PNE-107F
NUCLEAR EXPLOSIONS — PEACEFUL APPLICATIONS

PROJECT GNOME

THE ENVIRONMENT CREATED BY A NUCLEAR

EXPLOSION IN SALT

D. Rawson
C. Boardman
N. Jaffe~Chazan

Lawrence Radiation Laboratory

University of California
Livermore, California

September 1964

~ Thisdocument is
lfUBL(IbCLY RELEASABLRE

. Authorizing Official
Date; S-9-db




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



CONTENTS

ABSTRACT
ACKNOWLEDGMENTS

CHAPTER 1 INTRODUCTION
1.1 Background
1.2 Objectives
1.3 Exploration Phases
1.4 Observations Immediately Followmg the
Explosion

2 THE CAVITY ENVIRONMENT

- General

Cavity Volume and Shape

Rubble and Associated Rad1oact1ve Melt

Rock Temperatures

Q
i
>
i)
o

NIV VIV g

R 3 PERMANENT DISPLACEMENTS
General
Displacements Surroundmg the Cav1ty )
Implications of Localized Uplift Between the
Cavity and the Ground Surface
Summary of Cavity Radii and Imphcatwns
About ""Blow-off'" of the Cavity Walls

CHAP

wWww
wev— pon=E

w
W

CHAPTER 4 FRACTURING AND DIFFERENTIAL
ROCK MOTIONS .
Local Uplift of Strata Over the Shot Pomt
Melt and Gas Injected from the Cavity into
Fractures .
Deformation Surroundlng the Ca.v1ty
Deformation of the Preshot Emplacement
Drift '

B e
kW N o~

CHAPTER 5 VENTING .
5.1 The Venting Process
5.2 The Vent Path Env1ronment

CHAPTER 6 AN INTERPRETATION OF THE EXPLOSION
DYNAMICS . . . . .

APPENDIX A DESCRIPTION OF ROCK STRATA SUR -
ROUNDING THE GNOME EVENT

APPENDIX B APPROXIMATE PRESHOT CHEMICAL

COMPOSITION OF THE ROCK FUSED AND
VAPORIZED BY THE GNOME EVENT

“2--

10
13

13
15
15
17

20
27

30
30
31
33
37
39
39

4]
47

51

57
57
59

67

75

78

P




CONTENTS (Continued) -

APPENDIX C ASSUMPTIONS INHERENT IN THE

TREATMENT OF THE PERMANENT
DISPLACEMENT DATA.

APPENDIX D CAVITY VOID, RUBBLE, AND MELT

VOLUME CALCULATIONS

APPENDIX E RUBBLE DISTRIBUTION

REFERENCES
TABLES

3.1 Theoretical and Final Cavity Radii Comparison
FIGURES N v o o

1.1 Vertical section through the Gnome postshot
environment

1.2 Plan view showing ‘the post explosmn
exploration and cavity

2.1 Gnome cavity: reflected ce111ng plan

2.2 Cavity profile A-A' )

2.3 Cavity profiles B-B'and C- ol .

2.4 Schematic sections through the Gnome cav1ty
showing approximate distribution of radio-
activity two years after the explosion

2.5 Typical melt samples from underground
drill holes

2.6 Temperature vs rad1a1 dlstance from workmg
point six months after the detonation

3.1 Permanent rock displacement vs distance
from working point .

3.2 Vertical section showing conf1gurat1on of
localized uplift .

4.1 Map of Gnome ground surface showmg fractures .
and approximate boundary of uplifted region

4.2 Profiles of the Gnome ground-surface permanent
displacements showing the uplifted region
configuration .

4.3 Rock deformation revealed by postshot m1n1ng -
plan view

4.4 Vertical section H- H'”showmg deformatlon at
end of hole # 12 drift

4.5 Displacement of underground instrument and
shock-study sample holes = plan view

4.6 Typical faults produced by the explosion

79

80

83

73

37

11
16
18
19
22
26
28
31
36

39

40
43
45

46
49




"

S50, BTN
DN e

(S
W

o
[

CONTENTS (Continued)

Plan schematic of trellis fracture pattern
associated with deformation along the line-
of-sight emplacement drift .

Vertical section E-E' showing partial closure
of preshot emplacement drift

Vertical sections F-F' and G-G' showmg
closure of ''buttonhook drift"

0 Intrusive melt breccia

Deformation of emplacement drift near shaft
Deformation of emplacement drift between
shaft and cavity

Vent path

View of interior of the Gnome cav1ty Note’
size of man

Schematic vertical sections showmg ca.v1ty
development

50
51
53
55
61

63
65

66

69




ABSTRACT

The Gnome event, a 3.1 £ 0.5 kiloton nuclear explosion, was

conducted at a depth of 361 m in bedded rock salt near Carlsbad,
) m b(AH g 6 ..
New Mexico./ Fhis.explosion melted approximately 3.2 X 10~ kilo-

grams of rock salt and produced a standing cavity with a volume of
}The cavity has a pronounced bulge at

its equator. The development of this asymmetry was controlled by

about 27,200 cubic meters.

the.preshot character of the rock: horizontal weaknesses in the
form of bedding planes and clay layers.%'_éhe molten salt mixed
with the condensing radioactive debris and about 11.6 X 106 kg of
rock from the cavity walls, to form a radioactive ''puddle'' of melt
and rock breccia at the base of the cavity. This zone is blanketed
by about 13.6 X 106 kg of rubble that resulted primarily from
ceiling collapse, thus shielding the ''puddle'' so that when personnel
entered the cavity, gamma radiation levels were rarely in excess
of 20 mR/hr. /2

Dﬁring the dynamic cavity growth period of about 100 msec,
radial cracks propagated closely behind the outgoing compressional
shock Wave.Z/Molten rock had not yet mixed well with vaporized
fission products and consequently melt injected into these cracksg
was not radioactive or only slightly so. The/maximum observed
extent of thése fractures, measured frgm the c.enter of the explosion,

is 40 m laterally, 38 m above and 25 m below.




Leakage of radioactive gases through the rock is detectable
by the presence of radiation damaged salt. Generally, there was
no evidence of leakage beyond 40 m and the maximum observed
extent at 65.5 m is thought to be associated with fracturing to a
natural cavity. o

Close~in stemming failed andjcavi"cjr gases vented dynamically
into the emplacement drift. Back-up stemming confined the
dynamic venting but allowed the low pressure release of steam and
gaseo'ﬁs fission piroducfs. " The formation of radial cracks and’
bedding plaﬁ partings, coupled with the emplacement configuration
~to ;ac"co"mmodat‘e a neutron-physics experiment’caused the stemming
failure.

Asymmetry of rock displacements, fractures observed, and
the permanent éurfate displacements indicate localized uplift of the
rock between the cavity and the ground surface. It is interpreted
that this uplift was caused by spall of the upper few hundred feet of
rock which momentarily decreased the overburden pr’essu.re. The
cavity preésur‘e then exceeded overburden pressure and the cavity
expanded preferentially upwards.

‘A zone of increased permeability was defined to extend at’
least 46 m laterally and 105 m above the point of the explosion.

" The permeability increase was established by complete circulation
‘loss of the drill fluid and is primarily associated with motions and
partings along bedding planes — the major preshot weakness in the

rock.
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CHAPTER 1

INTRODUCTION
1.1 BACKGROUND

Project Gnome wvas the first scientific experiment with
nuclear expiosives desibgned_to provide information pertaining
to the non-milita'ry uses of these explosives. A 3.1 £ 0.5kt
nuclear device was detonated at a depth of 361 m underground
in bedded salt on Decefnber 10, 1961. The test site for Project
Gﬁome was lo‘cafevd about 48 km southeast of Carlsbad, New
Méxiéo. o

The Gnome experiment‘was c;onducted in the Salado rock
formation of Permian age (Fig. 1.1). This formation in the
vicinity of the explosion is composed of about 89% halite, or
rock salt (NaCl), 7% polyhalite [CazMgKZ(SO4)4~ ZHZO] , 1%.

anhydrite (CaSO and 3% silt and clay. The impurities occur

B
primarily as separate beds interlayered with the salt strata,

although they als§ occur mixed with the salt crystals (Appendix
A and B). Overlying the Salado formation are the sedimentary
. limestones, dolomites, saﬁdstones, claystones, and siltstones

of the Rustler and Dewey Lake Formations of Permian age and

alluvial deposits of Quaternary age (Reference 1).
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_...The Gnome gevice was emplac;ed at the end of a buttonhook-l"
shapé& drift, a'?élisg;ance of 301 m from the shaft (Fig. 1-2).' The'.‘ '
first 274 m of the drift were straig};t éi;)ng a line between the
shaft and the device. The remainder was curved and is referred
to as the. "buttonhook" portioﬂ. The drift was designed so that the
buttonhook would close following the detonation and contain the
explosion. Requirements for an associated neutron-physics experi-
ment were such that most of the drift had to be'line-of-sight to the
device. . An evacuated pipe (the ''meutron pipe') extended from a
revolving wheel (the '"'neutron wheel') through the straight portion
of the"dr:ift and c'c‘mt»iniied‘throu'gh a érili hole to the device room.
Backup stemming was provided in the drift near the shaft to

restrict venting if the close-in stemming failed.

1.2 OBJECTIVES

‘"The major objective of the postshot evx‘plbrationlpr:ogr'am' was

to provide a definition of the environment created by the detonation

in support. of the primary object of Project Gnome: To study the

effecf'sffq:.flzéai:i "'ur'1'd>érground nuclear exf)l'osion in salt. Previous
experiénce with volcanic tuff and alluvium at the Nevada Test Site
had provided a general understanding of the interaction between
nuclear explosions and rock materials. An explosion in salt
provided an excellent test of this understanding, since the physical

and - chemical properties of salt are greatly different from those of

tuff and alluvium.

-10-
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Fig. 1.2 Plan view showing the post-explosion exploration and cavity (shaded) (the

fine line drawing indicates the pre-detonation configuration).




Many data were also obtained pertaining to some of the

other objectives of the experiment, specifically:

1.2,1 The Isotopes Program: To determine the feasibility

of recovering radioisotopes produced by a nuclear explosion.

This method would represent a significant alternative to reactor
methods. Although the device used in Gnome was not specifiéally
designed to produce quantities of usefu;l isotopes, the mixed fission

products made possible a feasibility study.

1.2.2 The Power Program: To investigate the feasibility

of the measurement and extraction of heat deposited by the
explosion. It had been suggested that the heat of fusion of the
salt melted by the explosion might be extracted and used for

electrical power.

1.2.3 Shock Effects Studies: To subject a variety of
mineral and organic samples to a range of shock pressures
produced by the explosion in order to determine the effects of
the explosion (in terms of phase transitions, property changes,
etc.) on the samples. |

The purpose of re-entry drilling from the surface was to
provide radioactive samples for yield determination; to enable
measurements concerned with the power feasibility studies; and

to provide preliminary definition of the environment created.

-12-
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1.3 EXPLORATION PHASES

Po‘st-deto'nati‘on exploration consisted of: 1) e‘xamination
of the surface facilities and the ground surface over the working
point>:< (Reference 2); 2) examination of the shaft and the bottom
station six days following the detonation (Refevrence 2); 3) re-entry
drilling from the surface into the cavity region during the period
from December 11, 1961 to January 18, 1962; 4) underground
mining and drilling exploration, including re-entry into the emplace-
ment drift', recovery of shocked samples and instruments, entry
into the cavity produced by the explosion and general definition,
by direct observation, Qf the postshot environment. Exploration

was complete by the end of September, 1963. This report covers

the work accomplished during phases 3 and 4.

1.4 OBSERVATIONS IMMEDIATELY FOLLOWING THE EXPLOSION

Less than one minute following the explosion, radiation was

detected at the blast door near the bottom of the shaft (Fig. 1.2) by
remote-area radiation monitors. No radiation was detected at the
shaft collar until three m‘i.nutes and forty séconds after the detonation.
At approximé.tely’ seyen'minutes after zero time, a gray smoke, steam,
and associated radio'ééti;rity surged from the shaft opening‘. By eleven
minutes following the exploslion, copious quantities ofvs‘team issued

from both shaft and ventilation lines. A large flow continued for

“The location of the nuclear device.

-13-




about thirty minutes before gradually dekcreasing. A small flow
was still detected through the following day. The radioactive
elements that vented through the shaft were volatile and noble
gases (Reference 3).

The unexpected venting of steam and associated radio-
active gases led to an additional objective for the exploration
program — the determination of the cause and nature of venting.

The Gnome event was monitored by geophone arrays from
shot time ‘until the shot environment was penetrated by re-entry
drilling. The gebphone records indicated that noise produced by
rock movement lasted for three minutes following the explosion

and were very infrequent after that time.

-14-
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CHAPTER 2
THE CAVITY ENVIRONMENT

2.1 GENERAL

Postshot exploration started first from the surface and
then was accomplished by drilling and drift excavation underground
(see Fig. 2.1).

On May 17, 1962, only five months after the explosion,
excavation along preshot drill hole #25 for the purpose of recover-
ing shocked samples re‘sulted in actual personnel entry into the
cavity. This made possible direct observation of the cavity interior,
photographic documentation and a minimal trqia.ngulation survey to
define its size and shape (Fig. 2.1). At that time, the air tempera-
ture was 50°C near the cavity entrance, the relative humidity was
60-70%, and the radiation levels varied from place-to-place, but
were rarelyvin excess of 20 mR/hr. One month later a more com-
prehensive temperature survey indicated a variation between 50
and 57°C wi’thin the cavity. It should be noted tﬁat for several
weeks prior to 'and-following cavity entry, fans lécated in drill
holes from the surface into the cavity had flushed several million

cubic meters of air through this environment.

-15-
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2.2 CAVITY VOLUME AND SHAPE

An estimate of the total void volume produced by the explosion
was made, using a combination of three points from drill holes
penetrating the top of thé cavity, photographic guides for extrapo-
lation from survey covntrol within the cavity, a@nd underground drill
holes which defined the cavity below the working point in 10 places.
'This volume was calculated to be 27,200” cubic meters (Appendix D)
and is in very good agreement with a measurement made by
pressurizing the cavity with compressed air. A known volume of
air at a known pressure was introduced into the cavity. From
these measurements the cavity volume was calculated to be
28,000 = 2,800 .cubic meteré' (J. Tracy, LRL - vérbal commu-
nication). | o

The total void volume of 27,200 cubic meters is equivalent
to a sphere with ‘a‘rradius of 18.7 meters. The cavity is asymmetric,
however, because of ‘:;ni_sotrt)pic resistance to cavity expansion,
implosion of the cavity walls, and par_tial ceiling collapse (see
discussion in Cha_,pter 3). The cavity shown in Figs. 2.2 and 2.3
has an average radius of 17.4 m iﬁ the lower portion (measured
from the working point to the boundary of radioactive melt)} an
average radius of 24.4 m in the equatorial plane; and an average
r/a.dius of 22.9 m in the upper portion (measured from the working
point to the rocvk—void interface). The shape of the ceiling of the
cavity indicates that the major pre-shot weaknesses in the

rock, the bedding planes or horizontal boundaries between

-17-
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rock units, S6mewhat controlled the exfént Qf collapse. It is very
likély that less collapse would have voccurred‘ if these weaknesses
had not existed.
" The mb-st significant departure from spherical symmetry is

a gi.rdl‘e of rock about 9 m high ‘surrognding the equatorial region
of thé‘vg:avvity. This region moved radially ftirthér from the work- '
ing point than rock nearer the base or top of the cavity. The
develo'pmexvlt’-’olf't.his asymmetry was most likely controlled by -
bedding plané -weaknésées and thin horizontal clay strata that
separated more competent beds of salt and polyhalite. The expla-
ﬁatién of this bulge 1s discussed further in the sections on pérma.-
nent displacements and ear;ch deformation. The cavity would be
more symmetrical about a vertical axis passing through a..point
about 4 m northeast of the working poiﬁt rather than through the
‘ wofking point (the center of the nuclear device). This displace-
menf of the effective center of energy may be due to the shape

of the chamber in which the dévice was detonated, resulting in
theviniti'all distribution of the explosion energy as a cylindr>ica1

‘source rather than a spherical one.

2.3 RUBBLE AND ASSOCIATED RADIOACTIVE MELT

The mass of rock melted by .the explosion, based on the
( -
analysis of ore recovered from drill holes, is estimated to be

about 3.2 X 10'6’ kg, e;quivalent to about lO6 kg pef kiloton of yield.

-20-
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This mass compare s favorably with the expected mass vaporized
and melted of about '1.4 X 106 kg ner kiloton. This prediction was
ho.sed on the assumption that ‘41% of the explosive energy is utilized
in melfing the -rock (Reference 4) The rneif .heca.‘rne intimately
mixed w1th about 11 6 X. 106 kg of rock much of which was probably
1mp10ded decrep1tated or’ fe11 1nto the ca,v1ty early during the
first few seconds follow1ng the exp1051on An estimated 13.6 X 106
kg of rock collapsed later from the upper hemisphere and bla'nk-:
eted the region containing the radioactive melt hreccia at the cavity
base (Appendix D).

The region. denoted as Zone B in Fig. 2.4 can vgenerally‘be
described as a rock-melt breccia in which the melt forms ‘much
of the matrix between the larger rock fragments (the range of
particle diameters is estimated to be about 15 cm to 3m). The
melt itself engulfs smaller rock fragrnents thvat range in diameter
from a fra.ction of a cent;metéf to ar_fevz‘/.centimeters. The degree
of dilution of'sami)les 'of"‘the"rnel_t va;ri'es ,g"re_aél'y_from elmost no
rock fragrn"ent‘:s to asmlJ:ch a.s >3-0'vo'r' 4(l)t'1'3é'rc‘ent~ .

Because' rnuch‘of thls zone: 1s typ1ca11y a mlrcture of rock
fragments cemented together by the melt ma1;r1x, it is 11ke1y
that this ma‘gerlal,wonld be,se_lf-suppo'rtmg »;f actual mining re-
entry were necesserj.' Th151s especi-ally true near the cavity

boundary wh_e_re__the. concentration.of melt is the highest. Most

likely, a liberal ernount of rock support woﬁi‘& be necessary.

21~
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This material was sufficiently self-supporting, hvowever, that the
drill holes rema.ineci open without casing. |

The rubble in Zone A, Fig. 2.4, above the zone containing
radioactive melt is e'sséntially a loose pile of rock fragments and
is not "s'elf-supporting. During re-entry drilling the holes caved
in this regidn, causing considerable diffiéulfy. In this zone, the
particle-size variation ‘can be approximatéd with reasonable’

accuracy by direct observation of the rubble surface exposed at

' the base of the cavity void. The range in particle size is extremely

large, varying from crushed rock fragments less than 1 cm across

~to large blocks as large as 7 m across the maximum dimension.

Blocks exceeding 2 m across account for less than 10 percent of

‘the rubble and the average particle diameter is about 75 cm.

The e>xplo's'i"on liberated at least 5 X 10% kg of water from
the vaporized and melted rock and an additional 17 X 104 kg or
water could have been liberated from the 11.6 X 10° kg of rock
that came from the cavity wall anid was mixed with the melt.

M. ‘Nath‘anéf(Refe'reﬁcié 5) c:'é,lc‘uljaited‘ from the t'_rivtvit.im’concéntra- ’

tion in t_he :{(erited' stéam th'é.t"'a‘.s muchas 4 X 10° kgvo:'f‘Aw’ater

- might have .bé‘eh liberated f;rorn.'th"e‘rocik. " Had there not been

venting tfl:;_tap‘ off much' of this "w"’at‘er‘,‘ it would have éventually
condensed and collected in the voids of the rubble at the base of
the cavity. As it was, the water level in the rubble was at an’

elevation of 673 m, or 2.1 m below the workihg point. Most of

-23-




thi‘s,. wate'r was added during surfack'erlre-entry d_rilling, a.lth_qbugh’
some is probably condense.c-l steam that did not escape during
:céwity’venti_ng. A total of,,aboﬁt 5 ><‘1().5 kg of water entered the
cévity and the &oids in the rock above the working point as a -
result. of cir.culatio‘n, los s»e_s'd.uring drill_ing. Water was still
dripping yé ry slowly into the cavity or;ke year following th'ev
explosion.

As discussed above, the .‘radio_actifr.e:melt forms a puddle
“ir;_t;i,r:nately mixéd with n‘on'radiqa‘qtive rock. A sc_hemay.tic_ cross
section through the'lqwer_hpm_zi_sph__ere of the cavity»(F.ig_. 2.4)
shows thg_ approximate _'gadmmaf radiation dis’;ributi_on ba.s_gd on
radiation 1‘og data frqm_ underground drill holes and hole 2a.
This ‘picture'i-s large__ly conceptual, since it is baéed_ on lirn_ite_d:,
data and the logs show a great d‘el:al of scaﬁte:r._in radiation levels
because of the 1_a.i'ge a_rhount of nonradioactive rock mixed with
the radioactive melt. ,

This figure shows a zone .at the basekvo‘f the‘_,cavitybtl‘@t is
highly _en’rich}edv__in:radioactivity. In vertical hole Za a 0.6-m-thick
zone had radiation six times leylelsugr.eat_er than any other level
recorded in this hble. _ Undergroyind holes, G through J, were
drilled’dinbA}ugust, 1963, to better define this zone and'.to obtairi ’
additibn‘a'.v_l radioactive_{ samples for the isotopes production study.
Dafa from these.holies‘ were ﬁsed primarily to define theb‘limits_

of the enriched zone in_djg:ated in Fig.v 2.4.
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Presently the rubble and melt 'av;e: being studied in detail in
order to dete'rmine r;i;etho.ds‘j‘of llqrocAes:s'ing'this "ore' for elements
that are chemically siﬁiiiar to the .actin'id.es.'_ A report by‘ M. Nathans
(Reference 5) covers the details of this study. It has been deter-
mined that .a.lmost all of the fission‘products (other than the gaseous
or volatile ones) remain with the salt impufitie‘s when samples are
either dissolved in water or remelted to separate the NaCl from
the other impurities. Part of the scope of th1s study is to deter-
mine with which chermcal spec1es the dxfferent rad1o elements
are associated. | |

It is inte resting'vto note that the mineral olivine, specifically
forsterite (MgZSiO4), roékes up a significant portion of the water-
insoluble fraction of several samples. ThiS mineral did not occur
preshot in the rock. The major source of magnesium was the
mineral polyhalite [CazMgKZ(SO4)4' ZHZO] . Magnesium also

occurs in the clay minerals and in trace quantities of magnesite

(MgCO ). Slhca occurs pr1mar11y "‘as S11t S1zed‘quartz particles

and with the clay m1nerals Ro_fereoce 5 also doscr1bes a variety
of other chem1ca1 reactlons.re’sultmg- 1o several compounds and
the ra.choactwity fractionatloﬁ assoc1ated wﬁ:h the se species.
Examples of the sol1d1fied sa;lt melt are shOwn in Fig. 2.5,
Sample B- ZlH is only sl1ght1y ve31culated It was taken from

about 2 m from the far cavity boundary in drill hole B (Fig. 2.2),

and contains a large amount of rock fragments, presumably blown
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Fvig‘.' 2.5  Typical melt sa_mples from -
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off the cavity wé_.lls. Some of the fr.agments_ uﬁderwent fusion
because of the syﬁperheat of the melt. S;a;xhple_ F-21H is from
drill hole F (Fig. 2.35 near the cavity edge. The melt in contact
with the unfused salt forms a dense band in ‘contr‘ast with the
vesicular melton"c_lire_ other side of the ba'ﬁd. It is interpreted
that following cavity growfh the rock Bounding the cavity broke
up and imploded, allowing the salt melt to invade openings that
resulted. The>rv1¢wly exposed colder rock quenched the melt,
'fo‘rming unvesiculated melt at the céﬁtaczt. Under normal
circumstances, it would be expec_ted that this chilled border
would be gradational, but at Gnome it is quite possible that
when venting occurred, the cavity pressure dropped rather
abruptly,j causing violent out-gassing of the melt. This sudden
out-gassing, which was closely followed by solidification of

the melt, pro’duced vesiculation. Sample E-3H was taken from
drill hole E near the central portion of the cavify about 25 ft
above.the cavity bot‘.cdm (F‘i"g. 2.3).’ 'T_his melt cooled more
slowly than mos"t".of’the me“lt observed and developed'large
c‘ryStal.lite's' - hp’_}:d?l mm 1n aiéfﬁéte'r. Most of the melt

solidified rapidly and is fine-grained — less than 1 mm.
2.4 ROCK TEMPERATURES

A plot of temperature versus radial distance from the work-

ing point is shown in Fig. 2.6. Data points shown were taken from
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Fig. 2.6 Temperature vs radial dis_tance from working point
six months after the detonation.
temperature me_a.su;fgmerits made about 6 months after detonation,
in drill holes A through.F‘. This plot indicates that the average
temperature was 71°C in the rubble -melj: zone of the cavity at
that time. Tqrﬁperatures varied from 63 to 83°C in this region,
depending upon the elevation at which the measurement was made.
Maximum temperatures were recorded within abouf l1m ,from.
the lower cavity boundary in each hole that penetrated this zone.

The logs of holes B and C indicate that below the Cavity,

at'equal radial distances from the working point, and at equal angles

from the vertical; temperatures are 10-12° higher in a northerly @ o
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direction than in the southerly. This asymmetry is consistent with
the asymmetrical position of the zone of hig‘hly‘-'r'adioactive melt

described previously.
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CHAPTER 3
PERMANENT DISPLACEMENTS
3.1 GENERAL

Displacement of the material surrounding the Gnome explosion
has been measured laterally at a distance of 298 m by gages in a
drill hole (Reference 6), and the .permanent displacement of the
surface over the working point is known by surveys (Reference 7).

In addition, permanent radial displacements have been determined
from preshof and postshot positions of rock strata and other markers
such as instrument holes. |

Preshot elevations of beds were obtained from the USGS litho-
logic log (Reference 8) and tunnel map (Reference 1), Postshot
positions were determined from geophysical logs of the vertical holes
and from core from the ﬁnderground inclined drill holes. Preshot
and postshot posi_ti"ons of beds are generally known within + 0.3 m.

The locations of instrument holes branching off from the main drift
were accurately surveyed before and after the detonation.

Figure 3.1 is a plot of the permanent displacefnent data obtained
by postshot underground exploration. Ri' ~ the preshot radial distance
of a givén point frond the working point — is plotted against l/(Rf-Ri)Z,
where Rf is the corresponding postshot radial distance from the work-

ing pqint. For convenience, a scale showing values for (Rf-Ri) is on

the plo\‘\c and a theoretical curve drawn based on the relationship
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DATA BASED ON THE FOLLOWING SOURCES:

© HOLE A
---- 0 HOLE B
sessre & HOLE C
----- -'© HOLE D
----- @ HOLE E
----- ® HOLE F

® DISPLACEMENT OF PRE-SHOT HOLES No.3,8,9,12,25

# VERTICAL HOLE 3AW BELOW W.P.

B VERTICAL HOLE 3A AND 2A ABOVE W.P.

A THEORETICAL DISPLACEMENT CURVE.ASSUMES GROWTH
.OF SPHERICAL CAVITY_WITH 18.7-M RADIUS AND VOID
VOLUME OF 27,200 M3 '

N R R R e N T

"25 30 35 40 45 50 55 60 65 70 75 80 85 90
R; INITIAL RADIAL DISTANCE FROM W.P. (METERS)

20—

AR PERMANENT RADIAL DISPLACEMENT FROM W.P (METERS)

o
o
)
o
™
o

Fig. 3.1 Permanent rock displacement vs distance from working
point. :

R =[R 3. Ri3]1/3 (Appendix C). In this equation, R is a 'theoretical

radius of the void produced by the explosion. As summg a void volume
of 27,200 m3 resultmg from the growth of a spher1ca1 cav1ty, RC is
equal to 18 7 m. The systematlc departures of the data from the

. theoret1cal curve are dlscussed below
3.2 DISPLACEMENTS.,SURROUNDING THE CAVITY,

Permanent displacements of rock strata were ‘obtained from
the records of holes drllled below the worklng p01nt (dr111 holes B,
C, D, E, F,, and 3AW). These d1sp1acements generally plot above

the theoretical curve for given Ri values, indicating Rc is less than

-31-




18.7 m in this region. The average value for Rc calculated from i
"'chese data is 16.3 m. Pefmanent radial displacements of instru-
ment holes #3, 8, 9, 12, and ZS‘fall below the theoretical curve,
thus indicating tha’c_RC in the.equatorial regfmn is. gr’e’a:cer than
18.7 m. The average value for R'Cf calculated_frem these data is
'22.9 m ’fhe .displa.ce:rn.ent.’at”298‘“m was about 3.5 Vc:m at 0.5 sec

- after the explosion, meabured b‘y,‘gages in a drill hole at the
‘elevation of the workmg pomt (Reference 6). The R ef 2l m
calcuiated frofn this dlsplacement compares favorably with the
averege R_ calculated.fron11nstrurnent hole data.

Permanent- d1sp1acement data in the equatonal region and
below the workmgypomt gene rally hav"e nearly consta,nt R values,
and the slopes of these curves usually parallel the theoretmal
curve (Fig“. 3.1). Variations of RC can generally be explained by
differential motions ef foek along fault planes revealed in the mining
and dr1111ng exploratlon |

Applymg the theoretlcal equatlon to the d1sp1acement da,ta
obtamed above the workmg point (drill holes A, 2A, and 3A), 1t is |
found that Rc increases with radial distance from the working poi.nt
ahd the slopes of the curves do not parallel the theoretical curve,
but are less Stee}plwy i,nclined‘.

. These ,dete indicate an asym}met,ri»cal» distributi.o»n_‘ of rpck dis'-v
plagement 1spr1jouhdiri:g the eavity, implying‘ different Rhenomena
abzovevthe ‘_cavity ‘relrative__ to the equatorial region and below the cavity.
This is further discussed in Section 3..3.
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3.3 IMPLICATIONS OF LOCALIZED UPLIFT BETWEEN THE

CAVITY AND THE GROUND SURFACE

The asymmetry of fhe rock displacement associated with cavity
growth and subsequent rock motions may be explained in the following
manner:

A reasonable assumption is that the force resisting cavity
growth is about e‘_qu»a.l to the weight of the overlying rock. In Gnome,
the observed asymmetry in the equatorial region indicates that this
force was nonuniformly distributed. The growing cavity met less ..
resistance horizontally, in the direction of the inherent weakness
in the rock; i.e., bedding planes between various rock strata. Thin
clay seams betw-een halite and polyhalite strata are most conspicuous
in that they form both structurally weak planes and lubricated glide
surfaces.

Immediately following an underground nuclear explosion, a
shock wave is produced by the impact of the expanding hot gases
with the confining rock medium:_. -This shock-wave travels to the
surface,- wheré it is: reflectv_evd baék toward the: cavity region. As
the rgrefact’ion wave returns"froﬁl'the'éurface»., ‘the upper-several
hundfed feet o‘f rock 1s 'Spaileé*(goes vi‘hto' free“f‘all)"which also
momentariiy' dect:rea‘s,‘és“ '%he ove rburden p1i¢ s suré'_:._ -At:that time the
compressed’ rd;k can .adjust' and much of the cavity volume is trans-
ferred from c.ompre ssed rock into upwar‘.d unloading and permanent

surface doming. Local cavity growth can also occur, since the gas
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pressure vwi‘thin if may well exceed the 6§/erblirden pre’ssufe while
~ the upper few hundred feet of rock is spalling.

From the elevation about 105 m above the working point down
to the cavityv, the rock was found to be significantly more poroﬁs
and perme.able than it was preshot. This phenomenon resulted in ..
circulation losses Whiie drilling from the surface and was observed
_by comparing p‘resh.ot and postshot sonic geophysical logs. The
permeability is primarily associated with bedding plane partings
and extends at least 46 m la.te.rally from the working point as’
evidencéd by ;irculation losses in USGS drill hole #6 (Reference 9).
At the far end of drill hole A, Fig. 2.1, faulting above the cavity
was encountered ‘in which the rock over the working point was dropped
downward relative to the rock lateral to the working point. These
data suggest that there was an inward sag or down-drop tcwards the
cavity of rock strata above the working point. The backdropping of
strata occurred for a distance of about 105 m ve‘rtically above the
working point. This movement is superimposed upon a general
uplift of the rock between the éévity and the surface. B« 4 of these
motions.are in addition to the rock motion associated with c‘avity
growth that took place primarily dﬁring the first 75 to 100 m‘”sec,
following the explosion.

-Near the top of this permeable zone, at 85 m above the work-
ing.point, where backdropping of strata is minimal, the difference

between the A‘R (i.e., Rf - Ri) on the theoretical curve (Fig. 3.1)

. =34-




and the AR shown on the curve from drill hole 2A and 3A data,
is almost 2 m. From the existing data, a minimum of 2m is the
best estimate of the magnitude of the uplift of the rock up to 85 m
above the cavity that i's addit.ional to the upward deformation
associated with cavity growth during the first 100 msec.
Uplift is probably a little greater in the rock immediately above
the cavity since gross permeability and associated porosity increases
were observed as high as 105 m ahove the working point. This
amount of uplift assumes a maxirnum initial cavity radius RC of 18.7
m prior to uplift (see Section 3.4). |

Doming at the surface was spread over an area about 360 m
in radius (Reference 2), and had a maximum permanent vertical
displacement of 0.6 m. The uplift of rock near the. ceiling of the

cavity represents only a small volume increase relative to the total
cavity volume or .the volume represented by permanent surface
uplift. Further evidence supportlng the hypothesis that an uplifted
plug is formed is given in Sect1on 4 1

The cone - shaped up11fted zone shown in Fig. 3.2 indicates

that a p0551b1e effect of backdropp1ng of some of.the rock is to

t1ghten up the arch over. the cav1ty, v-rather than weaken it. This
process may have been 1mportant in produc1ng cavity stability. |
The lack of a 51gn1f1cant number of open fractures above the cavity
to 1nterconnect the preshot structural weaknesses in the rock is

very important from a radiation-safety point of view. The radial
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fractures that were:produced by the explosion were filled with melt,
sealing in the"gaseé.
3.4 SUMMARY OF CAVITY RADII AND IMPLICATIONS ABOUT
"BLOW-OFF" OF THE CAVITY WALLS

As pqi_ntevd out in_Sectiop 3.1‘, :Rc is” the fadiug of the theo;etic%}
cavity void. The void produc_gd by the explosion is equivalent to )
an 18.7-m_-ra§lius sphere; and the avefage ;ralue ‘o‘f RC below the
working ppint ib 16.v2>m, contrasted to an a.ver‘agev of 229 m in the
equatorial r_egiéq pf_lthe c?.vity. _ Rc aboy‘e the wo;king point éannot
be greater than,a»bou_t‘178.7v m and be‘ qonsistent with the rﬁeasured
cavity volgmg. ']v?alt..ble‘3.lv summarizes v.alues Qf R.» ancél compares

these with the final cavity radii defined on p. 17.

TABLE 3.1 THEORETICAL AND‘FINAL CAVITY RADII

COMPARISON
R., Radius of
. Theoretical . .. . Final Cavity .
'Cavity Void (m) Radius (m)
'Range Average = Range = Average
Below the working point  12.5-21.9% 16.2  14.9-19.8° 17.4
Equatorial region . - - 21.0-26.2° 22.9  19.5-30.2% 24.4
Above the working point ~ Maximum  18.7  20.4-27.1°  22.9
o i K . A E S AP K Of O T P . -
a . c, . P - I S
20 data points 10 data points 15 data points
bl 1. data points d25 data points
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Mgch of the variation in both Rc and final cavity radii shown.
by the range values in the table can be explained By observed differ-
ential movement of rock along fault plapes discussed in Se.ction 4.3
on rock deforfaation._ |
| In .the' region below‘ the workiﬁg point and in the vequatorial
ri;eg‘,idn‘,v the difference between the average radius of thé. .cavity
void (.RC)' and the final cavity radii is about 1.2'm. It seems probable
that this thiék;es.s represents an annular shell of the cavity wall
thatﬂb‘ré':;k:s up aeéiepitates, spalls, or is imploded i;to the cévity.
Thus <.)pénin:g's.de'vél_op in the rock bounding.the lower hemisphere

of the caAvvitSr aﬁd th'e‘flui'd, radioactive salt .me11’: invades these open-~
ings. | The evatent’vof tﬁe rnelt. defines the fin'al‘ c.avit.y bounvdary. This
annular zone i_s called :the "blow-off'" zone; it produces the rock that
blows into the cavity where it mixes with and cools the melt. Assum-
ing that the average thickness of this zone is 1.2 m surrounding an

3

18.7-m-radius éphere, then about 5.6 X 10 m3 of rock mixed with

about ‘3.2 X ‘106- kg of melt in the rubble is ''blow-off'' material from

_the c_évity Wg.l:ls'.' _The difff_,e_rence between 5.6 X 103‘m3 and the esti-

3 fn3, which would roughly,

" ‘mated total rubble volume is 11.46 X 10
b¢ the améuﬁt added by éeiiing collapse into the cavity. Figure 6.15
ié a schema.tktif: d;éwing i‘lll‘ustrating the '"blow-off" phenomevna' and
fhg {rarious din.qenvsions cﬁscussed abéve. Appendix E is a furfher

{

discussion of the rubble distribution.
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CHAPTER 4
FRACTURING AND DIFFERENTIAL ROCK MOTIONS
4.1 LOCAL UPLIFT OF STRATA OVER THE SHOT POINT

The exfstence of a‘n uplifted region over the shot point was
inferred on the bas1s of permanent dxsplacement data and a mech-
anism for its forrnat1on was discussed in Section 3.3. Add1t10na1
evidence pointing to its existence and crudely defining its shape is
discussed in this sectioAn.'v Figure 4.1 is a map of the ground-surface

APPROXIMATE BOUNDARY
OF LOCALIZED UPLIFT

</ A2

/)N SURFACE
7 ZERO

. X c
* USGS HOLE - 3
“No6 - ’ .

0 50100 '~ - 200 - 300 FEET ..

Fig. 4.1 . Map of Gnome ground surface show1ng fractures and -
approximate boundary of uphfted reglon (modlfled after F1g 4.2 of
Reference 2). . : .
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fracture pa‘tern produced by the ‘e'x'plb‘s'ion as mapped by Hoy and
Foose (Reference 2). - Figur,e'4.v2xshows' permanent-displacement ’ B

profiles of the ground surface along Section _Al-'AZ, »Bl-B3’ and

Cl-C3 located in Fig. 4.1. As these profiles show, the surface
> .
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Fig. 4.2.- P’fdfilles:"df: the Gnome gfound—s,urface permarfe'nt dis-
‘placements’ showing the uplifted region configuration (see Fig. 4.1
for plan view).
doming is not a smooth arch, but th-e'r,e‘arej locations of abnormally
large uplift or differential rock motion within fé.irly restricted-zones
(Al’ Bl,; AZ, -:Bz,‘ etc.). It is suggested that these zones may be.
the locations of the boundéry of the uplifte'd reg.ion.‘ Figure‘.4.:l shows

the trace of these boundary zones based on the survey data and there @
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is a parallelism between this trace and the trace of observed surface
fractures.

The .USGS drilled ve rtiqal ‘hole #6 at a distance of 46 m from
surface grouhd .zé;o. | Thies“h:ol‘e encounteredfractures at depths of
122 and 183 m from the surfa.'ce\tRﬁ‘e’férer‘ic‘:e 9); : Thi;s ffac;turing may
be as)so:c‘iat‘e-db with the béﬁhdéry of thélll.vipuli'ffé;d‘rééior'x‘. ThiS'boundary
is probably broad and diffuse consisting of Slightly folded strata and
some shear Lfracturin-g.‘ There is no evidence indicatir;g that .

uplift though localized permitted leakage of i'a(ilioactivity from the

‘immediate cavity environment,

4.2 MELT AND GAS INJECTED FROM THE CAVITY INTO
FRACTURES | |

I‘rr‘adi.at.ion"‘of rock sé.lt results in ‘dis1‘:.inctiv.é' yellow, glue,
and purple coloration.. -For this -reason, areas where radioactive
gases were able »to‘»"pefméate'are detectable even though radiation
1évels in some instances were néar b'ackgro'und at the time of explo-
ration. Molten salt injected in’to-b:‘aék‘s’i from the:cavity character-
istically is black and contains {rai‘y‘i.rlg'amounts of‘radio_acti‘vity.
Using these color criteria, it was obse.rﬁe'é'l thgt abqve the working
point, both gases and slightly radioa.c"cive melt permeated a distance
of 38 m from thq,ng;king,pojin’_c. This i'\s_» rather surprising since a
zone of greatly increased pez;méability e%ténds vertically to a dis-

tance of about 105 m. Because of the infrequency of melt injections
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LEGEND - Fig. 4.3

Echelon tension fractures resu1t1ng from movement on ma_)or
thrust fault. Probably extend full length of "buttonhook drift.

. Voids encountered'at this location

Major thrust fault assoc1ated with closure of the ”buttonhook
drift . '

Abrupt termination of radiation damagé at tension fracture.

Approximate postshot boundary of left rib of "buttonhook”
1nd1cated by extent of melt and rock breccia.

Approximate extent of major tunnel closure.

Encountered water leakage from polyhalite #94 from this point
to end of drift.

Location of accelerometer that failed at 16 msec.

Major overthrust fault with maximum observed d1sp1acement
of 3.m (see Fig. 4.6a).

Postshot location of sand bags in hole #25 alcove.
Sheet of radioactive melt injected along a parting of clay beds.
Preshot location of hole #25 alcove.

Preshot location of ""buttonhook drift."
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and radiation-damaged salt encbuntered in exploration of this region,
the relaﬁvely short vertical extent of these injections above the work- -
v ing point, and since the afnount of radioactivity in the injected melt

is much lower than melt éncountered within the cavity; it is concluded
that the open fractures communicating with the ca&ity developed

eaﬂy during the dynamic gro.wth peridd._ Injection at this time (10-
100 msec) is likely because good physical mixing between the molten
rock and the vaporized fission products would not yet have”occ.urred.

In the equatoi'ial region beyon.d,the cavity, melt was observed
as far as 40 m from the working poiﬁt, and ._evid,ence.of gaseoﬁs
ihjection was observed as far out as 65.5 m. These distances refer
to melt and gas injections that are believed to be unrelated to the
vent path dowﬁ the line-of-sight empla;cement‘drift. Melt was injected
into a clay parting along the line—of- sight emplacement drift to a
distance of 58 m from the working point, and meit was also in the
drift as far away as the concrete block stemming (Fig. 1.2). Cracks
from this drift were also permeable to gases. Figure 4.3 shows
‘the fracturing and the distribution of radiation-damaged salt and
mel’; injection in this eqﬁatorial region.

Preshot hole #12 was explored to recover an instrument that
failed at 16 msec (Reference 6) following fche explosion. It was found
to have been located in a region of anomalously large rock deformation
with accompanying radiation damage in the salt and water 1eakage

(Fig. 4.3) indicating permeable communication with the cavity. The @ .
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early failure of the instrument, coupled with the intense local defor-
mation and its associated permeability commﬁﬁicating with the cavity,
indicates that the fracturing started at about 16 msec, or immedi-
ately following the passage of the compressional shock wave. The
cross section H-H'"' (Fig. 4.4) located in plan in Fig. 4.3 is a

detailed map of the deformation at the end of the hole #12 drift.

SCALE
0 0.5 I.IO 1.5 METERS
L 1

LIMIT OF
RADIATION DAMAGE

INSTRUMENT HOLE

Nol2\ - g evaTion:

672.6m

"
LEGEND H

POLYHALITE MARKER BED No.94 AND BASAL CLAY
RADIATION DAMAGED HALITE ROCK
PLASTICALLY DEFORMED HALITE ROCK

SHEAR PLANES INTERTWINED ROUGHLY PARALLEL
TO. BEDDING.

(THESE PLANES WERE PERMEABLE TO RADIOACTIVE
GASES)

,R@:m

Fig. 4.4 Vert1ca1 section H- H'"! show1ng deformatlon at end of
hole #12 dr1ft (see Fig. 4.3 for plan view).

Note the -local downward mot1ovn of rock unit #93 through and mixed
with that of the lower rock unit #94 This .15 very intense defor-
matlon at a d1stance of 65 m and compares ‘with. the intensity of defor-
matloﬁ as soc1ated<vs‘/1th clos.ure of the "buttonhook" dr1ft at a distance

of about 30 m from the workmg p01nt The possible existence of a
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natural cavity in the salt near the instrument location that was col-
lapsed by .t;he shock wave could be the explanation of this deformation.
Such cavities are known to occur in the Salado formation (C. Jones,
verbal communication) and are generally br‘ine-—filled.. Figure 4.5

also shows the anomalously large radial displacements in that region.

REFERENCE LINE =
PRESHOT EMPLACEMENT ORIFT

-SHOCK EFFECTS HOLE NO.3

WVITY BOUNDARY

INSTRUMENT
HOLE NO.9

INSTRUMENT
HOLE NO.B

LEGEND
PRESHOT HOLE LOCATIONS

INSTRUMENT ——0-—— — POSTSHOT HOLE LOCATIONS SHOW
HOLE NO. 12 LOCATION OF SURVEY PQINT

633583 .SCALE
Yy 0 15 30 &0
FEET
[} 39 ]

METERS

Fig. 4.5 Displacement of underground instrument and shock-study
sample holes — plan view.

Explorati;)n along the postshot location of the '"buttonhook'' drift,
Fig. 4.3, encountered noﬁradioactive melt that was injected into the
open drift and was then caught up in the rock motions associated with
the drift closure. This relationship again supports the thesis that

melt and possibly some radioactive gases escaped from the cavity
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primarily during dynamic cavity growth. An exception, of course,
is melt and gases that vented into the emplacement drift.

Below the shot point, neither melt'samples, radiation-damaged
salt, nor radiation levels above'background, were noted further than

25 m from the working point or 6 m beyond the cavity edge.

4.3 DEFORMATION SURROUNDING THE CAVITY

Fractures resulting from the expanding cavity produced by the
explosion and subsequent fracture development associated with unload-
ing of the compressed rock can be grouped into the following four
general categories:

(1) Radial tension cracks emanating from the cavityi' v

(2) Peripheral faults with planes that generally parallel the

cavity boundary;

(3) Bedding plane faults;

(4) Near vertic_:al joints primarily‘in the vicinity of preshot

emplacement drifts.

Figure 4.3 shpws the projection of the traces of major faults,
and joints -at the elevations of 674.8 and 675.7> m that wére revealed
during mining ‘elxploration. Figuré 2.1is a ‘reflecfed ceiling plan
of the interior of the cavity showing the traces of major radial cracks.
These cracks {type_ 1) occur with a frequency o.f about one every 4

or 5 m at the equator of the cavity and extend to a distance laterally

and above the cavity of about 38 m. These are the cracks containing
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injec;ced melt (see Fig. 4.3 in the region of the ''buttonhook drift'
and t'he.. vertical section Fig. 2.2).

Also skown in these two figures are the curved peripheral
faults. Below the shot point in drill ~h01e's B and C, the peripheral
faults (type 2) are inferred from the attitude of fault planes in the
core relative to th¢ o'ri’evntation‘of bedding planes. In the vicinity of
" the drill alcove (Fig. 4.3), this type of faulting grades into overthrust
faul;cs that further gvradev'into horizontal bedding—plané slips along !
clay seams. Figﬁres 4.6a and b shows examples of this kind of-féult-
ing. The throw or differential motion between blocks was measured
to be 2.5 to 3.0 m across the fault marked (I) in Fig. 4.3. This was
the largest fault observed; most differential motions are on the order
of 0.5 m or less.. This peripheral type of faulting does not contain
melt injections and is probably formed after cavity growth when
unloading or rebound adjustments to the stressed rock are likely to
take place. Associated with these curved faults emanating from the
. region below the cavity is a gentle upwarping of the strata in the
equatorial regioh. Marké_r bed #94 which was located a few meters
below shot point became uplifted from its preshot elevation out to a
distance of about 64 m. Beyond that point, the vertical displacément
is not fneasurable. In the drill alcove polyhalite marker bed #94 was
uplifted from 0.3 to 0.6 m instead of being depress.ed.v This bed wés
located below the working point elevation prior to the explosion (see

Fig. 2.1).
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] Fig. 4.6 Typical faults produced by the explosion:
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The near-vertical joinfs are‘prin‘nar_‘ily associated §vith defor-
mation in the rock near the line —éf-Sight portion of th¢ emplacement
drift. These joints form two distin.ct sets that intersect each other
in a criss-crossed or trellis‘patte_rnv. At a distance of 60 m from
the shot point, the joints inte rsect the line of the drift at an angle of
about 20°. Close to the cavity edge this angle has increased to 75°.
Figure 4.3 shbws some of the major joints mapped and Fig. 4.7 is
a schematic drawing illustrating the trellis pattern of the joints and

fractures associated with the line-of-sight drift. If this idealized

0 5 10
—
METERS

TRELLIS FRACTURES
CAVITY
EDGE

REF. LINE PRE-SHOT EMPLACEMENT DRIFT

Fig. 4.7 Plan schematic of trellis fracture pattern associated
with deformation along the line-of-sight emplacement drift.
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interpretation is correct, it indicates that the rock bounding the drift
- failed in shear as the compressional wave passed and subsequent

cavity growth distorted these weak zones.

4.4 DEFORMATION OF THE PRESHOT EMPLACEMENT DRIFT

In addition to the trellis pattern of fractures associated with
the deformation of the line -of-sight portion of thé emplacement drift,
the drift was notlceably constr1cted by plast1c deformation. Cross
section E~ E' (Fig. 4. 8) located in plan on Flg 4, 3 shows the approx-
imate size of the postshot emplacement drift at 53.3 m from the
working point compared to its preshot cros sJ sec;,‘tion. At this distance,

the drift apparently squeezed nearly shut prior to venting and was

RADIOACTIVE MELT

ELEV.METERS PRE-SHOT CROSS-SECTION

676 OF EMPLACEMENT DRIFT
l ===1==2 0
675 :
-674
673 ik
lee Lleso 2 e, - / ) APPROX. POST-SHOT :
. ' , N VAN CROSS-SECTION - g
= R . "HOLE No3 EMPLACEMENT DRIFT ////”'
POST-SHOT EXPLORATORY DRIFT - DRIFT PRE-SHOT ELEVATION
[ | -2 3 i
e ———
o _ SCALE
El ROCK UNIT No.90-CLAY B
Bl ROCK UNIT NQSA—POLYHAUTE
@ Fig. 4.8 Vertical section E-E! show1ng partial closure of preshot

emplacement drift (see Fig. 4.3 for plan view).
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 then blown_open to its final shape when venting occurred (see dis-
cussion on Venting - Chalatér‘ 5.

The curved or 'buttonhook' portion of the emplacement drift =
sealed effectively and was. not involved '1n the cavity venting process.
The explored port1on of th1s dr1ft was tangentlal to the shot po1nt
rather than rad1al (as was the emplacement dr1ft in the prev1ous dls—
cuss1on) and the nature.of tunn’el/closure was qu1te d1fferent | In the
11ne of s1ght drlft 1neffect1ve closure was accomphshed by“plastm
flow and sl1ppageb along the trelhs frac.tur.es In the‘ "buttonhook" ;
"port1on of the dr1ft 7 the rachal oomponent of the outward rnov1ng,
| compressmnal shoek wave et the dr1ft at a r1ght angle a.nd v1rtua11y

slammed one‘wall into the other. More prec1se1y, the closnre vvas
~accomplished bv the mo_verne_nt_o__f a. wedge-shaped block into the open
drift. ‘The;b_o}un‘d’aries'of this major block are partly controlled by
clay seamis; 1n \the “roclt ‘that appear to have 'hibrica'ted.the movement
of the major block.'_;‘Flgnrre 4.9 shows two cross sections 111ustrat-
ing‘ the detai.‘led'. s'tr'ucture ot the deformation; their locations 1n lvplan )
v1elw are marked in F1g 4, 3 | |

| In the v1c1n1tyvof Sect1on G G', ‘radial cracks f‘ollowing:the
‘compress1on‘a_1~'§hoc_k,>wa;,ve opened up,. allow1ng "sup:e:rh:eated .;rnelt to
.enter_-the drift prior to its cloéure‘;_ "K»Her'eV, the melt was mixed and
trapped with the rock moving to seal off the dr1ft and it formed the
matrix of a melt-rock breccia. As it was 1nJected into the dr1ft "

the melt encountered lead.bricks and wood in an: 1nstrument'-alcove .
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off the drift. The lead melted and the wood burned mixing \'vith.the
salt-mélt brecéia. Analyses of the meit breccia shown in Fig. 4.10a,
b, and c, indicate that lead combined with sulfur and chlorine from
the melt to form galena (PbS) and laurionite (Pb [OH]Z' Pb[Cl]Z)
(Réference 10). The laurionite was probably formed by the re"act.ion
of water dissolved in the salt melt with PbClZ. The sulfur necessary
to combine 'With the lead was probably released by.a reduction of
sulfates associated with the molten salt. Hydrocarbons from the
burning wood created a feducing atmosphere. An alternative expla-
‘nati_on of the formation of the melt breccia is that it was produced
locally in ~th’e-ldrift by extfemely high pressures and tempe ratures
' ,d.e\ieloéed from the dynamic conditions of closure. The hypothesis
| of melt. if;jecfioﬁ froﬁ the cavity (even though it is nonradioactive)
is mos-"1v: _6’onsi:§.t.é'nt with ‘th»é“r'elat.ionships observed. Soine of these
relatiéﬁship_s'a;re as follows:

1. Voids in the):sa.mé ‘region are coated with a r;lixtilre of
“soot, lead, and fuéea_salt (see Section G-G' of Fig. 4.9);

Z. In thé bréccia, iﬁ\sulation was still on wires and shock-

"

produced Neumann bands \'x)ebre not found in recovered steel samples

that had beén-fintim'ately mixed with the melt, indicating not nearly

high enough pr‘e‘"s-.skure,_'s,_ d:évzéloped.for melting;

Neumann bands are characteristic deformation features in steel
caused by 1ntense shock or impact load1ng
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(a)

(b)

(c)

. Fig. 4.10 Intrusive melt breccia.

-55-




3. The percentage.of mel‘t, lead, and carbon in the breccia
decreases from tﬁé,t i_ocated in the viéinity of cross section G-G'
until absent from the fbreccié in the viciﬁity of cross section F-F'.
Most of the matrix of the bfecéia is clay_ af that location.

4. As shown in Fig. 4.2, the preshot size of the drift was
large where the a;l\gove.- is.locat"ec‘l co_nﬁpar‘ed to the rest of the drift.
This portion' of the drift is also nearest the shot point and thus a
logical place for .cracks to open to melt injection from the growing
cavity. If the melt‘was injected from the cavity into the cracks
it would have had to follow immediately behind the compreésional.
shock wave to ‘ge"c to ‘1_;h;e drift prior to closure. This would have
occurred very éarly in the dynamic cavity gro§vth period, while the
cavity was small and the thickness of rock melted by the shock waves
was relatively large (see Fig. 6.la). Under these conditions poor
mixing of the thick melt zone with the vaporized fission products
would be likely and then e:gp_iain thg_nanadioa.ctive melt found in

“the drift.
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CHAPTER 5
VENTING
5.1 THE VENTING PROCESS

Before developing a generalized interpretation of the venting
processes a few pertinent facts and comments should be made:

1. As shown in'Fig. 1.2, the neutron pipe was an open pipe
that extended from the line-of-sight portion ‘offth'e emplacement drift
to the working p6'int, thus introducing an inherent weakness in that
region.

2. ‘As shown in Fig. 4.9, the strata:at the elevation of the
emplacement drift were characterized by several-cldy seams of
unusually low tensile strength. . The clay is also very plastic, thus
introducing another weakness. -

3. .In Section 4.4, it was mentioned that the squeezing action
to close off the line —of—v‘sight vd_rift was ineffective. compared to the
tight closure of th—evd-rif-t ‘where its walls were oriented tangentially,
and not:radially, to the shot point; ::

4. -_“The"Bld_ck motion associated with the closure:of the '"'button-
hook'"' portion of the drift must result:in the development.of a boundary
weak zone'in th_e’,xiiéinity of the neutron pipée since south of this‘ pipe.
(Fig. :1.2) there is/no. drif“fi’:’?"'a'ihd: radial rock movement"wéuld be less.

5.7 As‘i sh'o,wr;b in.»yFi-g’s, 4.3.and 4.8, radioactive melt was injected:

from the partly closed emplacement drift.as ‘a'sheet into a parted clay
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. seam. Here the melt quenched and was not ve siculated indicating
. that it s;olidified under high pressure and, theref;)re, before the
pressure drop that resulted from venting.

6. Venting occurred within 1 minute after the eﬁipiosiori‘ (Section
1.4). -

Between -about 100 msec- énd one minute following the explosion,
melt and gases were able to penetrate from the cavity into the closed
but apparently permeable v.line,-of—.sight portion of the emplacement
drift. This zone was especially weak for reasoﬁs 1 through 4, listed
above.

The compressional wave produced by the explosion was reflected
at the ground surface and returned to the cavity region as a rarefac-
tion wave at about 320 msec. The intensity of this wave may have
been great enough to put the rock into tension and cause parting of
the clay seam (5 above). The permeability in this region Would then
be momentarily incfeased so that melt could be injected from the
ca\}ity’into the parting and probably then into the more permeable or
open drift beyond. When this occurred there was no longer much
resistance to the cavity pressure and dynamic venting occurred.
Melt, . rock, »neutroh pipe, vent line, and most of what was in the
drift were blown down tile drift. Much debris f)iled up at the Cefﬁent
domino (Fig: 1.2). Radioactive melt was encountered as far as the
concrete block sterﬁming (Fig. 1.2). This stemming effectively

throttled the dynamic venting and converted it to a leak. The drift
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from the stemming into the cavity was probably near the overburden
pressure of 1,200 psi. From the porous plug to the blast door, the
pressure built up about 55 psi — sufficient to break one of two rupture
disks in the blast door. From there, the blow-out continued up the
shaft, through a filter and out into the open. The concrete block
stemming performed as it was designed, to hold overburden pressure,
but it was not gas-tight. Particulate radioactivity and violent venting
were contained underground while steam and gaseous fission products
escaped.

As was pointed out by E. Teller (Reference 11), the knowledge
of how to control venting could be very important in recovering
gaseous redioelements from a specially designed nuclear device. By

accident, Gnome venting contributed greatly to this knowledge.

5.2 THE VENT PATH ENVIRONMENT

Following is a pictorial trip down the vent path from the shaft
station down the emplacement driftvand into the cavity:

Re-entry down the ghaft 6 days following the explosion revealed
very little damage. Hairline cracks were observed in several places
in the concrete lining of the shaft bgtween the surfé,ce and the top of
salt. In general, thesé cracits corlielate with the location of bedding
planes between differing rock strata. Several below a depth of 146 m

were seéping water. Others develdped at joints in the cement. In

the salt, there is an indication of slight parting at several places.
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These were invariably associated with the bedding plane boundaries
of clay seams and stringers of polyhalite and anhydrite — planes of
essentially no tensile strength. In general, very little rock spalled
from the shaft walls. At a depth of 326.1 to 327.4 m, about 2.5 rn'3
of material spalled from a very friable siltstone. The cage was
lowered to within a few meters of the bottom station or drift level
where the displacement of a metal safety railing stopped it. Fig. 5.1
shows the descent from the cage to the drift level and damage at the
bottom station. Note the sag of the ceiling where spall occurred to
a clay layer located 1 m above. Spall is the major damage in this
region and most likely would not have occurred if that clay seam
had been immediately above the drift., A 4.6-m-deep sump at the
bottom of the shaft was full of water and the drift floor had up to 25
cm of standing water. Most of the water condensed from vented
steam; however, some also seeped from the above-mentioned cracks.
The salt exposed in these underground workings was colored due to
the high radiation fields developed as a result of venting.

Figure 5.1b shows the '"I'" beam wall'buttressing the concrete
block stemming through which leakage occurred. It was determined
that leakage was restricted to this region by pressurizing the Gnome
.'cavit.y _with air and surveying the vent path leakage.

| Figufes 5.1c and d show a comparison of the preshot and post-
shot condition of a portion of the drift between the concrete block

stemming and the blast door, a distance about 270 m from the shot
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point. Again, most of the damage resulted from spall of the back
to the clay séam.

Figure 5.2a shows the drift on the side of the concrete block
stemming that experienced dynamic venting.' Here, in addition to
spall, there is evidence that material had beén transported dowﬁ
the drift and had been subject to high pressure.

Fig'ure 5.2b shows the collapsed neutron pipe in this region.
Radioactive melt was also found that was ejected from the cavity.
Radiation field leveIS»-weré 1 to 3 R/hr (gamma radiation) six months
following the _explosion and the levels varied greatly, but generally

'~ decreased toward the cavity. Readings were generally between 1
" R/hr and 100 mR/hr in the drift.
Figuré 5.2c shows the drift in the vicinity of crosscut 1

(Fig. 1.2) approximately 105 m from the shot point. Note the curved

*; distortion of the back and the bent bars and straps. Also, considerable
scour of the walls was observed testifying to the violent movement of
debris down the drift. '

Figure 5.2d shows the boundary of a shear zone that was encoun-
tered Wiiile exca{rating crosscut 2 (Fig. 1.2). In this zone shearing
in anhorizontal direction occurred along vertical planes striking
- parallel to the emplacement drift. It extends from the right rib of
the drift into the wall rock about 3 m and is associated with the
failure of a drill alcove excavated on the right rib of the emplacement

drift. The drill alcove was a departure from the line-of-sight drift,
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in fha’; the ;&a‘lls wére no longer line-of-sight to the shot point in the
v aiéoire, - This ap'par“e'hfly_‘ w>as>.a:significant perturbation on the stress
distribution associated; \.:vitiljll_the‘».compressional shock wave causing
tile rock beYOnd the alcove and é.djécent to th.e. e'mplacerﬁent drift

to fail in sheal;. ‘.

Figure 5.3a shows the drift at a distance of about 41 m from
the shot point near the end of the postshot location of the line-of-
sight portion of the emplacement drift. Here the salt is pock-marked
with many large etch pits caused by steam erosion. The smooth
dark patch in the center of the picture is a pond of water that con-
densed from the vented steam and the white crust is re-crystallized
salt left by evaporation of brine_.l | e

Figure 5.3b is a picture of a srhé.ll pojr,:tiornl of thé breakthrough
region between the cavity and the‘line—of-sight drift. It is possible
to crawl from the cavity through to the‘ drift.

Figure 5.3c is a view from inside t}:}e Gnome cavity léoking
toward the portal to’the vent path at the ca’if..i!ty wall,

Figure 5.4 is a view of the cax}ity interiori the arrow points
to a man for scale. | The stalaétites resulted from the evaporation

of brine introduced during re-entry drillin‘g.
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Fig. 5.3 Vent path.
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" CHAPTER 6
AN INTERPRETATION OF THE EXPLOSION DYNAMICS

The description of the environment created by the Gnome event
and the ir;';eri)reta;tioris of pfocesées leading to the observed results
have been rather arbitrarily compartmentalized for the purposes of
presenting the data. Actually, the period of cavity growth is about
100 msec, the ac_c;umulationbf the rﬁelt and ru;bble va.t the base of the
cavity was completed after a few minutes, and venting was complete
in about 24 hours. Thus, the environmen‘t described resulted from
very dynémic conditions and the observed effects are greatly inter-
related. In ordér to co'nvey‘_s’or.ne feeling for the development of the
environment observed, a sequence éf sc.:hematic illustrations have
been prepared re-constructing the growth of the cavity as a function
of time (Fig. 6.1). The illustrations are, of course, idealized;
guidance for the temperature and pressure of the cavity gas was
obtained from calculations made by Fred Seidl and -Arturo Maimoni
of LRL. Thesé are order-of?magnitude approximations.

Figuré 6.la shows the cavity at about 3 msec and Fig. 6.1b
at abéut 30 fné‘ec. ‘Wh.en thve'njucle.ar deﬁ}icé explo'd'es", it creates an
eXﬁanding pl.aéma of éxfre'mely ﬁigh tempefature and pressﬁfe on
the p;der of a f‘ew_m_’il.l.iori degre‘es Celsuii.lls‘ and several million bars.
The plasma expands and slams into thé éonfining rock, creating a

supersonic compressional shock wave intense enough to vaporize
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LEGEND - Fig. 6.1

Working Poini: - oenter of fhe,nuclear explosive device.

1
2 Vaporized and ionized rock and device material.
3 Rock fused by superson1c compressmnal shock wave.
4 Location of rock strata.
5+ Outgoing ‘compressional shock wave.
6. Radial cracklng and melt injection.
7 Rarefactlon wave return1ng from ground surface.
8 Zone of rock that breaks up and '"blows off'* cavity surface.
‘9 - Rock from 8 mixes with melt 3 and begins to accumulate.
a "puddle" at cavity base ,
10 Return of rarefaction wave 7 leads to slight cavity growth
.. and uplift of ceiling. . C
11 Fractures as soc1ated with up11ft of cav1ty ce111ng
12 Extensmn of radial fractures and further melt 1n_]ect10n
13 Bedding plane partings in rock strata.
14 Probable time of venting from cavity into emplacement
drift.
15 Melt and rock breccia — ""puddle ' <. .
16. Rubble from ceiling collapse..
.f‘igure A : B . C o D :‘ " E F
“Time ~3 msec ~25 msec ~ ~ 300 msec ~1 sec ~1 min ~5 min
Cavity U - ' o ‘ I
Teml(aoecr)ature ~ 100,000 ~ 20,000 ~ 4,000 ~ 2,000 ~ 1,000 ~ 500
‘C‘avity \ : -
Pressure ~ 400,000 ~300 ~80 ~40 ~20 ~5
(barsy ~ .. " S C ‘ :
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rock for some distance and then melt it for a further distance (about
7 mvin‘fhetl'case of Gnoz;ne). Thé shock wave moves out, compressing
the rock ana decreasing in intensity with distance. It soon becomes
a wave rhc_;’Viﬁg at the sonic velocity of the rock. The growth of the
cavity foll‘“c;\'éi/s behind the compressional wave andl expands‘b_ecause
of the driving'fo‘rc‘e of the gas until the internal pressuvreb is balanced
by the resisting overburden pressure. At about 100 msec the éxpan-
_sion of the cavity is complete and the compressional shock wave has
~travelled a di:‘s‘ta;nce of about 475 m horizontally and abbut 300 m
>ve rtically (Reference 6). In the case of Gnomg, it appears that the
force re51st1ng cavity growth in the direction parallel t§ the bedding
planes 1n the rock was less fhaﬁ in the di.rect‘ion normal to these
planes; th1s led to thé developfnent of the bulge in the equatorial
‘region of thek cavity. | During this time period, radial tensional cracks
~opened up permitting the injection of melt and possibly some gas from
" the cavity. Génerally, the injected melt contains little or no radio-
activity because of poor mixing with the vaporized fission products.
As \thé expa.ﬁding'éayity comes to rest, the lining of fused
- rock fléws and rainé ﬁhde__f the influence of gra.v1ty This brings the
" melt vit'I.lto int;mate cont.,f;.':ctﬁ with the condensing ré:ididaétive vapor and
traps "1.’n.uch of the fission ‘debris. Near the end of cavity growth
(Fig. 6.1lc), "blow-off" of the cavity wall rock occurs resulting iﬁ
rather intimate .mixing of cooler rock and rapidly dropping temper-

atures inside the cavity. Since molten salt is about as fluid as water,
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it fills most of the pore spaces in the lower hemisphere that developed
as the wall rock breaks up and is quenched where in contact with the
cooie'r rock. The rain of rock and melt creates a ''puddle'" at the

base of the cavity where the nongaseous fission products are trapped
(Fig. 6.1d and e).

While the puddle-is forming another important event occurs —
the arrival of the rarefaction wave from the ground surface. .This
wave tends to put the rock into tension, or at least decompression,
and provides one mechanism for relief of the compressed and
stressed rock and also slight further expansion of ‘the cavity if its
pressure then exceeds the resisting pressure of the confining rock
(Fig. 6.1d). While the rarefaction wave travels from the gfound
surface back to the cavity region, the upper few hundred feet of
rock spalls, and at Gnome the free-flight period for the ground sur-
face lasted from 157 msec to a little over 1 second following the
explosion (Reference 6). This allowed time for the rarefaction wave
to return to the ca.v‘ivty and localized uplift to develop in the rock
overlying the c.avi'ty, while the overburden weight decreased because
of spall of the upper rdclg lgyers. | Also at this time, compressed
rock surrounding fhe cavi;cy'was unloaded and adjustments were
made — most notably the _uﬁward arching of the rock surrounding
the cavity. A most'probable time féxj venting would be at this time,
when the rarefaction.wave arrives, tending tb part the rock strata

and provide an escape path from the cavity to the open drift. The
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-rarefaction wave would-also shake the cavity which might disrupt
its .sta,bili.,ty:.and initiate 'some roof.collapse.

Figure 6.le shows the cavity after venting. Melt and rubble .
are still accumulating in the base of the .cavity. The uplifted rock .
sags or partly drops back toward the cavity, leaving partings along
the bedding planes betwee.n rock strata, and the ceiling of the cavity

collapses.

In Fig: 6.1f, the '"'smoke is clearing,' and the envisioned

picture is very similar to that observed on re-entry exploration.
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APPENDIX A

DESCRIPTION OF ROCK STRATA SURROUNDING

THE GNOME EVENT

The rock units described below indicate the variability of strata
in the vicinity of the Gnome event, and Figs. 2.1, 2.2, 2.3, 4.4, 4.8,
and 4.9 are maps showirig the relations of certain of these units to
‘other features produced by the exploéion. The descriptions are
condenséci ffom the USGS Lithologic Log of the AEC Recovery Hole
(Tech. Letter: Gnome-1). The unit numbers were derived by assign-
ing number 1 to the first unit described in this log, at a depth of
304.8 m, and then continuing consecﬁtively through the last unit
described, No. 135, which ends at 396.2 m. In the listing below,
units which are referred to in this report are grouped together for

purposes of simplicity and clarity.

Preshot depth

Unit Nos. (m) Description
14 - 17 311.7 - 314.9 Clear halite rock with minor clay
' and polyhalite

18 - 20 314.9 - 316.1 Halite rock, clayey at top, 40%
polyhalite in middle

21 - 26 316.1 - 317.3 Clear halite rock with considerable
polyhalite and red clay near bottom

27 317.3 - 317.7 Polyhalite rock

28 317.7 - 320.3 Orange halite rock with minor poly-
halite
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Preshot depth

93

Unit Nos. (m)

29 - 31 320.3 - 322.4
32 - 34 322.4 - 323.9
35 - 37 323.9 - 325.4
38 ° 325.4 - 328.4
39 328.4 - 328.9
40 - 41 328.9 - 331.1
42 331.1 - 332.9 -
43 332.9 - 336.5
44 336.5 - 337.2
45 - 51 337.2 - 339.5
52 - 60 339.5 - 343.1
61 343.1 - 344.3
62 - 64  344.3 - 345.9
65 345.9 - 350.8
66 - 77 350.8 - 352.4
78 - 80 , 352.4 - 357.2
81 357.2 - 357.7 ..
82 357.7 - 361.9

‘Halite. rock, with several clay layers

Description

,Orange halite rock with thin polyhalite

layer
Claystone and clayey halite rock

Orange halite rock with minor poly-

halite and silt

Clayey halite rock.

Reddish halite rock with minor cla.y
and polyhalite

Polyhalite rock, with halite and clay
layers

Halite rock with minor polyha.hte
Clayey hahte rock

Hahte rock w1th minor s11t and poly-
halite ~

Polyhalite, halite, anhydrite and .
clay layers

Silty halite rock

Halite rock with clay and polyhalite

Halite rock with many thin layers of

anhydrite’

Hahte rock with clay and polyhalite
. layers

Halite rock with considerable poly-

. halite and clay

Polyhalite rock (Marker Bed #120)

Halite rock with clay and polyhalite @

-76-




Preshot depth

Unit Nos. {m)

94 361.9 - 362.3
95 - 98 362.3 - 366.1
99 - 104 366.1 - 366.9
105 366.9 - 369.6
106 - 107 369.6 - 370.9
108 370.9 - 374.7
109 - 110 374.7 - 376.4
111 - 114  376.4 - 381.6
115 - 120  381.6 - 385.5
121 - 123 385.5 - 389.2
124 - 126 389.2 - 390.8
127 - 133 390.8 - 393.8

Description

Polyhalite rock (Marker Bed #121)

Orange halite rock with minor poly-
halite and clay ‘ '

Halite, polyhalite and clay layers

Orange halite rock with minor poly-
halite and clay :

Halite rock with minor polyhalite

- Pinkish-gray halite rock with 30%

clay
Clayey halite rock

Union anhydrite bordei‘ed'on top and
bottom by polyhalite

Clayey halite rock with gray clay
seams

Orange halite rock with minor poly-
halite

Claystone and halite rock

Gray to orange halite rock with 1-2%
polyhalite and 5-10% clay
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APPENDIX B

APPROXIMATE _PRESHOT CHEMICAL COMPOSITION
OF THE ROCK FUSED AND VAPORIZED BY |

THE GNOME EVENT

The following percentages represent average values obtained
from chémical analyses of preshot drill-hole core samples weighted
to represent the zone of fused and vaporized rock. Composite samples
were analyzed representi.ng a sphere of rock surrounding the explosion

center of 8.5 m radius.

Si 0.185% - K 1.43%

Cl 55.4% Fe 0.04%
Ca 1.40% oAl 0.071%
Mg 0.65% Na 35.0%
50, 6.38% c 0.094%
H,0 ~1.5%
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APPENDIX C

ASSUMPTIONS INHERENT.IN THE TREATMENT
OF THE PERMANENT DISPLACEMENT DATA

The equation used to analyze the permanent displacement data

is: R_ = (Rf3 - Ri3) 1/3, This equation is based on the relationship:

4 3 _4 3 4 3
-3—1rRC —-§wa ---3-1'rR1

where:
= Radius of theoretical cavity void,

= Postshot radial distance of point p from working
point, and :

Ri = Preshot radial distance of point p from working
point. : :

It assumes that the displacement of material is radial from the work-
ing point and that neither density change's nor féulting oécur in the
rock as it yields to the force of the ex.panding‘ éa.vity. These assump-
tions are not true, however. Fé.tilting ‘was‘b’bser.ved, and probably
some permaner{f co‘rnpacition of the rock;. éspéc-ially the clay units,
did occur. Thus, cavity radii calculated by means of the foregoing

equation are only approximations.
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APPENDIX D

CAVITY VOID, RUBBLE, AND MELT VOLUME"

-CALCULATIONS
D.1° EXISTING CAVITY VOID VOLUME

The average planime’tered area of three vertical sections of
the existing cavity void is 795 rnZ. Assuming this void to be roughly
hemispherical, the following rejlationsh‘ip exists:

-TZERZ - 795 m? or R =22.6m,

~where R is the radius of the hemisphere. The volume of the exist-
ing cavity is therefore:

%W(22.6)3 = 24,180 m>

D.2 TOTAL VOLUME OF RUBBLE, MELT AND INTERSTITIAL

VOID IN THE LOWER HEMISPHERE OF THE CAVITY

- D.2.1 Volurﬁe of Rubble and Interstitial Void Above the

"Ap_prioximate Upper Boundary of Melt' (Fig. 2.2). The average

height and radius of this zone are 5.2 m and 22.9 m respectively.
Assuming a cylindrical shape, its volume is

7(22.9)% (5.2) = 8,560 m-

D.2.2 Volume of Melt, Rubble, and Interstitial Void Below

the '"Approximate Upper Boundary of Melt.' This zone is approx-

imately a spherical segment with an average height of 12.2 m and
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average radius at the upper melt boundary of 18.3 m. Its volume
can be expressed as follows, using the forimula for volume of a

spherical segment.

v =£‘ 12.2 [3(18.3)2 +‘(1z.2)2] = 7,360 m>

Total volume of cavity rubble, melt, and interstitial void is

therefore the sum of A and B or 15,920 m3.

D.3 VOLUME AND MASS OF MELT

The average percentage of melt encountered by the underground
drill holes is 27%. »Us‘lingv this percentage to represent the melt content
of the spherical segfnént in D.2.2, the resulting melt volume is 1,980
m3. The average bulk density of this melt is 1.6 g/cc. Therefore,
its mass is:

(1,600 kg/m3)(1,98Q rn3) z 3.2 X 106} kg

D.4 TOTAL VOID VOLUME CREATED BY THE DETONATION

D.4.1 Void Volume Represented by the Porosity of the Melt.

The porosity of the melt is approximately 27% (bulk density = 1.6,
natural state density = 2.2) and ‘the total volurme of the melt is 1,980
m3. Therefore its vesicular void volume is:

(0:27)(1,980 m°) = 540 m°

D.4.2 Void Volume Répresenting the Interstitial Pore Space

in the Rubble. Assuming a porosity of 28% for the rubble (excluding

the melt which fills up a large amount of that space) the total void
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volume of the rubble pile is:

(0.28)(15,920 m>) = 4,460 m°

A porosity of 28% was chosen because the Hardhat event in granite

produced a rubble-filled chimney with this porosity. Subtracting

the volume of the melt (1,980 m3), the resulting volume of rubble

‘pore space is 2,480 m3.
Total void volume created by the detonation is therefore the

sum of the following volumes:

,:Cay;ty R 24,180 m3
Melt pore volume, 540 m3
_Rub_}gl_e_ pore I_vo‘l‘ume 2,480 m3

27,200 m3

D.5 TOTAL VOLUME AND MASS OF RUBBLE

The volume of ‘the"rubble, ‘Obtained by subtracting the pore

volume of the rubble: (2,480'm3) and melt, including pore space,

(1,980 m3) from the total volume qf_ the rubble pile (15,92'0 m3) is

11,460 m3.
Assuming a natural s‘tatev bulk density of 2.2 g/cc, the rubble
mass is: _ ‘
3 3 6
(2200 kg/m™)(11,460 m~) = 25.2 X 10" kg
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APPENDIX E
RUBBLE DISTRIBUTION
The total volume of rubble, exclusive of interstitial void, is

roughly 11,460 m3.

Of this volume, approximately 5,300 m3 is
intimately associa_te(i with the melt in the lower hemisphere of the
cavity. The remainihg 6,160 m3. blankets this region and contains
very little melt. . |

The average theorétical cavity radius of the lower hemisphere,
defined by permanent rock displacements, is approximately 16.2 m,
and that defined by the extent of melt is 17.4 m. The difference of
1.2 m in these radii may represent the thickness of the shell of rock
''blown off' the cavity walls at early times. Assuming this thickness
to be roughly uniform around the cavity and assuming a cavity radius
prior to 'I'blow-off" 0f18.7 m (the radius of a sphere of approximately
27,200 m3 volume), the volume of the shell of blowﬁ-off rock is
5,600 m3. Since this volume is very close to that of the rubble
associated with melt, it is suggested that the Bulk of the rubble in
this region was blown off the’ cavity walls. - | |

The 'avevra-g‘:ev radius of t.he'u’pper hemisph’ére of the cavity is
approXimately _2"2.9 :m A maximqrh éaﬂ?r—timé cévity radius of.
18.7 m in this .re{g'ift.)n' is assumed. The 42-m difference in these
radii represents i;he thvickr;e'ss. of. bbth Vc:(;‘l’lap?(s‘ed'and blown-off rock.
Assuming a thicknessAof 12 m was."blown‘ off (és detérmined previously),

a 3-m-thick shell of rock collapsed from the roof of the cavity. Cavity
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profiles suggest this shell extended to an elevation of approximately
682 m or 7_.9. m above the working poinvtb. The v‘oh‘;me of this shell of
-, collapsed rock c.an. be approxifna.téd by the difference in volume of
spherical ségments with respective he‘ivghts of 13,7 m (21.6 less 7.9
m) and 10.8 m (18.7 less 7.9 m), and basal radii of 25 m (scaled
from Figs. 2.1 and 2.2) and 22.1 m.‘ This results in a collapsed
rock volume of 5,850 m3, which compares favorably with the volume

of rock overlying the melt zone.
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TECHNICAL REPORTS SCHEDULED FOR ISSUANCE
BY AGENCIES PARTICIPATING IN PROJECT GNOME

AEC REPORTS

AGENCY REPORT NO. : SUBJECT OR TITLE

LRL PNE-101  Power Studies

LRL » 102 =~ Isotopes Program

ORNL . 103 Desjgn of Sequenced Gas Sampling Apparatus

LRL 104 Close-In Shock Studies ‘

LRL 105 Stress Measurements with Piezoelectric nystals

LRL | 106 Post-Shot 'femperature and ‘Radiation Studies

LRL 107 Geologic étudies of the Tunnel and Shaft

sC’ 108 Particle Motion near a Nuclear Detonation in Halite

SRI 109 Earth Deformation from a Nuclear Detonation in
Salt

USC&GS 110 Seismic Measurements from a Nuclear Detonation
in Halite

SRI1 111 Intermediate-Range Earth Motion Measurements

LRL 112 An Investigation of Possible Chemical Reactions
and Phase Transitions Caused by a.Nuclear Explosive
Shock Wave :

LRL 113 Respna'nég Neutron Activation Measurements

LASL 114 Symnﬁetry.of. Fi_ssion in U233 at Individual Resonances

EG&G , 115 Timing and Firing |

WES : 116 | : Dejsigh, Test and Field Pumping of Grout Mixtures

USwB | 126 :Pr‘elir'ninar‘y Report of Weather and Surface Radia-

tion Prediction Activities for Project Gnome;
Final Analysis of Weather and Radiation Data

H&N, INC 127 Pre-Shot and Post-Shot Structure Survey
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AGENCY

REPORT NO. -

. RFB, INC PNE- 128
sC 129
USGS 130
FAA 131
USPHS 132
REE Co 133
USBM 134

SUBJECT OR TITLE

Summary of Predictions and Comparison with
Observed Effects of Gnome on Public Safety

Monitoring Vibrations at the US Borax and

Chemical Company Potash Refinery

Hydrologic and Geologic Studies
Federal Aviation Agency Airspace Closure
Off-Site Radiological Safety Report

On-Site Radiological Safety Report

Pre and Post—Shof Mine Examination
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DOD REPORTS

AGENCY R ‘ SUBJECT OR TITLE

EG&G R Technical Photography of Surface Motion
STL \ Shock Spectrum .Me‘asurem‘ents - Reed Gage
SC . - Microbarogré.phic Measurements
USGSs Study of Electric and Magnetic Effects
SC Eléctromagnetic Waves from Underground
Detonations
EG&G Subgurface Elvectromagnetic Waves
S5GC Earth Currents from Underground Detonations
ERDL ' Reflectance Studies of V.eg_et_:ation Damage
" SRI Visual and Photographic:"Oﬁ"-Site Inspec.tivon
SRI Seismic Noise Monitoring |
ERDL Soil Density Studies
TI Ge_ochemical and Radi;tioﬁ Surveys
USGS Solid State Changveszlirllerqck'
EG&G Radon Studiés o |
C&GS - Intermediate Range Séis_m‘ié Measurements
GeoTech Long ,Rarige'Sei‘sr\n'iclz Measurements
USGS o ‘”Aeiromagne‘t-i»c'.and<Ae’1.'6rvadiometric Surveys
ARA - o Lo 7. ‘On:Site vR“es'i‘s'tiVi,t'Y' and Self PQténtial Measurements
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ABBREVIATIONS FOR TECHNICAL AGENCIES

ARA

EG&G
ERDL

GeoTech

LASL

LRL
SC

SGC
SRI

STL

TI

USC&GS

USGS

WES

FAA
H&N, Inc.
RFB, Inc,
REECo
USBM
USPHS

USWB

Allied Research Associates Inc. , Boston

Edgerton, Germe'shausen, and Grier, Inc.,
Boston, Las Vegas, and Santa Barbara

_.USA C of E -Engineef Reseafch and Develop-

ment Laboratories, Ft. Belvoir
The Geotechnical Corporétion, Garland

Los Alamos Scier{tiﬁc“l.aaboratories, Los
Alamos.

- Lawrence Radiation Laboratory, Livermore

Sandia Corporation, Albuf;uerque

Spva;@:e'-Géhefal Corporation, Glendale

Sténféi-d Relsea.r‘ch' Instituté, Menlo Park

Spé,ée Tec_ﬁnology Laboratories, Inc.,
-Rédondo -Beach

Texas Instruments, Inc. , Dallas

Coast and Geodetic Survey, Washington, D. C.

and Las Vegas
Geological Survey, Denver

USA C of E Waterways Experiment Station,

. Jackson

Federal Aviation Agency, Salt Lake City
Holmes and Narver, Inc., Los Angeles

R. F. Beers, Inc., Alexandria

Reynolds Electrical and Engine‘ering Co., Las Vegas

U. S. Bureau of Mines, Washington, D. C.
U. S. Public Health Service, Las Vegas

U. S. Weather Bureau, Las Vegas
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AGENCY . < . . NO.COPIES AGENCY NC.COPIES
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