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THE WHITE PINE MINE EXPLOSIVELY INDUCED,
CONTROLLED COLLAPSE EXPERIMENT

D. Craig Pearson, Brian W, Stump, W. Scott Phillips
Los Alamos National Laborsatory; KES-3, MS C33§
Los Alamos, NM 87544
Dok, C'TBT R&D Program

On September 3, 1995, the White Pine Mine, which is owned by Copper Range Company,
conducted the first of u planned series ol explosive removal of existing piltars in their underground
mining operations. The purpose of this operation is to evaluate the effectivencss of pillar
rubbilization and voof collapse for planned In-situ leaching of the copper ore from the rock wmss.
This type of seismic source is unigue in that a lurge, delay fired, explosive source wats expected o
be followed by collupse of the rock immediately above the explosion into the void created.

Chracterization of this type of mining source is of interest to the CTBT R&D Seismic Prograin
due to its unique properties, These include the controlled nature of the source iv tinee, locntion, and
wiagnitude, the fact that the source is located i an active region of underground wining, and that
uatural collapse of large portions of this mine have ocenrred in the reent past. The Mine operntor
is coneerned with the characterization of the vibratlon induced by both the explosive and iinplosive
components of the procedure and detennination of thie depth to which chitneying ol the roof
proceeded,

This report will docinnent 1) the reasons for conducting both the explosively induced coltapse and
the Los Alamos Nutionnl Lubovatory CTBT R&D Fxperimentul Field Program experinent, 2) the
locul nud regional seismic, neoustic, and videographic data acquired, 3) analysis of the
explozion/collapse seismic signal genernted, 4) nnulysis and locution af the uftershoeks associated
with the colinpse, ad 5) conclusions ninde concerning this type o mining explosion in yelation to
verification of o Comprehensive Test Ban Treuty.

Key words: induced, controlled, ming callupse, tocul und regionnl seisiology
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The purposes of this experiment were to 1) document a type ol mining activity which is
engincered to produce wegionnl seismic signals similar to unplanned mine collapse events (Taylor,
S\ R, 1994, Walter, W, R,, eral, 1996) and 2) determine the locations and temporal occurrence of
aftershocks induced by the pillar removal process.

RESEARCH ACCOMPLISHED
THE MINE

The White Pine Mine is located near Lake Superior on the Upper Peninsula of Michigan in the
vicinity of the town of White Pine, Michigan. The soulthern shore of Lake Superior is
approximately 9 kilometers 1o the north of the townsite. The arca is sparsely populated. Tourism,
harvesting of pulp wood for paper milling, und declining levels of copper inining are the major
industries in the area,

The terrain varies from relatively flat lake coastal reglons incised with small rivers at clevations
ringing from 600 to 110 fect above sea level to seimi-mountainous to the west nnd south with
clevations mnging from 1100 1o KO0 feet. Vegetation is dense ond poses n high degree of
hurdship for deployment of seisiic equipment. Weather conditions are also extreme with high
weperatures and hamidity in the stmmner and very low temperntures and lnge mnomts of luke
effects snow puck in the winter,

The pramacy wdneral being wined is copper which wus hydrothermally eagplaced into folded and
tuulted, low grade metamorphosed, meta sandstones and meta shides of Cuibrian age. Figure |
shows i map view of nmaodel of the locul geologien structure ut the horizon of the ore bady. 1'he
well known White Pine Faalt is a lorge normal Gual that strikes nt 131 degrees (Soath-east) and
dips steeply ut 221 degrees (South-west) and is evident in the lower left gaadeant of Figure 1. The
White Pine fault disiects a large anticlinal structure which plunges at approximately 10 degrecs
nfong a strike of approxinmtely 130 degrees (South-cast),

The anderground workings ut the mine, shown us u nmpy view in Figwe 2, are extensive, with
rough dimensions of 8 ki by 9 kim. Historicaily, portions of the mine have collapsed “nnturally”
nnd ure denoted by durk black weas in the tigure. Thoe natueally collapsed aron in the north central
portion of the mine hns collupsed slowly over w period of nnny years, ‘Ihe collapsed wea south
west of the White Pine Faualt fuiled catustroplitenily, producing n locudly felt eurthgquake nud
extensive dumage to underground imidne structures (St Don, personul counnunication 1995), The
controlied collupse docamiented here is the livst ol its type in the White Pime Mane,

Recently discontinued operntions wt the mine 1elicd on ore wnovad by the woonand pillae ining
technique with subsequent moventent of the ove to the suiiee for processtug,. A nunber of
factors have led to the recent declslon to dlicontlnae the roam and plllar operatlon and to begin
mvestigntion hnto the eficetiveness of pillae rabbizasion and fnssito Jenching of the ore Iy
renmining In the pills.

The nbtal pillar vomoval opertlon was conducted on September 3, 1998 at 5:.49 PM loeal thae
02100038 UMD, Prlor to the shot. LANL personned Helded nsetstnle network designed to
chiaraeterlze the nenr sonpee wive prapngotion efieets and to determlne the locations of afterstiocks



Town of White Pine
Whitc Pinc Fault Area of Indyced Collapsc

Ifigure 1. A photograph of a three dimensional model ol the White Plne Mine,
The White Pine, Michigan towuslte, the White Pine Fuult, and the sren off
Induced collupse are ldentified. Structurul components reudily identifiable ure
the antlclinal fold which plunges to the south-cast and the large dlsplacement
Whilte Plue nornnl tault on the southi-west lhinb, Contour lnterval 100 feet.

assoclated with streess redistribution tollowlng the explostve plilar iemoval, Seventy two 1/2)
pillurs with avernge dimensions ot 6. Lin by 12,211 were loaded with an average ot 1807 lhs ol
explosive per pillae for a total explostve sonree of 130,068 1hs, A willisecond delay liing pattem,
325 wlllisccands I length, was used to minhnlze vibration effects wt the swlisee wid propugate the
cullupse toward the umnlned fuces, Note that this pretlintuury test event was designed ta be only
1/4 the alze of tuture Tull sealo panel Dlusts (St Dow, 1995),

DATA ACQUISTTION

Tk wrenl extont of th selsinle notwork (8 shown i Vigure § while pertinent stutlon location
Informatlon velutive the ground zero stutlon me listed in‘Pable 1. The nctwork was designed
privdly to nid Ju the detenndimtion of the extent to which clilnmeying of the overlyligt ek
propagutes Tollowlng the plilar reinoval, ‘The lovel at which the explosion oceuried iy
upproxhnutely 330 m helaw the surfuce.

Twelve statlons of the seistnie network were disteibuted in webmsath and e out 1o agpaanhinately
LOO0 ¢ 3 Depthof Burlul ), ‘The thlteenth selsmle stutton wan locuted nt o mage of
approxhuately § K to prinnwelly record the electeient shiot ineak signal and secondarily to
clurnetorize the waveflehl ns It propagutes nway Lo tue somee roglon.  Lach station was
instrnented waithw ax chiwnnel, Retinetion ‘Teelmalngy Model 72AOR duta lagger whiteh was
continuously lovked to CGPS brosdenst thuingg slgunly for ndegnnte thulug necntaey. Mgy



induced
collapse

Figure 2. A plan view of the extent of underground workings ut the White Pine
Mine. Huchured arcas indicate room and pitlur mined arcas while black
indicates fiiled pillar necas in the mino, The failed aren outlined in the lower left
quindmnt on the hanging wall of the White Pine Fuult was n entastrophic event
which generited vegional sigauls in Junuary of 1989, All other fuiled areas huve
oxperionead slow (hilure which does not gonerte lnege scismic events,

Table 1. Azimuths and distances (rom $T13 (surtace ground zero) o other stutions.
Muagellim Map Datwin WGSE4,

STATION BACK RANGE Latitude Longitude
NAMELE AZIMUTH (km) (dog min) (ddog nan)

TR g ST e T s e
S17 157 02014 40 43.08 R0 20,04
ST3 191 0976 36 43,27 8§90 30.30
STd 166 0.980 30 49,20 89 299
S1S 39 .10 46 44,3 89 29,5
STO 119 ().5%% 40 43,00 K9 39,70
S17 253 0.450 4G 43,71 80 3048
ST 29% 0787 40 41.9% R0 30,04
§19 200 0.020 40 43,05 80 30.52
STI0 BRI 0.847 40 41,04 ¥0 30,45
I 0727 O 44,00 89 30),50)

A 300 3,007 40 44,03 MY

R L S A6 43,78 BUANLI0" ]
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Hgure J: Bxporimental deslgn tor the Whito iue Mine Iixplostvely Induced
Collupse Lxperiment. Only that portlon of the andergronnd wlne that wiwderlles the
near sonrce seldnile network is outlined widh n dustied line, ‘e pitiars that were
blusted me alsv sliown In the center of the figure. Selsimic stitions were locuted
wlong exlsting roads und survey llnes duc to the density of vegetatlon in the wen.

component, | Haz, Mk Products Model EA-3C geophones were lelded at suel stution aid o 8
component, ‘Verea Tech SSAM02 neeclerometer was telded at ST2. All antions were
progranned to record event triggered data using o STA/LTA wlgordtiun with the exception ol
ST13 tear surtuce ground zero) which rerorded contlouously, All chinnnels were luitlnlly
progrannied to record with unity gain to avold clipping. lun addition ta the seiswle statious, n L8
vidgo canern was deployed at S113 to docmmneat suelnee tmotlon md iconstie slgnuls,



All seismic stations triggered on the induced collapse cvent and continued to trigger during the
aftershock sequence. The Seismic traces reconded at ST 12 were contaminated with strong 60 Hz
noise induced by ground loop with the electricul firing system. Due to the fact that there was no
noticeable cxpression of the collapse at the detonution point, tho video camera deployed ut ST13
was recovered within 1 hour of the event to verify that the explosives had detonated and the
collapse had occurred, During recovery of the camera, Stump noted that aftershocks could be felt
and heard at ST13.

Data acquisitlon para neters wero changed approxlmately 12 to 14 hours followlng the main
collapse by increasing the pre-amplifier gain. Stations at 2 to 3 depth of burial surfuce ranges
were increascd to a gain ol x32 und stations at less thun 2 depths of burial were increased to a gain
of x8. Data acquisition continued lor approximately 36 to 40 hours lollowing the main collapse.

Local and Regional Seismograms

High quality three component velocity seismograms were acquired at cach of the local stations.
Iiguee 4 shows the Vortical, North/South, and East/West velacitics at statlon 13 (surface graund
rero) which have been corrected for instrument response nad thelr ussocinted spectra, At surfaee
ground zero, the vertical component of motion is a fuctor of § Jurger than the horizontul
componcnts. At thls scale, the indlvidual exploslve sources In the pillars are not resolved but
fuilurc ol the pillars is indicuted by the high frequency arrivals on the verticul component, These
failure signuls are followed by n long pertod sigoal which Indicates un inktinl upward imation
associated with release of the material ubove the working level. Detailed analysis of the duta
following the collapsc event shows that distinct aftershocks are occurring inunediately afterward
(as with the cxplosive signals, these attershock events ara not resolved at the graphic level shawn),
The speetrn shown helow the time series in Figure 4 indicate the peuked anture of tho vertical
component it surface ground zero, Horlzontal spectra st surfuce ground zero are essontinlly flut to
S 11z and cxhiblt spectrul iodulation similar to the vertical compouent.

Figwe S shows the Vertlcal, Nosti/South, nnd Bast/West velocities it ST1O which lave been
correeted for instrument response and their ussociated spectr. Station 10 was wt a surfuce range off
0.5 kit from surface ground zero and exhiblts the offect of slant runge on the relative muplitudes ot
the vortical und horizontal traces, I the 0.7 10 3 Lz band, the horizontl components exhibit larger
muplivates thun that af the veetieal component. Fongee perdod Cint motions of all components are
consistent with u collupse event located to the south-routh-cast of 11

Roglonal seismogrmns of the White ine Indaced Collapse were recovered (rom stntions w rmges
frotn 200 to 1000 ki, Plgure G shows the Vertlenl, North/South, and Past/West velogitles w
stutlor EYMN Crungge 202 kin, 313 degrees wahnuth) und whelr associnted spectra,. High signl o
nolse ratio body aud surtice waves ure evident in tive duti which huve beeu hlgh pass (iltered at
075 1z, Specten of the veglonnl components indicnte that fn the | to 2 Lz band, the venticul
compaonent lns the lnrgest nmplitnde. Detntled minlysiv of the Girst notlon shows thnt the
compressioml P artival Iv very impulstve with o dominnte fiequency of o 2 12,

Alershock Loacationy

Al dutn recorded by the 12 station network were wsed toassociae nliershiock eveats whiely
wiggered ut least 3 stutdons. ‘Thly comptational nssocltion process nnd subseyuent analvar event
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Figure 4. 'T'hree component selsmogram and spectra of the collapse event at ST 13 (surface
ground zcro) with instrnent response removed. Note the high frequency failure events
lending, to the longor period collapse signal on the vertical component nnd the peaked antare
of the verticud spectruin,

creation und gqanlity control pravided a set of 85 nltershocks which were locuted, Both P wnd S
pliwses wore pleked und clussified weeording to quality and poluity for euch stution und cuch event.

A velocity wiodo!l was crented hased on rellection sarveys pravided to LANL by the Winte Pine
Mine, This modal was used i conjunction with the shot brewk informmtion recorded ut 112 nd
flrst motlons at each stutlon o provide statlon corrections due (o static effects of elevation md
weathered layer thickness. A relatlve locntlon algorithin was stployed with the known location of
the collapse eveut used as the wmaster event,

Results of the uftershock locution exercise nre shown in Figure 7. Both n plin view mid o evoss
sectlonal view are shown. Statlon locutions nre indicated by stars tnote that statlons $T'3 and 814
nre ot shown on the mup view), nltershiock loentions nre Indicnted by circles with black fitled
cticles Tor pvents greater than 250 feet abave the warklng tevel, geny Gitled cireles “or events at the
worklg level o 250 above the warklng level, nnd open cireles Tor events located below the
working level. Furtler anulysis ol those events located belaw the warking level Indicates thut these
eventy are most Lkely inultple events that mude 1t dicticult to plek wsocluted plinses.



White Pine Induced Collanse; 3 Seplember, 1885
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Figure 5. Three component scisiogran and lull record spectra of the collupse event at
STI0 with Instrument response removed. Note the high frequency failure events leading (o
the longer period collapse slgnul on all components and the slinilur nature of ull spectru,

The frequency of aftershock occurrence decayed cupidly followlug the collupse event with more
than 90% of tho high quullty altershocks located occurring within 4 hours of the collapse. The
temalning 10% of the high quality aftersiiocks located occuned during isolated swariis ol activity
theough the reinnining 36 hours of network aperation. 1t shauld be noted that the largest of il

uftershocks recorded were more thun 2 orders of imagnitude smaller in amplitude thun the cotlapse
cvent.

¢ 1 3 ] M ¢ Y ”we ]

The explosively Induced collapse of a pancl ln un underground room and pillw aine
Inclicutes thut thils typxs al controllable event will gencente selsmle slganis which will
propugate to o least near reglonal distances (as gecat ns OO0 ki), Hludings by the winlug,
personnel Indiente that e event helmved us plamed ond fabier wark in e plloe
rubbilization pllot project wlll proceed.

Near source monltoring ol the minlag colinpse shaw that the abserved gronnd motion
aprees well witl previous wark on mining collupses. *Uhie individual explosive clnrges
cipheced in the plihnes do not produce stiong seisinle siguuly, however, the fritime of the



Whita Pine Collapse; Regional Station EYMN; 0.75 Hz Highpass

5“0,- 1 L] v T RS | T
-500} Raua Jeymnz
020 a0 86 B0 100 i T4 T
5“0) . L) A ] # Al T LI 1 L] v ] ws
e aymn
500 ]
cH a0 85 B0 100 120 140 160
Sm— 1} . ) B L] . | ¥ Ll R
0 . Al EM
-500 i e ) ™
0 3540 80 W T840 160
ma (sac)
103,

10¢

Frequency (Hz)

Figure 6, Three component regional scismogram and spectra of the collupse event at
station EYMN (rango 202 ki, 313 degroes azhmath), high pass filtered at 0.75 Hz. Full
waveform spectra indicute that the vertical component is peaked between 1 und 2 Hz, as
was thic case in tho on-site measurements.

pillars and the imaterial above the worklng level do produce stroug seismic signals, Wuork
continues on dotermination of local and regional magnitude associated with the White Pine
collapso cvont and the relationship of this mugnitude to the arca collapsed. 1t cun he
concliuded that the explosive component of the Indiced collapse soirce does not praduce
reglonal selsinde signals but that the resulting collapse cun be expected to be seen
reglonally .

Afltershocks that oceur tollowlng the collnpse nre nt lenst 2 orders ot mngnitude simaller in
amplitade thun the ground wotion genernted by the collapse. The frequency of cccwrence
of the ufiershocks decays rupldly following the collupse, These two observations could be
used to urgue that It would bo extrencly diffienlt to use aftershocks to huprove the locatlon
deternuned by regional obsorvations.

Altershock locatlons performed surprisingly well b grent mieasine due to Inforuation
provided by White Pine Mhie personnel Including retlection profiles and neeess to
recording the shot brenk siginnl. Ve cooperution of mdntig peesomiel was eriticnl to the
succoss ol this experiinent.
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Ligure 7. A plan and north looking side view of preliniinary aftershock locatlons for the White
Pine Collapse Experinwent. Eveot locations are given by circles where biack filled circles locate
over 250 fect ubove the working level, gray lilled circles locate tromn the working level up to 250
tect above the working level, und open cireles locate below the working ievel, Stution focations are
indicated by the stars.

ltlnlql.lll I‘ln[!-ql\s
St Don, D. A, (1995), Copper Runge Cornpany - Solution Mining Stuay, Billne Ratbilization
Project 70 Pillur Blast, White Pine Mine Iterunl Repont, 66 puges,

Tuylor, 8. R, (1994), "Fulse Alarms and Mlne Selsmiclty: A Exauple from the Gentey Mountain
Mining Regron, Utalt”, Budl. Seism, Soc. Am., 84, 350358,

Wiatlter, W. R., S. L., Hunter, wnd L. A, Glen (1996), Prelindingy Reput on LENL Mine
Scismicity Deployiment at the ‘'wentymile Coal Mine, Lawrence Livermone Nationnl FLaboratany,
Livenore, CA, UCRL-ID-1228tK), fu,



