary/DT/{ Client : /Leicester University 
Rig type; Tl/ 6Q 

Location: Bele 
Coordinate: N r nJT Shot bole designation: SP 17 B ,E 

0-03~2J 8' 
Sbot hol e No.: SH2 

Altitude : ?'l 
Casing de pth (01) : 8.00 

Inclination: VerI/cal 

• 

Casing Dia meter: 105" SWl, 39.60m 
Welili lh ologic log 

Deptil (m) Section Lithologic description 

-2 
Dark gray sandy clay • 

2-3. 
live gr.Jyslhy clay WHit re .... gr~vel 

Mcxkrately weathered fint graillCd ba~11 mtercalat« 
3-4. with silty clay 

Brown to gray, tinc gJ1l1ned, moderately wealhctcd 
-5 . lightly \'cslcular bauh 

D,~ ",Y. 0", grnined, slig.hlly •• modentd} 
5-8. weathered b3salt 

8-29. Dark gray, fine gnnned b3sah • 
Dark gray w bro\\'n. fine grained. 51ighll) weathcrtd 

29-31 locally \'cSlcular basah 

Gray •• brownish gray, slight!) •• moderateh 

31-36 weathered scoracious basalt -36-43 Dark gray, fine gr:llned, shghlly" ~~lhered bu.11l - Dark gra~ basal1 mlercalaltd "ith ~k ~dlo>' )111, 
• 

3-44 lay (Tuff) 

44-45 Pale )'t'Uow, slf1 y day (Tuff) 

Moder:nd\' II"cathercd scoracious N~h mlcrQI~lc,' 

pS-48 With Sill) day (Tuff) 

BrolIn .. gr3} • nlOdcrJlcI) IICJt!Jcrcd St\l!"KIOU 

'8-50 baS311 

, 



Project: 

li enl: 

Locat ion: 

Shot bole designat ion: 

Shot bo le No.: 

Casing dept h (m): 

Casing Diameter: 

Welllilholog ic log 

Depth (01) 

-I 

1-2. 

2-3. 

3-4. 

-5_ 

5- 11 

11-12. 

12-20. 

20-24 

24-30 

30-3 I 

31·33 

33-41 

41-50 

APPENDIX 3 - WELL LOG OF SI' 18A 

AGLE 

eiceSler Ulliversity 

Delo Sebro 

SP 18A 

HI 

11.50 

JO.5" 

Sec tion 

Drilling method: " Rotary/DTII 

Rig type: TIl 60 

Coord inate : N 799874 I 

,E 
736299 1 J1N 

Altitude: 21 592 

loclination: VerI/cal 

SWL, 47.01 m 

lithologic description 

Dark to dark brown clay 

Dark silty etay 

Dark sandy day 

Dark gray day Will! very fCII ' sand 

Pale yellow sihy day (1\Jff) nmed wtth sand 

Pale )'Cilow silty clay (Tuff) 

Dark gray slightly to modcr~tely wca!lltlcd ~y,h 

Dark gray, fint grained basal! 

Gray, fine gr.lIllcd basal t 

Dark gray, fine gral11cd basalt 

BroIITl. moderately weathered, slightl) IC1Ieu',r b8S11h 

intercalated With reddish bllllle ba ~ed etal 

Brown. fine to medium gral11ed.lTI()(krJl~l~ "Ulhcred 

sligh ll )' ,·csIClilal basah 

Brol'1I. fine 10 medium gr.l1ncd. rnotklalcl~ \\c,1lhcr 

basalt 

Dark gray. shghlly " calhcled tiM' sr~locd ~\.l1 1 

• 

• 

• 

• 



APPENDIX 3 - WELL LOG OI'SP 18n 

• Project: EA GLE Drilling lI1ethod: I, ROIIJ,yorn 
Client: Leicester University Rigt),I)C: Tlf60 

• 
Loca ti on: Defo Sebro Coordinate: N 99177 6 

Shot hole designation: SP 18 8 , E ~7241671 17N 
Shot hol e No.: SH2 Altitude: 1$66 

Casi ng dept h (m): 8.90 Inclination: Vemcol 

Casing Diameter: /O.r SWL, 7011t1 

Well li thologic log 

Depth (Ill) Sec lion Lithologic descriJltion 

0-2 Dark gray day 
• 

Pale gray to yellowish gray. silty clay ",th (C\O 

2-3_ rounderl gravel (Tuff) 

3-7. Pale gray to yellowish gray, silly clay 

7-8. Pale gray si lty day With (c ... r()l,lndcd 81"1. (1 

8-17_ Gray, fine gramed, mooenucly "" ulhcrt'd bu al! 

Olive gray. r,ne grained. 1'llOdc:r11cl~ " calhcrt' 

17-22. basalt 

Olive gray [0 dark gra). fine gr:uned. slightly t • 
22-23 moderatciy weathered baSil! 

23-27 Dark gray, fmc grained basa lt 

Olive gra} 10 gray. fine grained. sllghll~ 1\(:~Ihefc 

27-30 basal! 

Olil'( gra}. tine grained. slightly 10 modcl11d, 

30·3 1 
wcalhtred bilsa ll nncrullucd .... nh rcddlsh clay • 

- Brollllish. fine grainC"d. modcrald~ Ilc .. ,herc< 

31 ·34 vesicular basal1 --
llro\\nish. fine grained. sli g hll~ \\ ealhcrcJ ~no 

3-1 ·38 slighlly "C5lclllar basal1 

-- Brownish. fine grJllled. modcr alcl~ \\(JlhC<cd 

38·-11 vesicular basa l! 

-1) · -16 Sandy gr3' cI --- Aligular to sub rounded ~n.,cI 
-16-50 

, 



~ 
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APPEND/X 4 - FlRSTARRJ VAL RECOR DS FOR EACI/ G EQPIIQNH rROM EACIIS II O"l" 

." ." ." ." AlTiv;1I O ffse t Arri val Offse t A rri val Offset I S! Ar rival Offset Offse t A rri val 

frOIll 51' fro m SP frolll SP fro m 5P from SI} [,'om 5P from SP frOI1l $ 1' I" Arri val fro m S P from $ 1 ) O ffset frOIl1 

Trace . 4 .4 25 25 . 5 • 5 •• • • f ro m 5 1' 17 .7 . 8 $ 1' 18 

72 73.472 0.86 3.642 53.973 ·98.663 
-., .1 L6\ 74.307 . 19 6.7)6 0.79 4.53 0.77 53.075 1.26 ·97.774 

74 L68 75.27 1.26 7.23 \ 1.05 5.525 0.4 52.073 US -')(1.7(>3 

" \.53 76. 106 1.28 7.70 1 1.07 6 .673 51 227 1. .1 <> ·<)5. 8<)7 

76 1.47 77 ,025 1.3 6 8.258 1.23 7292 0.88 50.319 JA<I ,<)4.953 

77 1)7 78.8 11 1.44 9.208 .48.746 1.32 ·93. P) 1.417 .168.296 

78 79 .863 1.4 9 9.785 0.4 5 . 47.89 -<J2. 177 1. 0'J2 -167. 256 

7'> I:iO,968 1.53 10.664 -46,854 _<)10."8 r. J 78 . IMt4 

80 U2 82,048 1.57 11 ,92 2 0.7 -45.57 '25 ·89.866 1.634 -J65.007 

" 1.865 83.049 1.62 12,4 87 0.7 8 -44864 , " ·88.934 1.359 ·164 031 

52 85075 1.73 13925 .4334S -87 III 1 ·162 OJ') 

83 85 .9')<) 1.69 14.868 . 42 4U') -li(,~..j .1(,1 (.1')2 

S' 18 86.958 1.73 IS .SS 1 0.77 -41.777 '" ·85.1 59 '" -16O_IS9 

" " 89161 1.7 17249 6 -40362 -81. J3 - IS8 019 

" 9007 17 .791 -40 13 82418 157. 192 

, 

• 
, • • 



i L l J ~ ~\<.~~ 

I" I" I" 

I" Arriva ll Offset 
Arriva l Offse t Arriva l Offset A r riva l Offset 
fro lll SJ> from 5 1' from SI' (r"OIl! 51' from $ 1' from $ 1' fro m SI' from SI' 

Trace 

" 
I. 25 25 15 15 16 16 

S7 90,536 18.533 
·J9251 

, 63 207 O, M -36 9M 
S8 92 223 

39 93 .016 I 54 21 175 0 66 -.\5 s23 -~ 

94.019 22.83 7 90 
·34 808 

9' 16 9': 695 157 24406 
0 76 · 32 967 

92 94 887 162 25039 
1" " -32 263 3 172 95 175 ' 54 25893 1<>.77 -JI376 

94 97 549 15' 27. 726 
87 -29644 

r' 98 189 ' 55 27.975 
· 29543 

6 99. 279 29.026 
·28578 

97 I " 10 1 14S ' " )0 883 .76 ·2687 1 
98 101994 ' 'I J I 865 

I<> " 
·lH8'J 

'9 132 10 ) 77) " 3366 

" · 24 2S6 
'00 I 2)6 104 )66 117 ) 4 52) 

~96 ·2) 28 
tol I 2:! 104 87') ' 19 )$366 

~" ·22 297 
I(l~ 106 962 37 -tOS 

1-20469 

-

" ."'­..... ~~ 

Offset 

.J 

I" 

Ani v:l) 

I " A r ri V:II frOm SI' from 5 1' O ffset from 
f rOIll SI' 17 17 18 SJ>1 8 

-8 1.775 I.OOS 0156 .644 
1.11 -7<) 7<)<) -

- t 54 S.11 
1.1.1 ·78, S62 .153 <J8J 

-77.8 1 r · 152 % 2 
' <2 . 7681S /,,6 .15221.1 
1.56 ·7651 7 - 15201<1 
1.64 -76 . 124 ·151 74 1 
138 73.8 - 149357 
' '5 ·73 234 -J 48 71 r 

-72I3S · 147621 
14, · 70 241 /,, 781 ·1 45159 
I '12 -6934<) ·1 44<)17 

-67542 · 14) 1<1 7 
122 ·66 895 ·142581 
IlJ 66 338 I 034 -142 I/J 

I'~ 246 /.1 40 as) 

-.l.. . p __ ~_ 

82 



4 .- _ ~"-

,,, ,,, ," 

Trace 25 

," A '",;va l On:~C I A ... ·h ·al l Offse t 1 Aniva] I Offset II" Arr iva ll O ffset 
orrset \ ArrIval 

14 14 25 IS 

f,.o ll1 S /' / 1"1"0111 S I' I r ... "" 5 1' I rro m S I' / from s r I f"om S I' I from S I' I from S I' 1 1" Ani"a ] 1 from 5 1' 1 fr Oll1 $ 1' IOffset from 

IS !(, 16 18 from SP1 7 17 sr 18 
101 1 4 7 1107')." ~ !I ll .H! 42R , 091 -1<).567 l OS 

"10 -"9 ~,o,,,, ii ' S " 'I I 091 -18723 105 1 62 .21810.933 1
1J8061 

'-63218 1219 '-139045 

10'; '-liJ(i\ 1 109 ')S~ II 2.1 .:10358 ,0.9 - 17.943 1.09 1-61.242 10.802 1-137.098 
IOu 

! 12 111091 5 11.2 141.547 !0.87 1-16.692 11.23 1-60.276 I 1.136.203 
111.-: 

I 12 I' " "R! I' IS 14) 022 1.1 /"59.566 /- '35.646 

I "" I, 24 Imr.s;,--r,--;-;;------ 4J 995 I. 1S-58-'''_1J4664 
I II I I .. , 111M;] 44 Ilr.t. 

I II 

'" 1 1.1 

'" 11 5 
1](, 

II , 

lIS 

II? 

120 

1.7!1 

122 

1.39 

0.7 

1.07 

1093 

!I) ') I 

10 86 

"". rJ 
112 1'57.584 1 1.. 133 69 i14S~ 'I 146599.11.267_56.525_132.715 

11450' __ I~" · 719 I 10"9 /"57.0 16 /1.287 /-133.251 11 ~ ..j 7~ 

117.198 

IIIUI93 

118.783 

11 <) R61 

III 531 

1~2 IIJR 

123 01 5 

114 38-1 

1.7!5 [81 

I I 

UJJ 

1.04 

10) 

.0.92 

:11 9 7 

:094 

:0 88 

, 

47.9(,5"1 1.28 -56. 185 -132.451 

50.236 105 1·7.086 11.26 1-54.808 1. 131.103 
51 .274 

52 .1 94 

53.301 

55.043 

5~ 951 

:56925 

58 (,34 

59522 

• 

10.46 1.6.038 11.29 1-54.052 L 130.347 

!0.4 r 

10.33 -3 .997 1.25 -52.584 .128.862 

10.08 1.2.322 11.1 2 1-51.117 10.92 1-127,371 

!007 1· 13.16 1142 1·50.702 1. 126.923 

1-0.02 ,·0,344 ' 137 1-50. 106 Ion 1. 12629 

1008 II -164 11 3 1-49.216 1076 1-125306 

10 14 12328 1-48.621 10 77 1-1 24 663 

• • 

8) 



.~ 1 .... _ ..... 

I " I " I " I" 

i\ r riv:IJ orf.~C [ Arrival O ffset Arri" :l ! Offset 1" Arriva l O rrset Offse t Arrival 

fro m S f' from 51' fro m 51' f r o III SP from 51' fro m 5P from sr fro m SP 1'1 Arriva l from SP from SP O ffset from 

T r :ICC 14 14 25 25 IS IS 1(, 16 fro m SI' 17 17 18 SP 18 

123 126.227 1.35 60.682 0.2 3,475 1.12 -47.852 0.72 ·123 .822 
---- . 
1.'.1 I n I'll (, I (,') n.v " 1157 l. I I .117.086 - ! 22 .996 

125 I 24 127.819 1.33 61.874 0.23 4.642 111 .46.091 0,71 -122.075 

1)(, 1]f.: 'HII 62 o~ .\ 4 <) ') ) I. I 1 -45 .3% · 121.381 
- -

121 I 2<) 128.7(,] 1.47 62. 179 0 .33 5.442 1.11 -44 .622 0.75 -120.706 

128 1.21 129.762 1.41 62 .95 0.38 6.486 1.11 .43 .S 14 0,75 ·1 [9.609 

129 I n 1.'2 .2)9 65 . 133 0 .58 9 .001 1.06 -41.039 0 .8 -117. 105 

DO '" D:'d57 1.5!l 66.224 0.(;4 10.096 1.025 . 40_0]6 0.73 -116.061 

III 1. ) (, 13 4 244 67.05] 0 .67 10.982 1.08 -39.20 1 0 . 74 .) 15.2 

132 \ .14 1) (.074 1.32 68.155 0 .76 12.814 1.08 -37.468 0.67 ·113.414 

'" \37 .222 69.814 0.83 13 .967 -36.3 7 -r 12.283 

134 I 2') \38 :! I ') 1.3 7 70.708 0 .87 14.977 0.96 -35.383 0.56 -1 11.275 

'" 139 24 3 1.29 7 1.601 0 .89 16.026 0.98 -34.332 .6' -110.213 

"" '" 14 1 202 1.38 73.356 0 .91 18.021 0.95 -32.371 0.68 -1 0821 4 

137 122 142 2 16 1.38 74.321 0 93 19.031 0 .93 31 44 62 - 10 7234 

138 143 \36 75. 13 19.976 -30 495 - 106.2 77 

D'l I n!\ 1..:..: ' )<)' 13' 76832 1.01 21855 9' -28.689 659 - J()4 409 

84 

-• 
• 

, • 
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APPENDIX 5- FiRST ARRIVAL DA TA AS OBTAINED IN TilE RA w FORMAT 

Trace 1\'0.:.1 Firsl arrival ? 
79 99 1 O.693 __ L _ 
80.982 0.699 I 

84.973 0.483 

87 .929 0.63 1 

88973 0642 

90.938 0.676 

92035 0.73 3 
92973 0.710 

9-l035 0.733 

97009 0.693 
97.982 0.744 

98.973 0.841 

100.982 0.807 

102.965 0.84 1 
103.991 0.807 I 

10-+ .965 0.S18 I 

105.973 0.778 I 

!_O]~ .. C7JL..~0'c.7~5~0_~' ___ 1 
109.000'!"!.-,0'.!',,9:-J --:-' ___ I 
111.991 0.557 I 

11J 06 2 OA 03 I 

11.1 956 ...",0-",,,-09'--_;-' ___ 1 
11 5965 0318 I 

(Eg taken f rom SP /6) 

• 

• 

• 

• 



;lPI'CN DIX" -·tlC/VAL X-T DATA THAT WAS INVERTED 70 GIVE 7JlE GEOSEISMIC MODEL 

In ro 
ThI.1 _ 
I, - I - SI-llinl1 A llitudco rrsct 114 t2S 116 11 7 tl8 ti S lrncc # 01 11 :0; • • 

1 1250 1300 73,472 1.467 72 

12~1 1312 74 )07 13 .9945 2.31 2M79.61583 17.55567 1.545 73 

~ 1~~ '\ - 1.\J<) 75270 \4225 \2 4651(,7 90788.\ 17. 30717 1.9708.\3 74 

.1 1254 _ _ 1](,1 7(,.106 \4.21433 3 256 35 17.34283 2. 191667 75 

~ 1255 1380 77.025 \4.3075 2 7.le>333 9.26650 17. 26550 76 
(, .. , 1'« 163 7 788 11 14.5051 67 2.<)74667 16.85167 29.46634 77 

7 \2S7 1752 79863 3120833 28.968 78 
Ii 125') 1868 80968 3307333 28.868 79 

? 12M 1938 82()48 14.994667 3557 8.295 16.22767 29.13517 80 

10 1261 1976 83.049 1S .7065 3.701167 8.257333 16.29233 28.6975 81 
11 12(,) 211 0 85.075 4.050833 82 ,. , 12M 2093 85 .999 . \68 83 

13 I, 12( 5 21 09 86.958 16.293 4 321833 7.732833 15.64317 27.24217 84 
i " 12(07 229 1 89 161 16.460167 4 514833 1.321 85 

I ~ 1268 2<151 ~01 86 

I ~ 1269 2529 190.536 21. 11234 81 
17 1271 2510 2223 508 82] 333 1<160983 88 

IX 1212 25;9 3016 5 169 16; 6305 1447367 89 
19 1273 2516 4.019 5 801333 90 
20 1275 2609 4695 ]7 .)825 5 631667 14223 91 
21 127(~ - 2(,33 4887 579.11 67 6, 11 71(,7 14 31 283 92 

~, 1277 2613 5175 17. 5825 58555 5999))) 14 3213) 93 

:; In9 2653 975 49 '6201 581066:' 13. 68 94 
;.. -t"i i80 269) 8189 6 2125 13.65567 5 
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Tola l 
Point s Stati on Altitude orrset t 14 t 25 t 16 t 17 t 18 t 15 Trace # 
25 1282 2704 99.279 96 

26 1283 2686 lU I 145 , 7.9975 - (, 587 167 5.2385 13. 11683 25.0741 7 97 

" 121\6 2682 103 .773 18.(, 155 4 .952667 99 

" 1287 2672 104.366 18.630333 7.123833 12.3691 7 100 
.10 121;8 2663 104.879 18.699833 7. 284333 4.656 167 12.38633 24.7195 101 
.1 1 1289 2659 106.96201 102 
.12 12')) 2666 107.9850 1 19.46 7502 7.7 14667 4 . 171167 11.61633 25.36417 103 
33 1292 2655 108.9820 1 19.453668 7.8485 4.0305 11.41967 23 .94317 104 
)4 1293 2637 109.95501 19.25 5835 7.956333 3.8905 1 L297 23 .65167 105 
35 1294 2635 110.9 1501 19.605 835 8. 1245 3.652 11.276 106 
.1' 1295 26 26 11117901 8.2405 .9705 107 
J1 1297 2587 111.68101 19.733502 8.320333 3. 289333 11.02767 10' 
JR 1298 2622 11268401 20020668 84725 3. 120333 10.91 183 109 

" 1300 2605 11368101 110 
40 1302 2595 1148620 1 I II 

"I 1.'OJ 2588 11450501 2.488833 23.4955 112 

" 1304 2570 115.47501 10.6441 7 113 

" 1305 2568 11719801 20.923002 9 472667 1.68 1 10.39467 114 
.1<1 D07 2542 11809301 20382168 9 .575667 I 466333 10. 29867 115 -

" 1308 2531 11878301 20867168 9.739 1 2575 10155JJ 22.39584 116 
M, 1301) 2506 11986101 9]J5 .996167 10.014 117 

" 1311 2507 1215JIO 121185168 1009383 .467 .6395 22. 1485 118 

" 1.112 2503 1221980 121276335 10 29517 292667 .870333 II> 

" \) 13 2491 123.0150 I 21362502 104275 .037J33 .72 1 21.77834 120 

" 1'14 2476 12438401 1065233 0.324 .502667 21 64434 121 
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l ufo 

T o tal 
I
, . 5, '·0" Altitude Offset t 14 t 25 t 16 t 17 t 18 tIS Tracc # 
Olll ts a I <;1 - - 1316 2471 125 .181 01 0.528 2 1.54717 122 

"":~ \117 2483 1262270 1 11.46367 0.779167 9.095333 21.357 123 

' - . '5~ 1~ - 2488 127.19701 0.972833 8.957(.67 124 
1\23 2463 127.8 190 1 22.543168 11.64233 1.003667 8.791833 21.05584 125 

5-1 -\326 2486 128.16\01 22.750168 11.83317 1.2]7 8.547 20.86767 127 
5(, IU? 2410 129.76201 22 .837002 11.90167 \.46\ 8.362333 20.68484 128 
57 . 58 \328 2469 132.23901 23 .259835 2.080167 7.899833 20.3 17 5 129 

1]:\0 2450 133.35701 2] .636168 12.6 1733 2.322667 7.691667 20.0735 130 

" 1\'ll 2436 114 24401 23 .734002 2.5003]) 7.6135 19.94 13 1 
(,0 . 

I 
\U 244\ 13607401 24 .01 9002 12.77917 2.895667 7.324667 19.57234 132 

(,1 .. , 11\4 2496 137 .22201 133 
,, _ Il\S 2';,)<) ' I3S 2190 1 24326502 13 15467 3366167 6.857167 19.10584 134 

61 . I . 1\\' 2493 13924301 13.2235 3.561 6.702 19.01884 13 5 
(, -I .. , (,~ 1.\~8 2480 14120201 24773668 13.606 3.9135 6.345167 18.71567 136 
(,(, _ I.\}II 2476 14221(.01 24.922668 1376683 4.10 1833 6.17 18 .49234 137 

(,7 \)41 2492 114313601 138 

,)
4' 2-166 1"'': 99101 252-15168 \-114533 5 7315 180605 139 

(,R • ('9 1343 2461 1459070\ 25 377835 \426467 4.822667 5584667 17 .896 1-10 

1
'4', 2478 14676701 25Bll68 14.39517 5004167 541 5667 17 .8 191 7 14\ 

70 .. 7 \ 1.\4" 2480 '1486(,30125827168 \472517 5.34\5 5.117333174475 142 

72 \3 4<) 2-181 1\495 2501 1727083 143 
1350 2476 15162101 26210168 15 .04217 5922667 4 5605 16.9155 144 

1J 14 1352 24 51 1525540 \ 26475668 4.351833 16.728\ 7 \4 5 

75 1353 246J 15365501 26729168 15.36867 16.60\33 146 

I 
\~4 2446 ISS 82601 21 021 002 15.70433 .719 381 0667 16 26483 147 

7(, .. 
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'1' 0 1:-1 1 I I' I 
I' nil1 t .~ ~S ta ! iO I! _ ____ _ __ !~ ltit ll d c Offse t t 14 t 25 t 16 11 7 t 18 t 15 Trace # 
77 1355 _ 12_43~ ___ 157.62001 27.420002 15.99067 6.991667 3.389 15.85367 \48 

78 ' 1357 244 3 159.1090\ 27.718168 16.20717 7.268833 3.100667 \5 .61 183 149 
79 --·'358---- 12443 159.8890\ 2.142833 150 

" -,-" 80 11.'\(,) ._ _ _ __ 12~70 16 1.2290 1 16.53583 2.575667 151 
11 1 - 11.\(,2 _" ___ 2442 162.17701 27.979502 \6.64417 2.334 \5.29667 152 "f';'U -' - 1",_,_ 163.19001 28.158335 16.814 2.027667 \4 .784)3 153 
!{;l 13(,5 - _. 2<168 166. 29901 28.6 16502 17.24667 1.413333 14. \275 155 

85 - '1367 2484 \67.85801 28.746335 \7.4925 8.743 1114 13 .93117 156 
116 - 1368 __ 2476 170.5\301 29.278835 17.925 17 0.557833 13 .428 157 

.... I \f,Ol 2479 170.99301 29.168835 0.076833 13 .35083 155 I 
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APPENDIX 7: RANGE OF P-WA JlE VELOCITIES 

ROCK TYPE ",. (mls) 

UNCONSOLIDATED SEDIMENTS 

CLA Y 1000 2500 
- -- --SA ND, DRY 200 - 1000 

- -
SAND, SATURATED 1500·2000 

SEDIMENTARY ROCKS 

ANHYDRITE 6000 

CHAL K 2100 - 4500 • 
COA L 1700 4500 

-
DOLOM ITE 4000 - 7000 

LIMESTONE 3900 6200 

-
SHALE 2000 - 5500 

- -
SALT 4600 

• SANDSTON E 2000 - 5000 

IGNEAOUS AND METAMORPHIC ROCKS 

BASALT 5300 - 6500 

GRANITE 

1

4700 6000 

GAB BRO 16500 - 7000 

--- -- l 
SLATE 13500 4400 

J 
ULTRAM AFIC ROCKS 

1
7500 8500 

----~ 
J 

OTIIER 

- - 300 AIR 

NATURAL GAS i 430 

- ----- : 3400 ICE 

\VATER I.tOO 1500 

'I I 

Oil , I lOO . 1400 
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