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Foreword 

The publication of this report was un
fortunately delayed by a number of factors 
including classification problems. It 
was not possible to resolve the classifica
tion issue except by publishing both 
classified and unclassified reports 
(UCRL-50967 and UCRL-5Q951. respec

tively). Some of the material in this 
report has became dated, but it is in the 
best interest of the Plowshare Program 
that it be published for the record. The 
report has been updated where practicable 
by appropriate revision to the text and by 
citation of recent publications. 
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THE HANDCAR NUCLEAR EXPLOSION 
IN DOLOMITE 

Abstract 

The Plowshare Program has continued 
its study of underground explosion proc
esses with the detonation of a 12 = 1 kt 
nuclear explosion in dolomite on Novem
ber 5, 1964. This experiment, called 
the Handcar Event, was the first under
ground explosion in which a permanent 
gas (carbon dioxide) was generated m 
large quantities. Heretofore, under
ground explosions in carbonate rocks had 
been subject to considerable uncertainty 
because of the possible effect of the gas 
pressure on the stemming and safety of 
such a shot. 

The Handcar nuclear explosive was 
emplaced in a 61-cm-diam hole cased 
with iron and stemmed with pea gravel 
and three grout plugs. It was fired in a 
thick dolomite section at a total depth of 
402 m. The dolomite extended 167 m 
above the shot point and was overlain by 
235 m of shal-2, alluvium, and tuff. The 
rock in the immediate vicinity of the shot 
point was about 99% dolomite, or 
CaMg(CO_) 2. plus small amounts of im
purities such as quartz, water, iron 
oxide, and calcite. It had been highly 
fractured by natural mechanisms and 
had a fracture porosity of 2% with a 
correspondingly high permeability. The 
stemming held and there were no m e a s 
urable leaks of radioactivity to the sur
face through the medium, although trace 

amounts of g&s leaked through instrument 
cables. 

Logging of three postshot holes and 
pressurization of the chimney revealed 
that the explosion produced a cavity with 
a radius of approximately 21.2 m. This 
radius i s about 14% le s s than would be 
expected for an explosion of the same 
yield in granite. This is consistent with 
the previously advanced hypothesis that 
water content of the shot environment i s 
a dominant factor in cavity growth. The 
cavity partially collapsed and produced 
a rubl le-f i l led chimney 68 m high (3.2 
t imes the cavity radius) above the shot 
point. This height i s about 27% lesB than 
that expected on the basis of results from 
explosions in fractured granite. The 
coincidence of the chimney apex with a 
major change in rock character indicates 
an influence of natural iahomogeneities 
on chimney growth. 

Peak pressure measurements of 100-
300 kbar at distances of 9, 10, and 13 m 
from the shot point are within 20% of pre-
shot es t imates . Stress history measure
ments of about 10 kbar at 45 m agree 
with calculations to within 25%. Below 
5 kbar (beyond 50 m), however, experi
mentally observed amplitudes were a 
factor of 2 or 3 below the theoretical 
predictions. The long-range se i smic 
signal was likewise a factor of 3 or 4 
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below that expected. The reasons for 
this are not known, but shock-wave 
energy losses in fractured materials 
in the nonlinear zone may be respon
sible. 

About (9 ± 7) X 1 0 8 l iters of C 0 2 (at 
STP) was generated by the heat of the 
explosion. This decomposition of car
bonate rock required 20 ± 15% of the 
energy of the explosion. In this experi
ment, the CO, generated by decomposi
tion of carbonate rock did not compromise 
stemming and did not contribute to cavity 
growth. 

Radiochemical analyses were made 
on both solid and gaseous samples . No 
indication was observed of any gross 
difference between dolomite and previ
ously studied rocks in the retention of 
volatile and refractory radionuclides in 
the rock melt . Gas samples from the 

chimney region were about one-third 
air and two-thirds carbon dioxide, with 
trace quantities of methane, hydrogen, 
and carbon monoxide. Implications drawn 
from the specific activity of carbonaceous 
gases suggest that between 327 and 670 
tons of dolomite per kiloton yield partic
ipated in carbon 14 exchange. Using 
8 5 K r totals as inferred from device yield 
measurements, one can calculate the 
totals of various species mixed with Kr. 
Production of Ar was 10 Ci/kt, and 
39 

Ar was 120 mCi/kt. The ratio of f is 
sion product gases is anomalous, the 

85 xenon isotopes being twice the Kr in 
chimney gas . No completely satisfactory 
explanation is offered. However, the 
ratio of krypton to xenon is indicative of 
a rapid chimney depressurization as 
might be expected in the fractured dolo
mite matrix. 

Introduction 

Prior to Handcar, nuclear explosion 
experiments had been conducted only in 
Silicate'base rocks {such as tuff and 
granite) and in salt. Through these ex 
periments methods were developed for 
predicting cavity s ize and estimating 
chimney dimensions as well as the mini
mum depth of burial necessary to prevent 
dynamic venting. It was also found ex 
perimentally that most of the nongaseous 
fission products are scavenged by the 
melted si l icate or salt, which subsequently 
solidifies and traps the radioactivity 
within it. 

Extrapolation of data from explosions 
in si l icates to carbonate-base rocks 
such as limestone and dolomite was 

open to serious question prior to Hand
car. Carbonate rocks decompose when 
heated, releasing large quantities of 
carbon dioxide. How much gas would 
be released? What role would it play 
in dynamic growth of the cavity and 
containment? What is the strength of 
the se i smic signal? 

Because of these technical questions, 
it was not considered advisable to plan 
industrial applications of nuclear explo
s ives at s i t e s containing appreciable 
amounts of carbonate; hence, the need for 
the Handcar experiment. Also, such a 
contained experiment was a necessary 
prelude to a cratering experiment in 
carbonate rock. 
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The purpose of this report is to present 
the principal results of the Handcar experi
ment. References are made to previous 
reports which should be consulted to sup
port the methods of analysis. The technical 

information in each of the sections has 
been prepared by members of the Plow
share staff of Lawrence Radiation Lab
oratory, and their contributions are 
acknowledged at the heading of each section. 

Pait I. Physics and Geology 
(Coordinated by Glenn C. Werth) 

GEOLOGIC ENVIRONMENT OF HANDCAR 

Charles R. Boardman, David D. Rabb 

A buried mountain ridge of Paleozoic 
dolomite at the Nevada Test Site was 
chosen as the location for the Handcar 
experiment. The configuration of the 
ridge and the cover of Cenozoic tuff and 
alluvium are depicted in Pig. 1. These 
sections are based on data from drill hole 
logs, cores , and gravity end se i smic re -

SOUTH 
i n 

flection surveys (USGS and Sandia Corpo
ration). The bulk density (p) and com-
pressional velocity (a) for each unit are 
given in the figure. 

The shot point is located 402 m below 
ground surface, and 167 m below the top 
of the dolomite. Preshot physical prop
erties of the dolom ite are given in Table 1. 

EAST 

"LEGEND 
gjALLUVIUM/TUrT j * l . 8 fl/ec a«0.9 km/wc 
El SHALE p*Z3 a»2 .5 km/wc 
@ DOLOMITE , » 2 . 6 ««4.8k«/MC 

1=1= 
i \ 

I I I l I I 
1000 

SCALE IN METERS 

Fig. 1. Geologic cross sections of Handcar site. 
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Table 1. Preshot physical properties of Handcar dolomite. 

Fractures 
The Handcar dolomite i s highly fractured, containing up to 95 fractures per meter 

of core length. These fractures form an interconnecting network, with the high-angle 
fracture planes (relative to the horizontal) outnumbering lower angle fracture planes 
by about 2 to 1. 

Densities 
Average in situ bulk density {borehole density log): 2.72 g/cc. 
Average bulk density of core samples (laboratory measurement): 2.76 g / c c . 
Average crystal density of core samples (laboratory measurement): 2.85 g / c c . 

Porosity 
The difference between the bulk density of core samples and the crystal densities 

of these samples indicates an intergranular porosity of about 3%. 
The difference between the bulk density of core samples and the in situ bulk 

densities also indicates a porosity associated with fractures of 2%. 

Permeability 
Air injection tests verified connection between holes 122 m apart and indicated 

fracture permeabilities of 135-300 mD (millidarcyB). 

Static water table depth 
The water table depth is estimated to be at GOO m (198 m below the shot point), 

based on well data 2 km southwest. 

OPERATIONAL ASPECTS 

John Toman 

The depth of the explosion was chosen 
such that the chimney and most of the 
fracturing above the chimney would be in 
dolomite. Also, since the purity of the 
dolomite varies with depth, a particularly 
pure internal of better than 88 wt% 
CaMg(CO_) 2 was selected in order to 
simplify the chemical analysis of the r e 
sults . These two criteria served to 
determine the shot depth at 402 m. The 
maximum chimney '.eight and fracturing 
radii were estimated from experience 
in other media (Boardman et ai. ) . 

Prior experience with the containment 
of underground nuclear explosions in hard 
rock has shown that a 100-m buffer zone 
(ground surface to top of chimney) i s a 
suitable criterion for containment. How
ever, in alluvium a scaled depth of 107 
W ' meters i s the criterion, where W 
is the number of kilotons of yield. The 
medium surrounding the shot point i s 
hard rock overlain by alluvium. By 
either of the previously used criteria. 
Handcar was sufficiently deep to avoid 
dynamic venting and be contained. A 
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discussion of current containment criteria 
2 

is presented by Germain and Kahn. 
They report that, subsequent to Handcar, 
one nuclear event in saturated dolomite 
had some significant leakage. 

A view of the Handcar nuclear explo
sive with its associated cabling is shown 
in Fig. 2. It had a diameter of 38 cm 
and a length of approximately 4.2 m. The 
emplacement hole was cased to a depth 
of 413 m with 61-cm-i . d. steel casing 
to prevent sloughing in the hole. Casing 
is not required in Plowshare applications 
if the test medium :? competent. A 
smaller hole could have been used for 
Handcar. 

Fig. 2 . Handcar nuclear explosive can
is ter and cableB ready for 
lowering into the emplacement 
hole. 

The emplacement procedure began on 
October 28, 1964. The explosive was 
lowered with flat wire rope at a rate con
trolled primarily by the requirement to 
tie on 14 electrical cables and grout pipes. 
The entire downhole package weighed 
about 13,600 kg. Eight hours were r e 
quired to emplace the explosive at the 
zar J point. 

Dolomite chips were placed above the 
explosive to a height of 15.3 m in order 
to reduce the amounts of silicates sur
rounding the shot point and thus simplify 
the postshot chemical analysis. Above 
the dolomite chips, pea gravel alternating 
with three grout plugs, each 15.3 m in 
length, filled the emplacement hole. The 
great plugs prevented the pea gravel, after 
the shot, from sliding down the emplace
ment bole either into the cavity or into 
the void at the top of the chimney, and 
acted as a barrier against migration of 
the cavity gases up the porous pea-gravel 
stemming. 

The instrument layout at the Handcar 
site is shown in Fig. 3. The shock wave 
recording in holes D10b-1, -2 , -4 , - 5 , 
and -6 was dene by Sandia under contract 
to the Defense Atomic Support Agency. 
The strong-motion seismic stations were 
operated by the If. S. Coast and Geodetic 
Survey under contract to Lawrence Radia
tion Laboratory (LRL). The remaining 
instruments were operated by the techni
cal staff of LRL. Radiation monitoring 
teams were provided by Reynolds E lec 
tric and Engineering Company (REECo). 
The program was under the technical 
direction of LRL. Construction, safety, 
and test management was provided by the 
Nevada Operations Office of the Atomic 
Energy Commission. 
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Four sirong-motion 
seismic stations ciorth 

Legend 
• Trailer parks 
• Instrument holes and surface cccelerometers 

• Surface accelerometers 
o Radiation monitors 

o Air sampling trailers 
• Air sampler satellite 
A Strong motion seismic stations 

• Surface ground zero 

U10b6 

o o 
1'10D5 

UlObZ 
°-—U10b4 

SGZ Detail 

V'1 

r-U10b*3 
/ (7.62 m £ ) - (15 .24 mW) 

a ( No surface 
UlOb- accelerometer) 

UIOb'1 / 
75 , S60"E) - / 

0 200. 400 
1 • ' • I • « • * ' ' 

Scale (meters) 

o o 
o Seven strong-motion 

seismic stations south 

Fig. 3 . Instrument layout at Handcar s i te . 

The Handcar explosive was detonated 
at 0700:00.109 ± 1 msec, PST, Novem
ber 5, 1964 (or 1500:00.109 ± 1 m s e c , 
GMT), at 37° 10' 27.7376" North Latitude 

and 116° 04' 01.3109" West longitude. 
Nevada State coordinates of the zero 
point were N 882,999.17, E 674,704.06, 
at elevation 30S5 ft above MSL. This 
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location is at the northern end of 
Yucca Valley. The planned yield was 
11 kt. The total energy deposited, ir -
cluding secondary effects, was 12 ± 1 kt. 
With the exception of minor surface 
fracture sets there was nc visual in
dication at the surface of a subsurface 

_ —ft* detonation. Geophone records indicated 
cavity collapse occurred and was ar 
rested w i t h i n 3b sec of the explo
sion. 

There was no visual evidence of dy
namic venting, and hence the Handcar 
explosion was considered to be contained. 
Minor seepage of radioactive gases did 
occur, but only through electrical cables. 
At H + 40 mic a radiation monitor team 
entered the trailer area and recovered 
scientific data. By H + 1 hr 40 min the 
team had completed surveying the ground 
to an area within 153 m from surface 
ground zero, and no levels of radiation 
above background were found. As ex 

The postshot environment was explored 
via slant holes PS # 1A and PS # IA Wfcip-
stock, in December 1964, and v ia vertical 
hole PS # IV in November 1965. F ig
ure 4 shows the cross section interpreted 
from the drilling data. Figure 5 i s a 
photograph taken by a dewnhole camera 
at the top of the chimney rabble. 

The average radius of the cavity gen
erated by the explosion is 21.2 m. This 
radius i s defined by the maximum radial 
extent of intense gamma radiation in the 

peeled, a very small amount of activity 
was detected on a 26-pair cable originat
ing at shot depth in the emplacement hole. 
The contact reading was 120 mR/hr. 
These cables were cut and partially sealed 
to stop the leak, as is the usual practice. 
The activities were identified as 

87.88^. 
135«-

and Ae. At H + 4 hr, a contact read
ing of 10 mR/hr was observed on a cable 
originating at shot level in instrument 
hole U10b-2, 122 m north of surface 
ground zero. This leak indicated signif
icant lateral migration of the cavity gases 
through the fractured dolomite. Between 
H + 17 and 24 hr, traces of were 
detected with the air sampler units. Dur
ing tTijg period, radiatioi. readings on the 
emplacement hole cable decreased to 
background. The total radioactivity re 
leased to the atmosphere is judged to be 
l ess than 200 Ci, a quantity so smal l and 
over such a long period that at no t ime 
did a health hazard exist. 

lower portion of the chimney. The av
erage chimney void volume, as deter
mined by pressurization, i s about 
36,200 m . The radius of an equivalent 
spherical volume is about 20.6 m. 

Comparison of this radius with those 
obtained from explosions in other media 
is interesting. Experience has shown 
that, in the first approximation, the 
cavily expands adiabatically to the over
burden pressure. The following equation 
is the relationship between yield W, 

POSTSHOT ENVIRONMENT 

Charles R. Boardman, Lewis Meyer 

. . . • ^ • r J ' ^ ^ l ; 
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Fig. 4 . C r o s s section of Handcar cavity 
based on postshot drill ing. 

average overburden density p, shot depth 
h, cavity radius R, and an empir ical con
stant C (Boardman et al . ): 

R = C W 1/3 
1/4 (pb) 

The equation is plotted using a number of 
values for C in Fig. 6. 

Handcar yielded a cavity radius 14% 
smal le r than would be expected for an 
explosion of s i m i l a r yield and overburden 
p re s su re in gran i te . This suggests that 
the formation of CO_ gas did not play a 
major role in cavity formation. It is 

also consistent with the previously ad
vanced hypothesis that the water content 
of the rock is the most important single 
factor in controlling cavity radius (see 
the table in F ig . 6). The lines shown 
in the figure a r e based on many exper i 
ments at the Nevada Test Site. The un
classified data, as can be seen, only 
marginally verify the relationship. 

A zone of crushed rock extends 5-6 m 
below the bottom of the collapsed cavity 
(" intensely a l te red rock" zone in Fig. 4) . 
The samples recovered in this region 
were chalky and friable. Below this r e 
gion the sampling tool could not penetra te 
the more competent dolomite. 

The maximum observed chimney 
height above shot point is 68 m, o r 3.2 
t imes the cavity radius . This value is 
about 27% le s s than the expected value of 
4,2 t imes the cavity radius based on 
Shoal and Hardhat r e su l t s . The coinci
dence of the chimney apex with a change 
in rock charac te r i s t i c s suggests the in
fluence of na tu r? ' Jihomogeneities on 
chimney growth. Subsequent calculations 

3 
by Cherry et a l . indicated good a g r e e 
ment between the calculated extent of 
cracking and the measured height of the 
Handcar chimney. 

The maximum observed chimney 
radius above the shot point is 28 m, o r 
about 1.3 cavity rad i i . The annular she l l 
of crushed dolomite probably failed upon 
collapse of the cavity, thus allowing the 
chimney radius to enlarge to this value. 

The average percent voids of the 
chimney is 26%, based on the inferred 
c ross sect ion in F ig . 4 and the average 
volume of void determined by p r e s s u r i z a -
tion. The percent voids of the rubble i s 
less than 20%, s ince the apical void 
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Fig. 5. Rubble at top of chimney, photographed by downhole camera. 

represents a large fraction of the chimney 
void. This is consistent with a rather 
mass ive collapse occurring within 35 sec 
which would inhibit bulking. 

The statistical analysis of particles 
observed by stereophotography (see 

Fig. 5) on the floor of the apical 
cavity indicates the following: 

1. Median particle diameter by 
particle volume is 20 cm. 

2 . About 82% of the rubble -'olume 
is c o m p o s e d of p a r t i c l e s with 
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Fig. 6. Plots of scaling equation, 
R = C(\Vl/3) (ph)- l /4 , for 
various values of C. R is 
radius of cavity produced by a 
nuclear explosive of W kilotons 
yield in a medium of density p 
at a depth of h meters . 

diameters in the r a n g e of 2.5 to 
42.5 cm. 

3 . Maximum observed particle diam
eter is about 90 cm. 

These statistics lend credence to the 
previously advanced hypothesis :hat the 
frequency of natural fractures i s a major 
determinant of rubble particle s i ze . 

The highly radioactive zone shown in 
Fig. 4 yielded sample's with gamma radia

tion levels several orders of magnitude 
greater than those higher in the chimney. 
The most highly radioactive sample re 
covered had a contact gamma radiation 
level of 10 R/hr 35 days after the ex
plosion. 

The maximum observed radial extent 
of low-level gamma radioactivity not 
associated with radioactive gases was 
94 m above the shot point. The maximum 
observed level in the apical volume above 
the chimney rubble was 28 uR/hr meas
ured in November 1965. 

3 
Approximately 5660 m of drilling 

fluid was pumped into the chimney region 
during postshot exploratory drilling. Con
sequently, hole temperatures were ab
normally low when logged 28 days after 
the explosion. A peak temperature of 
S4'C was observed neur the base of the 
collapsed cavity. At shallower depths, 
but within the collapse chimney, hole 
temperatures averaged about 12°C above 
ambient. In November 1965, a year after 
the shot, the average air temperature in 
the apical void of the chimney was 34.5°C, 
or about 10°C above ambient. At this 
time, a break in the thermal gradient 
was observed at a radial distance of 
113 meters above the shot point. 

A complete report of the postshot 
cavity and chimney exploration was pub-

4 
l ished by Boardman et aL (1966). 

SHOCK FRONT STUDIES 

Leo A. Rogers 

An understanding of the outgoing shock 
wave and seismic wave from a nuclear 
explosion is vital to Plowshare. In in
dustrial applications, such as gas stimu

lation and copper leaching, nuclear ex
plosions are useful only when they increase 
permeability by crushing and cracking 
rock. In cratering applications, the 
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breaking up of overburden material by 
the explosion shock wave is a prepara
tory step to lifting and ejecting the mate
rial to make a crater. 

Figure 7 shows the variability in 
compressional and shear velocity of the 
Handcar medium with depth. On the 
basis of this data and density information, 
the medium above the detonation was 
divided into the six zones whose average 
properties are listed in Table 2. Prior 
to making theoretical calculations of the 
shock front, other rock properties must 
also be measured. Compressional and 
shear velocities, tensile and shear 
strengths, pressure-volume relation
ships (Fig. 3), and the elastic precursor 
must be measured. A general discussion 
of shock-compressed rock properties 
is contained in the paper by Rogers. 
The Huganiot data was measured by 

POO 2000 3000 4000 500T. 6000 7000 6000 

HANDCAR 
SOUND VELOCITY FROM 
3 - 0 SE6MC LOGGING 

SHEAR WAVE 
COMPRESSION 
WAVE 

0 O00 2000 3000 4000 9000 M00 7000 
VELOCITY I i m t ) 

Fig. 7. Variation in sonic wave velocity 
with depth at the Handcar s i te . 

Table 2. Input parameters for SOC calculations of Handcar. 

Parameter Alluvium Shai<? Mixture 
Dolomite 

I 
Dolomite 

n 
Dolomite 

m 
Density (g/cc) 1.7 2.19 2.63 2.59 2.45 2.59 
Bulk modulus (kbar) 15.6 98.4 193 273 419 473 
Shear modulus (kbar) 5.14 26.4 91.1 162 165 224 
Tensile strength (kbar) 0 0 0 0.1 0.1 0.1 
K t (kbar) 0 0.1 0.1 5 5 5 
Kj (kbar) 0 O.J. 0.1 1.0 0.1 0.1 
K 3 (kbar) 0 0.1 0.1 0.5 0.5 0.5 
Y (kbar) 10 100 100 1000 1000 1000 
Yt (kbar) 0.5 1.0 1.0 0.5 1.0 2.0 
r 1.0 1.0 1.0 1.0 1.0 1.0 
K 1 = s tress difference maximum for fast rising front. 
K„ = s tress difference maximum for slowly rising front. 
K, = s'-ress difference maximum for crushed material. 
Y n = crushing strength frr solid material (confined). 
Y = crushing strength for cracked open material (unconfined). 
r = Gruneisen parameter. 
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Fig. 8. Compressibility of Handcar 
dolomite. 

LeRoy Hord (LRL, personal communica
tion) and the static compressibility by 
Douglas Stephens (LRL personal com
munication). 

The theoretical Calculations were 
made with the Plowshare SOC code. 
Theoretical-experimental comparisons 
for nuclear explosions in granite, salt, 
tuff, alluvium, and dolomite are given 
by Holzer. The vertical cross section, 
including the shale and alluvium, forms 
the spherically symmetric model for the 
calculation. Locations of the various 
experimental measurements made by 
LRL are given in Fig. 9. Results of 
these measurements and comparison 
with theory for the close-in hydrodynamic 
range are given in Figs. 10 and 11. In 
this c lose- in hydrodynamic region, we 
achieved excellent agreement between 
theory and experiment. 

The theoretical values of tangential 
s t ress at 45 m are in reasonable agree
ment with the measured values (Fig. 12). 
But at 63 m, the calculated values for 

both the tangential stress , Fig. 13, and 
radial s t res s . Fig. 14, are at consider
able variance with the experimental data. 
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Fig. 9. Locations of LRL experimental 
measurements in Handcar. 
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SEISMIC MEASUREMENTS 

Roger G. Preston 

Before the Handcar shot, it was con
sidered that the seismic wave coupling 
would be similar to that in granite be 
cause dolomite's compressional velocities 
are about the same and it i s a hard, 
albeit fractured, rock. The free-field 
se i smic wave coupling in various media 

•7 

was determined by Werth and Herbst 
(1963) from measurements in the elastic 
range in several media. Dan Patterson 
(LRL, private communication) has cal
culated the free-field peak particle v e 
locit ies (Fig. 15) using the Werth-Herbst 
technique. Handcar free-field coupling 
was slightly better (20%) than tuff, but 
distinctly poorer than granite. 

Data taken at sufficient distance to be 
sure the wave is elastic are the most 

10 
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i o.i 
Q. 

8 
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. — I 1 1 M i l l ) 1—1 l 11 in] rz 
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Fig. 15. Seismic coupling in Handcar 
dolomite compared with cal
culated coupling in alluvium, 
tuff, and granite. 
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significant. Measurements by LRi, at 
Mina, Nevada (220 km), and Kanab, Utah 
(2S5 km), show that the Handcar displace
ment amplitudes are about one-sixth those 
of Hardhat, even though their shot loca
tions are only 6.1 km apart. The Hand
car amplitudes are about half of the 
average amplitudes from a shot in com
petent tuff (Blanca). Of course, suitable 
yield scaling has been done in deducing 

Rainier, scaled from 1.7 to 11 kt, 
shot in competent tuff which extended 
to surface 
Hardhat, scaled from 5 to 11 kt, shot 
in granite which extended to surface 

1G 

t_ U 

4r« >-° 

I-

Hardhat 

0-1 

Rainier-

Handcar data: 
- • Sandia (preliminary) 

*LRL 

I i t-L 
100 1000 2000 

Range from shot point — m 

Fig. 16. Surface particle velocity vs 
distance from shot point. 
Scaled curves for Rainier and 
Hardhat compared to Handcar 
data. 
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these ratios. In considering these ratios, 
one should realize that distant se i smic 
data scatter wildly (Don Springer, LRL, 
personal communication). We conclude 
that close in to the shot, free-field 
coupling is slightly better in dolomite than 
in competent tuff. When the highest fre
quencies are removed in the distant s ig
nal, free-field coupling ir dolomite i s 
about half that in competent tuff. 

The surface measurements in the 
vicinity of surface zero are interesting 
because the shot was in hard rock over-

Handcar was located in a unique geo
logic setting, with hard rock to the north 
and soft alluvium and tuff to the south. 
The geologic section is shown in Fig. 17. 
We are interested in determining if the 
TENSOR code can calculate the differ
ences in amplitude between north and 
south directions caused by the change in 
the geologic section. The TENSOR code 
as used here propagates elastic waves 
through " Lagrangian mesh. The code 
has previously been described by Cherry 
and Hurdlow 9 (1966). 

The abstraction of the Handcar cross 
section to the Lagrangian mesh calcula
tion i s shown in Fig. 18. The character
istic zone s ize is 50 m, which preserves 
10 cps and below. Finer zoning would 
have preserved higher frequencies but 
would have required far more digital 
computing time. A 1-kbar s e i smic 
source step function was programmed in 

lain by softer alluvium. It is well known 
that whsn se i smic waves couple from hard 
rock to soft rock, the amplitude of the 
particle velocity increases. With the 
se ismic coupling of dolomite slightly 
greater than that of competent tuff, we 
find the experimental data over ground 
zero is about the same as that which 
would have been expected had it been 
tuff all the way to the surface (Fig. 16). 
This result i s surprising and unexplained. 
The Rainier and Hardhat curves in Fig. 16 

D 

are taken from Saner. 

the region shown. Smoky Hill, ISO m 
high, has been preserved in the zoning. 
No attempt has been made to convolve 
an attenuation function or the actual 
source function as could be deduced 
from close- in measurements or from 
SOC calculations. l».e intent here is 
to get the relative effect of the hard 
rock to the north versus the alluvium 
to the south on the amplitude of the 
se i smic wave. 

T'ae results of this calculation are 
shown in F ig . 19. The north and south 
result J are s imilar. Smoky Hill causes 
no apparent effect. Wave amplitude is 
decaying l e s s rapidly with distance 
through the alluvium to the south than 
through the hard rock to the north. The 
theoretical results have been normalized 
to the experimental data at 10 c m / s e c . 
The s e i smic data are more variable to 
the north, where more topographic relief 

CALCULATION OF DIFFERENCES BETWEEN ALLUVIUM 
AND HARD ROCK 

William R. Hurdlow 
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exists, but at the more distant stations 
alluvium tends to have higher seismic-
wave amplitudes. We have not attempted 

to incorporate the multiple spall mech
anisms that occur directly over the shot 
into the TENSOR calculations. 
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Fig. 19. Results of TENSOR calculation of Eandcar se ismic propagation. 

Part II. Chemistry, Mineralogy, and Energy Distribution 

R. W. Taylor 

One of the goals of the Handuar e x 
periment was to study chemical and 
mineralogical changes undergone by 
carbonate minerals as a result of a 
nuclear explosion. 

This part of the report is a synthesis 
of chemical and mineralogical analyses 
of pre- and post-shot samples by 
F. Stephens, N. Smith, J. Kahn, and 
D. Emerson. In addition, radiochemical 
analyses of postshot solid and gas s a m 

ples provided critical information an the 
extent of the chemical and mineralogical 
changes. 

The changes in the rock caused by the 
thermal effects of the explosion are 
documented by contrasting the pre- and 
po.3t-shot samples . We then deduce from 
these changes the specific conditions the 
samples experienced. It is important to 
point out that this can be done in much 
more detail for this explosion in dolomite 
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than for previous nuclear explosions 
which have been carried out, for the most 
part, in sil icate rocks. The reason for 
this i s that dolomite undergoes transitions 
that are distinct, well understood, heter
ogeneous, and first order. Furthermore, 
the principal transitions of dolomite 
liberate COo- The escape of CO_ pre
vents reversal of the transition, leaving 
a telling record. Samples of gas taken 
after the explosion also document these 
transitions. The amount of gas liberated 
tel ls the amount of dolomite transformed, 
and thus the amount of energy required 

for these transformations can be cal
culated. 

Silicate rocks, on the other hand, con
tain so many phases which undergo tran
sitions of s o diverse a nature chat to 
unravel t*ie chemical and thermal story 
of a nuclear explosion in sil icates by 
examination of postshot debris i s a much 
more difficult tass . Even the melting of 
common si l icate rock takes place over a 
wide temperature and energy range. 
Also, l ittle gas i s evolved except steam, 
which cannot be sampled effectively 
because it condenses. 

PRESHOT CHEMICAL, MTNERALOGICAL, AND TEXT0RAL 
ANALYSES OF HANDCAR DOLOMITE 

The chemical compositions of three 
composite samples of core from three 
depth intervals hi the emplacement hole 
are given in Table 3. The composition 

is expressed both in terms of weight per
cent and mole percent. The samples 
are composed mostly (98.5-89.5%) of 
C 0 2 , CaO, and MgO. Notice the molar 

Table 3 . Chemical analysis of three preshot composite samples of Handcar core from 
hole UlOb.a 

Sample from 
1303-1346 ft 

Sample from 
1346-1373 ft 

Samp 
1308.5-
Wt<S> 

le from 
•1373.9 ft 

Component Wt<& Mole% Wt% Mole% 

Samp 
1308.5-
Wt<S> Mole% 

c o 2 46.48 48.98 46.82 49.31 46.18 48.76 
CaO 30.63 25.33 31.02 25.64 30.96 25.65 
MgO 21.07 24.23 21.24 24.42 21.21 24.44 
s i o 2

b 1.22 0.94 0.31 0.24 0.89 0.70 

A l 2 ° 3 0.48 0.22 0.25 0.11 0.40 0.18 
F e 2 ° 3 0.13 0.04 0.1.2 0.03 0.13 0.04 
FeO 0.04 0.03 0.04 0.03 0.04 0.03 
H 2 O c 0.09 0.23 0.08 0.21 0.08 0.21 

Totals 100.14 100.00 99.89 100.00 9S.89 100.00 

Analyst, F . Stephens; first reported in a letter to 21. Nordyke, Aug. 5, 1964. 
When these samples were placed in 6NHCL the insoluble part consisted essentially 

of these amounts of SiO, and A L O - with traces of Fe , Mg, Ti, and other elements. 
•TVater lost at 155°C. 
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ratio, CaO/MgO = 1.048 ± 0.003. Also, 
notice that the number of moles of CO„ 
is nearly equal to the sum of the number 
of moles of CaO and MgO. Thus the 
chemical composition of the rock is 
closely approximated by the formula 

CaMg(C0 3 ) z . 

The principal phase (mineral) in the 
Handcar rock was identified as dolomite 
by means of an x-ray diffraction' and 
optical study of 10 samples of preshot 
core from a zone near shot depth in 
hole UlOb. The average weight percent 

dolomite in the zone of the Handcar ex
plosion is 98.5 ± 0.5. 

Microscopic examination of thin s e c 
tions of these 10 samples of preshot rock 
gives a general ides el the variability in 
texture and grain s ize . This is ak,o the 
besi way of identifying minerals present 
in small amounts. Dolomite grains as 
large as 2 mm across are common, but 
the average s i ze is about 0.2 mm. Calcite 
grains were also identified and in some 
cases they were twinned. Quartz (SiO„), 
FegO,, and some clays were also identi
fied, but they make up less than 2°h of 
the rock. They constitute the acid-
insoluble parts of the rock. 

CHEMICAL, AND MINERALOGICAL ANALYSES 
OF POSTSHOT SAMPLES 

About a month after the Handcar ex 
plosion, a hole (UlOb PS fllA Whipstock) 
was drilled into the area of the explosion. 
From this hole s ix of the 20 samples 
recovered were selected for analysis. 
The chemical composition of each of 
these samples, expressed in weight and 
mole percent, i s given in Table 4 . B e 
cause the hole from which these samples 
were taken was drilled using mud as a 

not only cooled the chimney but also 
probably caused the hydration of CaO 
(lime) and MgO (periclase) left after the 
thermal decomposition of dolomite. 

Notice that these postshot samples, 
like the preshot samples, are made up 
mostly of CO-, MgO, and CaO. The 
CaO/MgO mole ratio is !.04 ± 0.02, 
probably not significantly different from 
the preshot value (1.048 ± 0 . 0 0 3 ) . " In 

cooling fluid, the samples were all water- all cases these samples contain l e s s CO„ 
saturated. A total of 5060 m of drilling 
mud was lost into the chimney. This loss 

'The ASTM-tabulated d-spscings for 
reflections from the planes (404) and 
(318) in dolomite are 1.0074 A and 

a . 
1.0002 A, respectively. The correspond
ing spagings In Handcar dolomite are 
1.007 3 A and 1.000- A. 

'To boll this much water would r e 
quire 4 kt of energy, one-third of the 
total energy of the Handcar explosive. 

than the preshot samples. This i s taken 
as evidence of thermal decomposition of 
dolomite, the details and implications of 
which are discussed in the next section. 
The extent of decomposition of the s ix 

The solubility of CaO in water, pro
ducing Ca(OH)2, i s 0.1 g/100 ml; the 
solubility of MgO, producing Mg(OH)2, 
i s -0 .001 g/100 ml at ~40°C; thus CaO 
could have been leached by the drilling 
mud. 
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Table 4. Chemical analysis of six Handcar postshot samples . 

- „„„i.. . , . . ,„ . , ' • . : • •i U v. 4 ,1 H O T -̂ 64 4 4 4 1427 
h . i i i s *,Vt r M-.lf r . W i r. '.U.l. " •A'i r Mule *", W( r- 11*.if ' W-. ' . Mr.lc ", Wl r . Molt- ' 

'": l2.'--(, J 5.6ft 1-.'••'. <f.fc. 44. ' - ' - 4 ; . a j 1 '• 0 J 4 I .V- 4 2.7 '• 4 5 . - : 44. .4 47. yj 
t .< i 11.7 J iU.34 Jr..';(J r-.- : no.oi J-,.01 12.7-1 27.*^ V J . : •• 2 =..(,:> .:a.i>, li .i .v. 
M i l . r..u r \ 7 0 :•..*.-. V..M- 20.7 1 24.0? "J").". 1 27.14 2Q.Ji a 24.£7 2 0 . V 2 3 . ' " 

''"• 4.4*i :.-<2 4.!4 1.2** 3.2^ 2.S2 3.10 2.GO H.*.5 J.'iO 3.1,5 2.ES 

'-'/•> : . . " • O.'.f, o . •». 0.4 ; . t.oo o.4 e I.iO 0.S1 l . ' i l 0.7 t '.:=> O.i.l 

i--y. Q.'.J o.:h 0.4 S 0.11 0.30 0.0'.' 0.2f> 0.03 0.40 o.:2 0.33 0 . !0 
y,-{ p U.Gl. 0 .00. 0.04 0.03 0.08 0.0o 0.07 0 04 0.00 0.04 0.0S t».0<-

r..-. :•• ;ffO.O)'. rnti.oo • • • ' • . fcT 100.00 100.32 :no.oo •j-.'.tt 100.00 •j',:22 100.00 ioo.21 : i .o<> 
,.,S.,IUI,1 . . 1 * 1 • - . » i . i ' .0 •J . 4 0 • i . .7 4 -°0 I . K 0 ".40 

' ( I - . . , r.i- >\ ..M< ! . * , , • ! , i x ^• i i ' . sh ' i t -v ,rrpl*-s hv N. m ith. LIU., , F - h . '• ', ' ''*".=>. 
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postshot Bamples can be measured by the 
amount of CO, they have lost. That Is , 
100 g of typical Handcar rock losing the 
amount of CO, given in Table 5 will have 
approximately the observed postshot 
composition. The reason this m e a s u r e 
ment is approximite is that the postshot 
samples contain about three t imes as 
much acid-insoluble components (4.9 to 
6.8 wt%) as the preshot rock. The p r i n 
cipal component of the insoluble fraction 
is SiO„, as it was in the preshot s amp le s . 
The S i /Fe ra t io in the postshot samples 
is about twice that in the preshot s a m 
ples . The increased amount of insoluble 
(nrncarbonate) ma te r i a l in the samples 
taken after the explosion probably came 
from the high-si l ica grout used to e m -
place the explosive. The increased 
amount of iron probably came from the 
iron well casing and from iron in the 
explosive canis te r . 

The F e „ 0 „ / F e O mole rat io in the p r e 
shot rock is about 1. The postshot s a m 
ples a re considerably oxidized, having 
F e „ 0 „ / F e O ra t ios of about 2 and g r e a t e r . 
This is su rp r i s ing because the int roduc
tion of metal l ic iron into the system at 
high t empera tu res would be expected to 

Table 5. Weight percent CO2 lost by 
Handcar postshot samples . 

Sample 
type 

Sample depth 
(ft) 

Grams CO2 
lost per 100 g 
preshot rock a 

Chimney 1407 2.7 

1427 4.2 

1444 7.0 

Diagnostic 1452 24.3 
1455 20.2 
1464 12.2 

Based on an average preshot rock con
taining 46.49 g CO2 per 100 g of rock 
(Table 3), and calct'^-ted by the approxi
mate formula 

where 
Y 2 = Y + (f 100) 

Y 2 = wt% C 0 2 lost, 
Y = wt% COo in preshot rock 

(46.49%), 
X = wt% non-C02 in preshot rock 

(100 - Y) = 53.51, 
1*1 = measu red wt% CO2 in post -

shot samples . 
Samples from "puddle glass" at 

bottom of cavity. 

resul t in an F e „ 0 _ / F e O ratio between 
1/2 and 1. Also, in equilibrium with 
CO, , the F e „ 0 3 / F e O ratio is expected 
to be about 1. The oxidation of the post -
shot samples was probably caused by 
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steai i when water was introduced during 
the postshot drilling, Tbi3 indicates 
that the rock was still hot enough to 
generate steam, although the maximum 
postshot temperature measured was only 
50°C. 

Examination of these s ix postshot 
samples by x-ray diffraction showed 
dolomite, calcite, and MgO (periclase). 
The sample from 1452 ft was the only one 
in which CaO (lime) was identified. 
Notice that this is the sample which con
tains the least CO,, having lost about 
24 g of CO, per 100 g of preshot rock. 
As will be discussed in more detail later, 
dolomite decomposes upon heating by a 
two-stage loss of CO„. The first stage 
results in the formation of CaCO, 
(calcite) and MgO. The second stage, 
at higher temperatures, results in the 
decomposition of CaCOg to form CaO and 
CO, . Thus, it i s not surprising that the 
sample of postshot rock which lost the 
most CO, is the one in which lime was 
found as a distinct phase. 

Examination of thin sections of these 
s ix postsbot samples revealed a great 
textural variation. The largest grain 
s ize is found in samples from the 
sha! lowest depths, 1407 and 1427 ft. 
These are the two samples c losest in 
chemical composition and mineralogy to 
the preshot rock. Even these samples, 
however, show optical as well as chem
ical evidence of some thermal alteration. 
They contain less CO, and more calcite 
than the average preshot rock. In addi
tion, they contain some periclase (MgO) 
which was not found before the shot. 

Samples from 1452 and 1455 ft do not 
look at all like the original rock. The 

grains are rour'led, involuted, and em
bayed. These samples probably repre
sent a nearly completely decomposed 
rock. Other samples show intermediate 
stages of decomposition. In some cases 
nearly unaltered dolomite is mixed with 
very altered material. Slip across a 
twinned grain of calcite is evidence of 
deformation. The mineralogical composi
tion as deduced from chemical analysis 
is in agreement with the observed min
eralogy as shown in Table 6. 

The most difficult textural feature to 
explain is what appears to be melting. 
The "melting" is confined to occasional 
grain boundaries in samples from 1407 
and 1427 ft, which are relatively un
altered. Other samples show what looks 
like melted rock surrounding most grains. 
Both calcite and dolomite melt at t em
peratures above about 1400°C, but only 
at a CO, pressure greater than 80 atm 
in the case of calcite and greater than 
10,000 atm in the case of dolomite. Any 
textural evidence of the melting of these 
carbonates would be destroyed by sub
sequent decomposition as the CO. pres 
sure fell. Furthermore, if any of these 
s ix iiostshot samples had been heated 
above 1200°C, the quartz grains in them 
would have been converted to either a 
high temperature modification of SiO-
such as cristobalite or to silica g lass . 
This clearly did not occur, since quartz 
was found in the acid-insoluble fractions 
of the postshot samples. Thus it s e e m s 
that the rounding of grains and other 
textures were not caused by partial 
melting. Probably CaO and MgO, formed 
on the edges of carbonate grains, r e 
acted with water and steam introduced 
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during drilling to form hydroxides, which 
look like a liquid. Conditions to form 
hydroxides are not inconsistent with the 

The subject of the previous section 
was the chemical and mineralogical 
changes in the Handcar dolomite rock 
caused by a nuclear explosion. To deter
mine what conditions were necessary to 
cause the observed changes, we must 
understand the thermal decomposition 
of dolomite. In order to gain insight into 
the way energy is deposited by a nuclear 
explosion we also need to review what is 
known about the amount of energy re 
quired to heat and decompose dolomite. 
Knowing bow much energy is required to 
bring dolomite to some stage of decom
position and how much dolomite was de
composed to that stage, we can conclude 
what fraction of the total energy was taken 

conditions postulated earlier in this 
section of the report to explain the oxida
tion of iron in the pcstshot samples. 

for that process . In the next section we 
will consider these ideas in more detail, 
presenting data on the amount of dolomite 
decomposed, as deduced from gas 
samples and from the fraction of the total 
radioactivity a given postshot sample 
contains. 

Perhaps the most familiar way of 
representing the decomposition of a 
carbonate is a plot of the COg pressure 
as a function of temperature. Such plots 
for dolomite and its components, calcite 
au.1 magnesite (MgCOg), are given in 
Fig. 20. This figure is complicated 
considerably because it includes the CO„ 
presrures for the invariant equilibria 
of coexisting pairs of these carbonates. 

Table 6. Mineralogical analysis 01 six Handcar postshot samples. 

Chimney samples Diagnostic samplt BS

a 

1407 ft 1427 ft 

Calc. Obs. 

1444 ft 

Calc. Obs. 

1452 ft 

Calc. Obs. 

1455 ft 

Calc. Obs. 

1464 ft 

Mineral Calc. Obs . c 

1427 ft 

Calc. Obs. 

1444 ft 

Calc. Obs. 

1452 ft 

Calc. Obs. 

1455 ft 

Calc. Obs. Calc. Obs. 

Dolomite 89.6 1 85.3 1 79.2 1 0 3 20.7 2 56.1 1 
Calcite 4.8 2 7 .6 2 11.1 — 66.7 1 52.5 1 28.2 1 
Peric lase 1.1 — 1.9 — 3.6 — 26.7 2 20.6 — 10.9 — 
Lime 0 — 0 — 0 — 0 .9 — 0 — 0 — 
SiO z 3.2 — 3 .6 — 4.1 — 4 . 1 — 4.4 — 3.3 — 
Other 1.4 — 1.6 — 2.0 — 1.5 — 1.8 — 1.4 — 

a Samples from ''puddle glass" at bottom of cavity. 
Calculated mineralogical composition in weight percent, based on the knowledge 

that calcite is more stable than dolomite which is more stable than magnesite (MgCO,). 
c In order of abundance, as determined from microscopic observation and x-ray 

study. 

CHARACTERIZING THE THERMAL DECOMPOSITION OF 
DOLOMITE 
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104/T(°K) 

Fig. 20. Carbon dioxide pressure vs temperature for the system CaC03-MgCC<3. 
Key to the various curves and areas i s : 1. CaC03(s) • CaO/ s) + C02(g). 

.__ . _ x MgCC%(-j = Mgti( 8) 
a). 5. Melting point 
l e s s (solid solution) 

and dolomite s s . 7. Melting point of dolomite. 8. Coexistence of dolomite 
s s and magnesite s s . 9. Conditions for stability of dolomite s s extend from 
curve 6 to curve 8. 

Such a representation of data (Fig. 20) 
i s incomplete and confusing unless one 
understands that these carbonates are 
solid solutions. The CO, pressure for a 
solution at any temperature depends upon 
the composition of the solution. This is 
illustrated in Fig. 21, in which carbonate 
composition and temperature are the co 
ordinates. The equilibrium CO„ pressure 
for any composition and temperature i s 
given by the dashed lines. These figures 
are based on a large amount of experi
mental data. The solid l ines are . 
phase boundary curves. These lines 
separate areas of one condensed phase 
(solid or liquid) from areas of two con
densed phases. Notice, particularly, 
that dolomite is a solid solution of CaCO, 

and MgCOq. At temperatures above 
about 1000°K the compositional range 
for dolomite expands rapidly, and above 
1400°K the distinction between dolomite 
and calcite disappears. 

To use Fig. 21 one may find, for 
example, what COg pressure would r e 
sult when a rock composed mostly of 
dolomite and calcite is heated to 1200°K. 
Look in the phase area, labeled calcite 
and dolomite, and find that the COg pres 
sure is about 50 atm. 

Under these conditions, if the pressure 
falls below 50 atm at 1200°K, Fig. 21 
does not indicate what happens. This is 
best illustrated in another kind of diagram, 
shown in the next five figures (Figs. 22-
26). These figures are isothermal 
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Fig. 21. Phase equilibria in the system 
CaCOj-MgCOj, showing C O z 

pressure. 

sections through the compo3-:tional prism, 
the corners of which are CaO, MgO, and 
CO„. Under the conditions of tempera
ture and pressure illustrated here, the 
decomposition of dolomite can be de
scribed in terms of a three-component 
or ternary system-

First, let us examine Fig. 22. F r 
purposes of understanding the chemical 
and mineralogical changes observed in 
the postshot Handcar samples, let us 
imagine a line a-a' drawn for Ca/Mg = 1 
<atom ratio). This line goes through the 
composition CaMgCCOJ, (dolomite). 
The compositions of the s ix postshot 
samples l ie along this line as shown. 
Compositions along this line, down from 
the point representing dolomite, repre
sent an increasing loss of CO.. Notice 
that the postshot sample from 1452 ft 
having lost the most CO- is plotted the 

greatest distance from the point repre
senting dolomite—in a direction away 
from CO„. From Table 4 one can easi ly 
recalculate the composition of the sample 
from 1452 ft in terms of these three 
components as 33.1 mole % CO„, 34.0 
mole % CaO, and 32.9 mole % MgO. 

In Fig. 23, the phase boundaries for 
this ternary system are indicated. In 
Figs . 24-26, approximate phase relations 
are shown for progressively higher t em
peratures. Notice that the three-phase 
areas decrease in s ize and the two-phase 
areas increase in s ize with increasing 
temperature until at about 2000°K most 
of the lower half of the phase diagram is 
dominated by a single liquid phase. For 
a given composition an increase in tem
perature results in an increase in C 0 2 

pressure. 

The useful application of these dia
grams for the present problem is to 
follow the decomposition of dolomite with 
increasing temperature at a fixed CO.. 
pressure. It i s not unreasonable to 
assume that the CO, pressure in the 
cavity created by the Handcar explosion 
was at lithostatic pressure ("80 atm) for 
some t ime. Certainly it could not have 
been at a pressure more than this for 
long, nor could the CO_ pressure have 
been l e s s than 1 atm. Thus, any dolo
mite heated as hot as 1000°K at a CO a 

pressure of 80 atm would not have de
composed at all . If, at the same t em
perature, the CO, pressure were 1 atm, 
C 0 2 would be lost by dolomite and the 
bulk composition of the remaining con
densed phases i s described by the line 
a-a". The extent of decomposition at 
1 atm is given by the intersection of 
line a-a* and the three-phase field where 
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Fig. 22. Composition of s ix Handcar postshot samples expressed in terms of their 
principal components, CaO, MgO, and CO,. 

the CO, pressure is thought to be about 
1 atm. That i s precisely the composition 
where CaO first forms. Notice that at 
equilibrium, no dolomite would remain 
and the final assemblage would consist 
of approximately equal amounts of MgO 
and CaCO„. The situation at 1300TC i s 
similar, but at a CO- pressure of 80 atm 
dolomite decomposes into MgO and 
CaCOg. At 1300°K and 1 atm, dolomite 
i s completely decomposed into a mixture 
of CaO and MgO. At 1600% dolomite 
is completely decomposed unless the CO„ 

pressure is greater than about 5 kbar. 
At about this temperature a mixture of 
CaO and CaCO, will melt at a COg p r e s 
sure of about 90 atm. At 2000°K, most 
compositions in the system form car
bonate liquids, but at CO, pressures too 
high to be the cause of the textures which 
resemble melted rock seen in all s ix 
postshot samples (as discussed in the 
previous section). 

Figure 27 was prepared to summarize 
the thermal decomposition of dolomite 
at a CO, pressure of about 100 atm. 
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1000°K 1300°K 

Fig. 24 

CO, 

2000-K 

P = 4000 

MgCO, 

P = J00.000 

MgCOj 

Liquid 
* calcite u + CaO 

(P = 3,000) 
-P = 1,000 

-P=500 

Liquid + CaO 
+ MgO 
P = 1,000 

Fig. 25 Fig. 26 

Figs. 23-26. Phase boundaries for the ternary system CaO-MgO-COg. Lower half of Fig. 23 
i s divided into seven areas . From left to right, the areas are: 

1. A two-phase area where calcite s s (solid solution) and CaO exist together at 
equilibrium. COjj pressure 0.1 abn. 

2. A three-phase area (calcite ss of fixed composition, CaO, and ftigO) with a 
fixed CO2 pressure of 1 atm. 

3 . A two-phase area of coexisting calcite s s and MgO. 
4. A three-phase area of calcite SB, dolomite s s , and MgO coexisting at a 

COj pressure of about 50 atm. 
5. A two-phase area of dolomite s s and MgO. 
6. A three-phase area of coexisting dolomite s s , magnesite s s , and MgO at: a 

CO2 pressure of aboul 750 atm. 
7. A two-phase area of magnesite s s and MgO at COz pressures between 750 

and 1000 atm. 
Figures 24-26 show the change in phase boundaries at progressively higher 
temperatures. 
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Decomposition of dolomite: 
CoMg(C0 3 ) 2 (s ) - CoC0 3 (s) + MgO(s) +CO.j{g) 

Decomposition of calcite: CaC0 3 (s ) — CaCO(s) + C 0 2 ( g ) 

000 

/ " 
y^Eutectic meltiiig of MgO + CaO: 

\ f MgO(s) + O . O ( s ) = M g C 0 O 2 ( i ) 

Boiling of MgCaO-f f ) : MgCoO-
M g O ( g ) + C o O f g ) 

2,000 3,000 4,000 
Temperature — °K 

6,000 8,000 10,000 

Fig. 27. Thermal decomposition of dolomite at CO- pressure of 100 atm. 

Here, the molecular composition of 
dolomite is plotted as a function of tem
perature. Above about 3200°K, the 
system becomes a single gas phase. 
Data on the thermal dissociation of 
gaseous MgO, CO„, and O- was taken 

lh-2G from the literiAure. For lack of 
data, vaporization of liquid CaO was 
assumed to take place at the same tem
perature as vaporization of MgO. Ther
mal ionization was calculated like thermal 
dissociation where the ionization poten
tial is related to the dissociation energy 
in a way suggested by Sana and 

21 Srivaatava. 
Figures 24-27 illustrate that CaO and 

MgO, free of CO,, form from dolomite 

at temperatures above ~ 1000°K at a CO_ 
pressure of 1 atm, or at temperatures 
above ~ 1300°K when the CO, pressure is 
less than 50 atm. Thus, it was expected 
that quantities of these oxides would be 
found in the postshot debris, including 
some 2000 tons or so of melted oxides 
(mixtures of MgO and CaO melt at 
~2600°K). As it turned out, no postshot 
sample was free of carbonate, and no 
sample showed clear evidence of having 
been heated above about 1200TC. 

One must bear in mind that back re
actions between the oxides CaO and 
MgO with CO, to form carbonates can, 
in principle, take place upon cooling in 
a fixed CO„ pressure. Can this be the 

- 27 -



source of rarbonate in some cf the post-
sbot samples? From the data just pre
sented, the temperatures below which 
MgO and CaO csn react with a given CO, 
pressure to form carbonates can be deter
mined. Notice that CaCO,, calcite, is 
favored. That is, at a given CO, pressure 
CaO can react to form CaCO, at tempera
tures more than 500° higher than MgO can. 
For example, under a CO, pressure of 
1 atm, CaO reacts to form CaCO, when 
the temperature falls to 115C°K. Periclase 
(MgO) reacts to form MgCO, only when 
the temperature falls to ~640°K. This is 
too low a temperature to expect rapid 
reaction to take place. 

In order to reform dolomite, which i s 
CaMg(CO_),, from its constituent car
bonates, reaction between two solids in
volving dilfus'on in the solid state i s r e 
quired. This probably did not take place 

to any significant extent following the 
Handcar explosion. Back reaction of 
CaO with CO, , on the other hand, i s 
known to be rapid at 1000°K, at least 
until a surface layer of carbonate about 
I mm thick forms. This is probably 
thicker than the CaO particles left after 
the decomposition of dolomite. Thus, 
solid MgO and CaCO_ should be expected 
in postshot debris that is cooled in CO,,. 

Experimental data are needed on the 
rate of these reactions. Probably the 
most important factor determining the 
amount of CaCO, which forms by back 
reaction is the collapse of the cavity. 
When this happens the C 0 2 is displaced 
upward by falling rock and i s thus r e 
moved from the hot solid CaO and MgO 
with which it (night otherwise have re 
acted. The Handcar chimney collapsed 
within 35 s e c after detonation. 

AMOUNT OF DOLOMITE DECOMPOSED. AS ESTIMATED 
FROM GAS AND SOLID SAMPLES 

From the practical point of view, it i s 
important to know the amount of CO, 
generated by a nuclear explosion in 
carbonate-bearing rock in order to pre
vent the escape of radioactive gases . 
Also, if the total amount of CO, generated 
is known, then the total amount of energy 
required for this process can be cal 
culated. If thirf fraction of the total 
energy yield is independent of the total 
yield, it may be possible to measure the 
energy release of a nuclear explosion 
from the amount of CO, released. 

In Part III of this report the results 
of the radiochemical studies are pre
sented and discussed. It i s shown that 

about 4 X 10 moles of CO- was evolved. 
This value is the average of the results 
calculated by several methods based on 
85 14 

Kr and C. It appears that the tracer 
gases were not well mixed. This was 
probably due to the generation of C 0 2 

free of tracer from the thermal decom
position of dolomite for several hours 
after the explosion. This CO. displaced 
radioactive gases out of the chimney as 
far as 170 m into the surrounding rock 
s o that gases sampled from the chimney 
region were not as radioactive as s true 
average sample would have been. 

The amount o* dolomite decomposed 
•j 

to release 4 X 10 moles of COg is 
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2 X 10 moles , or 3.7 X 10 g. This 
corresponds to about 310 metric tons of 
dolomite per kt of yield (based on 12 kt 
total yield). 

Another way of estimating the total 
amount of CO_ evolved comes from the 
radiochemical examination of solid post-
shot samples selected from depths where 
maximum radioactivity was detected. 
Each Handcar sample was examined for 
various radioactive elements. The frac
tion of the total of a given radionuclide 
found in a sample tells bow large such a 
sample would have to be to contain all of 
the radioactivity. 

It seems reasonable to combine the 
information on the amount of thermal 
decomposition in each postshot sample 
with the information on the amount of 
other s imilar material that can exist, 
the reciprocal device fraction. In general, 
the closer a sample was to the explosion, 
the hotter it was heated, the more CO„ 
it could have lost , and the more radio
activity it could have picked up. The 
relevant data are given in Table 7. 
Although the data show considerable 
scatter, the trend i s clear and in agree
ment with expectations. The total amount 
of CO, generated as estimated by this 

Table 7. Amount of CO2 released, based on solid postshot samples. 

Sample 
depth 

(ft) 

C °*a 
lost, or 

(wfW 
Log A 

Reciprocal of . 
"bomb fraction," *. 

( 1 0 u g) Log 4 

Total CO- generated Sample 
depth 

(ft) 

C °*a 
lost, or 

(wfW 
Log A 

Reciprocal of . 
"bomb fraction," *. 

( 1 0 u g) Log 4 (109 g) (10 7 moles) 

1407 c 2.7 0.431 3.01 11.48 6.0 14.0 
1427 c 4.2 0.623 5.55 11.74 23.0 52.0 
1444 c 7.0 0.845 1.05 11.02 7.3 17.0 

I452 d 24.3 1.38 0.0265 9.42 0.64 1.4 
1455 d 20.2 1.30 0.0777 9.89 1.6 3.6 
1464 d 12.2 1.09 0.0942 9.97 1.1 2_._S 

Overall average 6.6 15.0 
Diagnostic sample average 1.1 2.5 

a F r o m Table 5. 
The amount of material one would have if the sample were enlarged, maintaining 

its same percentage composition, until it contained all the refractory radioactive 
elements produced in the explosion. 

c Chimney samples. 
Diagnostic samples, from puddle g lass . 
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Fig. 28. Log of reciprocal bomb frac
tion, cfr, vs CO, lost . 

method is 1.5 X 10 moles, four t imes 
as much as the estimate based on tCr 

14 and C dilution. If only those samples 
considered of diagnostic quality are con
sidered, the total CO. estimate, 

7 ^ 
2.5 X 10 moles , is in better agreement 
with the estimate based on the gas 
samples . 

Figure 28 shows the relation between 
the decomposition of samples caused by 
neat from the explosion and the concentra
tion of refractory radioactive elements 
from the explosion. It appears that the 
upper three samples, the chimney sam
ples, have undergone thermal decom
position without picking up much radio
activity compared to the lower three 
samples. The dot-dashed line across 
Fig. 28 represents the relation between 
the amount of CO, released per gram 
and total number of grams losing this 
amount of CO2 so that the total lost; of 
CO, is 4 X 107 moles. 

AMOUNT OF ENERGY INVOLVED IN HEATING AND DECOMPOSING 
DOLOMITE, AND A COMPARISON WITH OTHER EXPERIMENTS 

The enthalpy necessary to heat and 
decompose dolomite is given in 
Fig. 2 9 . i 6 ~ 2 1 Estimates of the total 
amount of dolomite decomposed were 
made in the previous section. In this 
section these data are combined in order 
to estimate the total amount of energy 
involved in decomposing dolomite. 

From Fig . 29 it can be seen that about 
300 c a l / g Is needed to heat and decom
pose dolomite into CaCO„, MgO, and 
CO,. To decompose dolomite into CaO, 
MgO, and 2CO, requires about 600 ca l /g . 
Thus, the amount of energy per mole of 
CO, is ths same for either the low- or 

high-temperature decomposition of dolo
mite. The value is ~55 kcal per mole of 
CO,. Taking 4 X 1 0 moles of CO, as an 
estimate of the total amount of CO, re 
leased by the explosir ., we find that the 
total amount of energy used in decompo-

12 sing dolomite was 2.7 X 10 cal. This is 
2.7 kt or about 22% of the total amount of 
energy liberated in the explosion. 

There have been five other underground 
nuclear explosions studied in sufficient 
detail to make estimates of the amount of 
rock receiving sufficient thermal energy 
to cause a recognizable change. In the 
Gnome and Salmon explosions, 970 
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Fig. 29. Enthalpy curve for heating and 
decomposing dolomite. 

± 100 tons of salt was melted per kiloton 
of yield. It takes 300 cal/g to heat and 
melt salt. For both of these experiments 
about 30% of the total energy released 
was required to melt salt. 

In the Rainier and Hardhat experi
ments, 700 ± 100 tons of silicate was 
melted per kiloton of yield. It requires 
about 500 cal /g to melt s i l icates. The 
total fraction of the yield involved in 
melting si l icates was about 37%. 

The Gasbuggy experiment was a 29 
± 3 kt explosion in shale. The shale 

-3 
contained 10 mole of CO„ per gram, 
mostly as dolomite. Gas samples taken 

7 
after the explosion indicate 4.22 X 10 
moles of CO„ was liberated from the 
rock. The total amount of energy r e 
quired to produce the observed amount 
of CO, for the Gasbuggy experiment was 
about 16.7 kt or 57% of the total energy. 
of the explosion.' 22 

It is important to understand wny 
twice as much energy was involved in 
thermal alterations of rock at tempera
tures above 900°K in the Gasbuggy ex
periment as in the Handcar and other 
previous experiments. Our estimates 
of the amount of CO„ expected in the 
Gasbuggy chimney were low by a factor 
of 2 because they were based on Hand
car and other earlier experiments. 
Factors which play a role in the fraction 
of the total energy involved in heating 
rock to various temperatures (energy 
fractionation) have not been investigated. 
It is easy to suspect that yield, as well 
as water content and permeability, plays 
a major role in energy fractionation. 
Gasbuggy was about three times the yield 
of Hardhat and Handcar, and about six 
times the yield of Rainier, Gnome, und 
Salmon. For one thing, the greatsr the 
yield, the deeper will be the puddle of 
molten rock. The time necessary for 
cooling a puddle increases with the 
s ize of the puddle, other factors being 
equal. 

If yield is important to the energy 
disposition we should examine very large 
yield experiments for unusual thermal 
effects. For example, the bomb frac
tions per volume of postshot gas samples 
may be smaller than usual (e. g . , the 
maximum values observed for large e x 
plosions may be 10 times smaller than 
the maximum values for smaller explo
sions). Such a large decrease is not 
expected in the case of solid postshot 
puddle samples because the excess rock 
melted by the large yield explosion i s 
probably not well mixed with the shock-
melted rock containing most of the r e 
fractory radioactive elements. 
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Part III. Distribution of Radioactive 
Debris in the Handcar Chimney 

C. F. Smith 

One important aspect of the exper i 
mental p rogram for Handcar was the in
vestigation of the distribution of cert-ain 
radioactive nuclides in the postshot nu
clear chimney. These investigations 
were designed to evaluate the effects of 
the carbonate medium on gas composi
tion, both chemical and radiochemical, 
and on the distribution of nonvolatile 
debris between chimney and " puddle 
glass" regions. On the following pages 
the unclassified par t s of these efforts 
a re discussed in some detail. The 

classified work is discussed in UCRL-
50967. 

The resul t s repor ted here represent 
the efforts of a la rge number of workers . 
Descriptions of the various topics c=une 
originally from the program chairmen 
acknowledged in the section headings. 
The descriptive text has been edited and 
supplemented to some extent to reflect 
the improved understanding of some of 
the phenomena which has been gained 
since the or iginal writing, and for the 
sake of completeness . 

RADIOACTIVITY 

W. E. Nervik 

An important objective of the Handcar 
experiment was to determine the postshot 
distribution of radioactive dehris from 
nuclear devices exploded in a carbonate 
medium. To measu re this distribution 
for the nonvolatile debris , plans were 
made to dri l l two postshot sampling holes 
through the subsurface rubble zone as 
soon after z e r o t ime as was safe and 
pract ical . A sufficient number of co re 
samples from these noles were to be 
chosen to provide a reasonable mapping 
of the total rubble volume and were t o be 
analyzed for about 12 radioactive s p e c i e s . 

As it turned out, only one useful pos t -
shot hole was dri l led. Twenty core s a m 
ples were obtained from this hole, but 
through a combination of events, including 

labor and equipment shortages and drilling 
difficulties caused by the dolomite med i 
um, analysis did not begin until H + 2 
months, so isotopes with half-lives l e s s 
than 7 days o r so could not be measured. 

A c ross sect ion of the postshot chim
ney one year after the detonation of 
Handcar is presented in Fig. 30. Twenty 
sidewail samples were obtained from the 
UlOb PS n 1A Whipstock reentry hole at 
depths roughly indicated by the solid dots 
in Fig. 30 (Ref. 4) . Data presented he r e 
were obtained by analysis of the most 
active seven of the 20 samples recovered. 
Sample numbers correspond to the o r d e r 
of analysis . 

Based on analys is of debris from a 
large number of underground nuclear 
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Fig. 30. Vertical section through Handcar chimney 1 yr after the explosion. 

detonations, the following sequence of 

events is believed to take place: 

When the explosion occurs, the walls 

of the growing cavity are lined with a 
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thin layer of melted rock which remains 
relatively intact when the cavity sub
sequently collapses. This melt retains 
the refractory elements while the vola
tile elements are distilled off and con
dense in the chimney rubble above. 
Samples of the cooled melt (diagnostic 
or puddle samples) and samples of the 
chimney rubble (chimney samples) are 
obtained from the postshot drilling oper
ation. The fission yield of a device is 
measured by the ratio of the amount of 
a fission product to the amount of fis
sionable material (or a material added 
as tracer for the fissionable material) 
measured in a given sample. The best 
measure of the yield should be obtained 
from ratios of refractory materials re
tained in the melt, since these materials 
distill only a very smali friction of their 
total amount into the cbfcnncy region. 

For example, if material X lost a 
fraction a by distillation, and material Y 
lost a fraction 0 by distillation, then the 
ratios of the amounts of X and Y are: 

(1 - »)X X' . . . . 
( l _ 5 .y - yT (puddle sample), 

3y" = y"" (chimney sample). 

whe^-e X and Y represent total amounts 
of each in the system. 

If <• and 0 are small then the measured 
ratio X'/'Y' in the puddle is very close to 
the true value X/Y, whereas the ratio 
X"/Y" in the chimney is probably not 
equal to X/Y and we have no way of 
measuring a/0 to calculate X/Y. Chim
ney samples are therefore of little diag
nostic value. If a is large and 0 i s small 
(X volatile, Y refractory), then X'/Y' in 

the puddle will be low and X"/Y" in the 
chimney will be high. The true values of 
X/Y for a number of fission products are 
known from calibration experiments and 
are reported as It-values. = Some of these 

147 
fission products are refractory ( Nd, 
144 156 

Ce, Eu) and some have volatile 
oq an 

members in the decay chain ( Sr. Sr, 
9 I V 127-. 132_, 131. 140„ . 

Y, 5b, Te, I. Ba, and 
141 

Ce). R-values for this latter group 
should be lower than expected for diag
nostic srmples and higher than expected 
for chimney samples, providing a posi
tive means of identification of the more 
significant diagnostic samples. 

Table 8 summarizes the fission product 
data for the Handcar sar-ples. Pots 1, 
2, 3, end 5 are diagnostic samples . Pots 
A. 6, and 7 arc chimney samples. Chem
ical and mincralogtcal analyses of six of 
these samples arc given in Tables 4-6 of 
the previous section of this report. 

Note in Fig. 30 that with the possible 
exception of pot 6, this grouping into 
diagnostic and chimney sample* is «ie-
pendent en sampling depth, although it 
may be fortuitous. Within these groups 
no such trend in (l-values as a function 
of depth is observed. As discussed in ~A fission product R-value of mass A 
is defined as follows: 

C(A) Y(A) 
C(99)_ . . Y<99)„ 

R(A) = CIA) 
C(99) 

YlAT 

where 
CIA) 

C(SS) 
Y(A) 

Y(99) 
( > _ 

std 

- counting rate of isotope of 
mass A, g g 

= counting rate of Mo, 
= fission yield of isotope of 

mass A, g g 

- fission yield of Mo, 
= experimental conditions. 

() std 
235 U + thermal neutrons. 
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Table 8. Fission product R-values for the Handcar samples. 

Maximum 
diagnostic 

Unf ract icmaled sample 
Nuclide R-value R-value 

Pot 
3 4 5 

Sampling depth Ift) 
1455 1452 145! 1407 1464 1444 1427 

B 9 Sr 

13!, 

, 3 & C f 

140 

141 
Ba 

Ce 

*Ce 
147 

"Eu 

0 . 3 6 0 .064 — 0 . 0 2 5 o.o in 0 . 1 5 0 . 0 2 8 0.14 0 .11 

0 . 4 6 0 .35 0 . 1 5 4 0 .159 0.09G 0 . 5 9 3 — - — 
l .c — O.'JGS 0 .4 D2 0.5G7 — — - — 

30 30 11.0 2 .70 2 .98 •15.4 9 . 5 8 53 .0 4 4 . 8 

0 .81 0.5C 0.35G 0.307 0 . 2 6 ! 0 .07 1 0 . 3 2 0 1.09 0 . 8 2 9 

0.7 0 0 .65 0 . 5 2 3 0.4 <J0 0 .443 0 . 0 7 ! 0 . 5 1 5 1.10 0 .801 

0.G7 — 0.G24 0 . 5 9 9 0.C3G 0 . 6 1 7 0 .617 0.614 0 . 6 2 8 

0.U17 — 0 . 9 1 7 ^ o.an'1 
O.U17 D 0 . 0 1 7 a 0 . 0 1 7 a 0 . 0 1 7 a 0 . 9 1 7 1 

1 1 J —t — — — 10.G 13 .0 B.1G 11.7 

aNu<-lide Nd is taken to b'c the standard; its R-valuc i» assumed to be 0.917. 

the previous section of this1 report, 
samples beuring the greatest concentra
tion of refractory radioactive elements 
also show the greatest amount of thermal 
decomposition. 

Due to the relatively small number of 
samples and their spatial distribution 
these results may not be representative 
of the rubble zone as a whole. There is, 
however, no indication of any gross dif
ference between dolomite and alluvium 
in the retention in rock melt of volatile 
and refractory species, even though the 
minimum melting point of MgO and CaO 
is much higher than the melting range 
for common silicate rocks (2600TC as 

compared to !500*K for s i l icates) . 
131 

Data on 1 arc particularly interest
ing. Normally, in underground detona

tions in tuff or alluvium, less than 30% 
131 of the I formed is retained in the melt 

with the refractory fission products. In 
three Handcar samples, however, 31%, 
35%, rnd 60% of the total formed was 

147 retained with Nd. These samples 
were taken over a very narrow range of 
depths (1451. I4S2, and 1455 ft) but, on 
the basis of the relative amounts of 

147 

e 9 S r 
9 , Y , 1 3 6 C s . , 4 0 B a , M , C e . " 4 C e . antT 

Nd, they are good diagnostic samples . 
There is no reason to believe that they 
represent an anomalous sample of the 
Handcar debris. We infer from these 
data that in the Handcar carbonate medi
um, the Tc, Sb, and Sn precursors of 
131 

! are associated with refractory fission 
products to a significantly larger extent 
than they usually are in silicate rocks. 

WATER-LEACHABIUTY OF HANDCAR DEBRIS 

The fractions and kinds of radioacttye 
isotopes that can be leached out of 

Handcar-like rubble is of considerable 
interest to those involved with Plowshare 
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applications. Although it was expected 
that these measurement* had been com
promised by large amounts of water 
poured into the Handcar rubble during the 
pastshot drilling operation, a leaching 
experiment was performed on several 
samples of the Handcar debris and c o m ' 
pared with similar results on a sample 
from alluviuTn. 

All of the samples were leached in a 
Soxhlct extractor using a fiber filter 
thimble. Dcionized water was used for 
all the extractions. After extraction, the 
filter and residue were dissolved and 
made up to a known volume, and the leach 
water was made up to a known volume 
after rinsing the flask with HC1 until no 
activity could be measured in the flask. 

After each extraction a known aliquot 
of solution was counted and the gamma-
ray pulse height was analyzed in a stand
ard geometry- By integrating the entire 
spectrum and using the aliquot factor the 
"percent activity leached" was calculated: 

% activity = T r 
H 2° (100). 

H„0 Residue 

Handcar Leach Sample I 
A 5.7-g sample was ground with mor

tar and pestle. This sample was not dried 
before grinding and small pebbles r e 
mained (1 /8-1 /4 in.). It was leached for 

B- l /2 hr. About 0.01% of the activity 
showed up in the leach water. 

From gamma-ray analysis the most 
124 prominent species in H , 0 was Sb; 

140 Q>i 
Ba- La did show up. The Zr- Nb 
did not show up in the leach water, a l 
though it was evident in the solid residue. 

Handcar Leach Sample 2 
This sample was dried and ground in 

a pica mill; 3.0 g of the material was 
leached for 16 hr. About 0.58% of the 
activity showed up in the leach water. 
The nuclides present were the same as 
in sample 1. 

Alluvium Leach Sample 4 
This sample -;as dried and ground in 

a pica mill; 3.3 g was leached for 16-1/2 
hr. About 1.6% of the activity showed up 
in the leach water. 

From gamma-ray analysis the most 
124 prominent nuclide in the water was Sb 
140 plus possibly a small amount of Ba- La. 

95 The Zr- Nb did not show in the water, 
although it was present in the solid re s i 
due. 

Taken at face value, these results 
indicate that the dolomite debris is l e s s 
leachable than alluvium debris. Until 
this experiment has been performed on 
samples which have not been exposed to 
water, however, the results cannot be 
taken seriously. 

GAS SAMPLING AND ANALYSIS 

J. Cowles. R. Crawford, F. Momyer 

Gas Recovery 
After completion of the poPtshot dril l

ing and core recovery. 1342 ft of 4- in.- i .d . 

casing was lowered into the existing 
10-in. postshot drill hole (UlOb PS t1A). 
The lower 40 ft of this casing was 
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punctured with 1-in.-wide by 1-ft-long 
shots for a total perforation area 
approximately equal to two inside cros"-
sectional areas of the pipe. 

A valve was welded to the top of the 
casing and a piping system was con' 
structed at the surface so as to permit 
drawing of gas from the center 4-in. 
casing and pumping it into the surround
ing annulus as shown in Fig, 31. The 
P, y monitor filtered a portion of the gas 
stream and recorded gross $, y activity 

133, of the particulate. The TCe gamma 
peak v.'as obtained from a Nal sensor 
downstream of the charcoal-impregnated 
filter paper. The radioactivity readings 
were relative and did not indicate absolute 
concentrations. A Davis combustible gas 

analyzer was standardized with mixtures 
of CO in air s o 10% CO would give a read
ing of 75% of explosive limit. The sample 

3 
bottles were 1 -ft evacuated oxygen tanks 
with valves and fittings at both ends. One 
end of the tanks was connected to the 
sampling stream, the other end to evac
uated 1 -l iter f lasks. It was intended that 
these 1-liter aliquots of the samplus be 
valved off and recovered separately for 
analysis of chemical composition of the 
samples. 

The rupture disks were present to 
protect the system and the drill casings 
against pressure pulses >25 psi. If the 
disks blew out, remote-control bore 
valves could be used to seal the system. 
The inlet and o u t l e t flows of the 

Rupture _ J & Y ^ 
disk " I monitor 

Shutoff rams 
(to sea! annulus) 

Center 
casing - 4 in. 

Combustible 
gas analyzer 

Freon 
detector 

Sample 
bottles 

Roramefar 
+ orifice 

Combustion 
traps 

t 1 
Compressor 

Fig. 31. Handcar gas-sampling system. 
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compressors were bubbled through water 
traps to prevent spread of flames due to 
ignition of combustible gas in the com
pressor. 

When pumping was first started on the 
center casing, a 16-in.-Hg vacuum was 
formed within the pipe in 6 min. The 
vacuum held at 16-in. Hg with no notice
able change on two gauges for over 2 hr. 
The flow was then reversed and air was 
pumped into the center 4-in. casing. The 
casing was pressurized to 7 psig in about 
5 min. No additional pressure increase 
was noted although pumping was continued 
for half an hour. It was surmised that 
the bottom of the casing was about 50 ft 
below the level of drilling mud left in the 
hole. Thus the t=p of the perforated 
section was about 10 ft below the mud, 
and 7 psig was required to force air 
through the perforations. 

A wire-line probe later showed a water 
surface at 1291 ft (the bottom of the cas 
ing was about 1342 ft). Twenty 13.5-g 
explosive charges on a wire line were 
fed into the casing to perforate the wall 
between 1265 and 1270 ft; then 40 charges 
were fired between 1225 and 1235 ft. 
Subsequent pumping tests indicated the 
hole was unplugged and that gas could be 
pumped from the casing. 

The explosive perforation:'! occurred 
within the void at the top of the Handcar 
chimney, which was at a 5-in.-water 
vacuum relative to atmospheric pressure 
(December 22, 1964, 2 to 8 p . m . ) . 

During the sampling run, gas was 
pumped into the annulus. About 0.1% 
Preon was injected into the gas stream. 
It was planned to pump gas until the 
radiation, combustible gas, and Freon 
sensors indicated steady-state conditions 

were prevailing. Steady state would be 
indicated by no additional increase of 
signal from the sensors after pumping 
for a few minutes. 

When the run was started, the com
bustible gas meter soon stabilized at 4% 
of the explosive limit. A high gamma 
level was sensed by the xenon peak de-
iector and the gross 0, 7 particulate de
tector. A hand-held radiation meter 
read 3 mR when placed briefly in the gas 
stream. No Freon return was observed. 
Portable gas analyzers used by REECo 
Radsafe personnel indicated a 20% CO„ 
content in the gas. These conditions 
prevailed without significant charge for 
6 hr, at which point pumping was termi
nated. 

3 
Six hourly I-ft gas samples were ob

tained and labeled 1H1-1H6. A final set 
3 

of s ix 1-ft samples was taken just prior 
to the termination of the run and labeled 
1F1-1F6. Twelve hours after pumping 
had ceased, twelve 1-ft samples were 
drawn from the top of the 4-in. casing 
and labeled residual gas. 

Analysis for Nonradioactive Gases 
The 1-liter aliquots taken in the field 

from samples 1H1-1H6 were analyzed 
by mass spectrometry. Subsequent 

3 
sampling of the 1-ft bottles showed that 
the gases found in the smaller containers 
were not representative, therefore all 
results reported here are for gases taken 

3 
from the 1-ft cylinders. 

Gross analyses of the gases were 
carried out by standard techniques on 
a CEC 21-103C and analytical mass 
spectrometer. 

Trace analyses of the gases were 
performed by gas chromatography. 
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Table 9 contains the combined results 
of gross and trace analyses on Handcar 
gases . Table 10 contains the same in
formation after normal air, based on the 
oxygen content of the samples, has been 
removed. Compared to normal air. 

oxygen was depleted in these samples as 
shown by the residual quantities of N„ 
and Ar in Table 10. It is assumed that 
this On'depleted air was present in the 
cavity at sufficiently early times to per
mit reactions to consume the oxygen. 

Table 9. Nonradioactive Handcar gases . Air and CO2 determined by mass spectros
copy: CO, H2, and CH4 by gas chromatography. 

Gross analyses (vol%) Trace analyse 
CH 4 H 2 

!S (ppm) 
Sample C °2 Ar °2 N 2 Air 

Trace analyse 
CH 4 H 2 CO 

1H1° 63.6 0.359 7.12 28.8 36.2 300 369 1390 
2 65.4 — — — 34.4 269 362 1120 
3 64.1 0.329 7.00 28.4 35.7 255 360 1270 
4 a 60.8 0.349 7.88 30.7 39.0 294 34E 1210 
5 64.6 — — — 35.3 265 352 1290 
6 70.3 — — — 29.5 290 412 1340 

1F1 76.6 0.220 4.30 18.6 23.1 313 427 1390 
2 79.7 — — — 20.1 321 438 1340 
3 78.1 — — — 21.7 309 421 1410 
4 79.9 — — — 19.9 32G 435 1360 
5 b 71.3 — — — 28.5 281 386 1210 
6 a 77.9 0.210 4.14 17.5 21.9 309 382 1370 

Residual: 
1 0.15 0.92 20.79 78.1 99.9 — — — 
2 1.05 0.93 20.24 V7.8 99.0 — — — 

aApproxim ately half of the sample was withdrawn for radiochemical gas analysis 
prior to thesi determinations. 

Sample cuntainer probably leaked; its pressure was 73 cm Hg, while all others 
were about 65 cm Hg. 

Table 10. Handcar chimney gas composition. Air based on oxygen removed. 

Gross analyses (vol%: t Trace analyses (ppm) 
Sample co 2 N 2 Ar CO H 2 CH 4 

1H1 96.2 3.37 0.06 2110 557 452 
1H3 96.3 3.43 0.03 1900 540 382 
1H4 97.4 2.22 — 1930 552 469 
1F1 96.0 3.22 0.03 1740 534 391 
1F6 97.1 2.S7 0.02 1710 475 384 
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Normal air was then subsequently mixed 
with the cavity gases during chimney 
collapse and at reentry. 

The amount of O, consumed under 
' 5 

these assumptions was about 5 X 10 
moles , iron associated with the explo
sive was partially responsible for this 
usage of 0 _ . The total amount of iron 
close to the explosion was about 9.4 
metric ttais or 1.7 X 10 moles. This 
could have consumed at most about 
1.3 X 10 moles of 0 2 according to the 
reaction 

4Fe + 3 0 2 - 2 F e 2 0 3 . 

The presence of CO and traces of H_ 
and CH. in the gas indicates that high 
temperature reactions between Fe. COv,. 
and H-O occurred. However, there does 
not seem to have been sufficient metal 
near the explosive to explain the con
sumption of oxygen as well as the forma
tion of Hj, CO, and CH 4 . It is possible 
that the Handcar dolomite contains a 
trace of free carbon. A concentration 
of about 0.05 wt% free carbon would be 
sufficient to account for the discrepancies 
discussed above. 

Analysis for Radioactive Gases 
Radiochemical analyses were per

formed on the three gas samples des ig
nated 1H1. 1H4, and 1F6. These samples 
were taken at the start, at the end of the 
third hour, and at the end of the sixth 
hour of circulation of csvity gas through 
the sampling train. 

In each sample 1 4 C O , , 1 4 C O , 3 7 A r . 
3 9 A r . 8 5 K r . l 3 3 X e , and 1 3 1 m X e were 
counted in the corresponding chemical 
fractions. Separation of these fractions 
was by gas chromatography. 

For krypton and xenon, measured 
amounts of inactive carriers were added 
to measured aliquots of gross sample and 
reseparated. All other species of interest 
were separated from the gross sample 
without addition of carrier, and the spe
cific activity of the radionuclide in its 
naturally occurring isotopic species was 
determined. 

For convenience, all results were 
normalized to 1 liter STP of sample after 
air based on oxygen was removed. The 
aforementioned determinations of chem
ical composition were required at this 
point; e. g . , for krypton and xenon, the 
ratio of gross sample to reduced sample, 
and for other species , the volume percent 
of the species per liter of reduced sam
ple. 

Chemical purity of fractions was 
checked by mass spectrometry. Correc
tions were applied where necessary, al
though these were nearly always negligible. 
Results are given in Table 11. 

A quantity which is of radiochemical 
interest is the isotopic ratio for com-

14 pounds containing C. Table 12 l ists 
these results in terms of specific activity 
(dpm per mole) for these species. 

The physical model used as a guide to 
interpretation of the results is as follows: 
Initially the nuclear explosion produced 
a spherical region lined with molten rock 
and filled with vaporized rock and device 
debris. This cavity rapidly expanded to 
the ultimate cavity radius by radial d i s 
placement of the medium outside the 
molten layer. It is assumed that mixing 
of gases was complete within this cavity, 
and that in cases where a given isotope 
existed as several chemical species, 
isotopic ratios were the same for all 
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Table 11. Handcar radiochemical gas analysis resul t s . Equivalent fissions o r dpm 
at zero time per l i ter (STP) of sample after a i r based on oxygen is removed. 

Sample 1111 1H4 116 Average 

T i m e Start of c irculat ion After 3 hr After 6 hr -
8 5 K r ( f i s s ions ) 3,75 X 1 0 1 5 ( 0 . 7 ) b 3.70 X 1 0 1 5 ( l . l ) b 3.70 x 1 0 1 5 ( 1 . 2 ) h 3.72 X 1 0 1 5 ( 0 . 8 ) b 

1 3 3 X e ( f i s s ions ) 7 .69 X 1 0 1 5 (1.4) 7 . 0 2 X I 0 1 5 (2.5) 7.07 X ! 0 , S (6.9) 7.53 X 1 0 1 5 (3.3) 

1 3 l m X c ( f i 3 s i o n s ) 6.9Z X 1 0 1 5 (1.4) 6 .12 X 1 0 1 S (1.0) 5.84 X 1 0 1 S (3.1) 6.29 X i O 1 5 (4.7) 

3 7 A r (dpm) 5.66 X 1 0 7 (0.5) 6 .03 X 10 7 (1.1) 6.64 X 1 0 7 (1 .0) 6.11 X 1 0 1 5 (4 .9) 

3 9 A r (dpm) 6.84 X 10" 11.8) 7 .77 X 1 0 2 (I.5> — 7.28 X 1 0 2 (6.9) 

! 4 C O (dpm) 3.03 X 10 1 (0.2) 2 .72 X 1 0 1 (0.41 2 .59 X 1 0 1 (0.2) 2.78 X 1 0 1 (4.4) 

1 4 C 0 2 (dpm) 7.B2 X 1 0 3 (4.9) 6 .64 X 1 0 3 (4-0) 6.69 X 1 0 3 (8.3) 7 .08 X 1 0 3 <5.6) 

For fidsfon product g«'6cs, the tabulated number is the number of fission events equivalent to the 
observed gaseous activity. 

^Numbers in parenthesis are estimated standard errors expressed in percent of the mean values. 
For the individual samples these values do not include errors in chemical composition. 

Table 12. Handcar average totals of gaseous radionuclides, based on Kr production 
expected from a fission yield of 10.1 let. 

Radionuclide Average total Equivalencies 
8 5 K r 
l 3 3 X e 
131m. Xe 

Ar 37 

3 9 A r 
CO 
co„ 

c 
Average volume 
of gas mixed 
with 8 5 K r after 
air removed 

6.44 X 1 0 2 4 fissions 

2.76 X 1 0 2 4 fus ions (3.3%) 

3.72 X I O 2 4 f issions (4.7%) 

2.30 X 1 0 1 6 d p m 0 (4.9%) 

4.59 X IO 9 d p m 0 (6.9%) 
1.06 X 1 0 1 0 d p m 0 (4.4%) 

; 2.69 X 1 0 1 2 d p m 0 (5.5%) 
3.79 X 10 8 l i ters STP (0.8%) 

10.1 kt (normalization point) 

20.4 kt 
17.1 kt apparent 3 

20.6 kt decay-corrected 
1.0 X 10 3 Ci/kt 

1.2 X 10" 2 Ci/kt 
t 

0.228 of 1 4 C tracer 
- 10 cavity volumes STP 

9.0 X 10" 4 of 1 4 C tracer 

a T h e radionuclide 
1 3 1 m X e 

at sampling time is at 
activity level due to the appreciable half-life of the 

83% of Us maximum extrapolated 
131l precursor (8.0 days). 

14 species. For instance, C/C was the 
same in carbon dioxide, carbon monoxide, 
methane, and any other compound of 
carbon. 

Geophone records indicate that the 
cavity collapsed between 14 and 35 s e c 

after the detonation. During this period 
some cf the heat energy of the cavity 
materials is utilized to increase the 
temperature of the chimney rock, r e 
leasing carbon dioxide and water with a 
corresponding rap i J cooVay of the system. 
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As a first approximation it is assumed 
that rates of chemical reactions, includ
ing particularly isotopic exchange reac
tions, drop essentially to zero as a re 
sult of this cooling. Reactions such as 
l 4 C 0 2 + CO - 1 4 C O + C 0 2 are assumed 
to occur negligibly after collapse. Dilu-

14 tion of the CO. with carbon dioxide is 
possible until temperatures drop below 
those necessary to release CO, from the 
dolomite. Carbon monoxide, produced 
by reactions of CO, with reducing agents 
(principally iron), is essentially free from 
such dilution effects. The assumption of 

14 low C exchange rates after cooling is 
more likely valid for CO than for CO_. 
since the latter could exchange with car
bonate minerals on the surface of the 
exposed dolomite. This likelihood is 
enhanced bv the presence of water, a 
large amount of which was added to the 
chimney during drilling operations. One 
of the goals cf the gas analysis investiga
tion for Handcar was to search for ev i 
dence relative to these assumptions, and 
if possible to evaluate the effects of ex 
change and dilution upon the chimney gas 
chemistry. 

The following data are pertinent to 
interpretation of tha results: 5.30 Ci 
(±1.0%), or 1.177 x t o 1 3 dpm° (±1.0%). 

14 
of C as BaCO s was loaded as symmet
rically as possible in eight packets 
around the device. This amount i s about 
SO times that expected to be produced in 
the explosion. About 10 gal, or 

7 
2 X 10 moles , of H-O was introduced 
into the emplacement hole during pre -
shot drilling. About 1.5 X 10 gal, or 

it 

3 X 10 moles , of H , 0 was introduced-
to t : postshot reentry hole. "Tie radior 
chemical device yield was 10.1 ± 1 kt. 

The present best estimate of cavity radius 
from praasurization measurements is 
20.6 ± 0.5, corresponding to a void volume 
of 3.6 X 10 7 l i ters . 

Totals of Gaseous Species 
Recent experience has suggested that 

essentially all of the rare-gas fission 
products produced in a contained nuclear 
explosion mix with the chimney gas. This 
appears to be true regardless of chimney 
collapse t ime, indicating that possible 
entrapment of precursors in solidified 
melt is not an important consideration. 

However, this experience is based 
upon experiments performed with nuclear 
explosions in silicate rock. Gas in the 
silicate rock surrounding the chimney 
(mostly air) enters the chimney to fill 
the partial vacuum created by steam 
condensation. Any gaseous material 
injected into the formation by initially 
high cavity pressures would be flushed 
back into the chimney. In the case of 
Handcar, on the other hand, CO, was 
generated in amounts sufficient to carry 
cavity gases into the permeable forma
tion and to effectively remove them from 
the chimney region. The very low water 
content of the medium, and the fact that 
the generation of CO, by the thermal 
decomposition of dolomite continued for 
some time after detonation (perhaps 
several hours), would seem to indicate 
that this was the case. 

So that totals of species can be e s t i 
mated in any such experiment, a known 
amount of a gaseous species which is 
mixed well with the gaseous device debris 
can be used as a device fraction indicator. 
No such spec ies existed on the Handcar 
experiment. As a second choice it is 
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possible to calculate the expected total 
of a fission product gas from the experi
mentally determined fission yield of the 
explosive. Perhaps the most useful such 

D C 

fission product is Kr, which is pro-
duced from decay of the 3-mm Br, and 
is , therefore, essentially all present at 
about 10 min after detonation. Since we 
know the amount of Kr which would be 
produced by the Handcar device, we can 
use this species as a device fraction in
dicator to obtain totals of other species 
with which the Kr has mixed. These 
totals should be considered as lower 
limits due to possible physical fractiona
tion, especially at early times when high-
pressure cavity gases could escape to 
the formation before complete 0_-owth 
and mixing of the Kr. Average values 
of the totals of species based upon 3 K r 
are listed in Table 12. 

With these data, comments, and cau
tionary notes in mind, the results for 
each of the chemical species separated 
are discussed individually below. 

Carbon Dioxide 
Assuming C/C to be the some at 

sampling time in all carbonaceous species 
14 containing significant amounts of C 

(i. e . , COg and CO ), the average of 
1.64 X 1 0 5 dpm° CilO.Sft) of 1 4 C per mole 

7 
of CO, implies exchange with 7.19 X 10 
moles of carbon or an equivalent 6.6 
X 10 g of dolomite. 

If one could equate the carbon with 
which the tracer exchanged with that in 
the melt and vaporization zone, this 
would correspond to 550 tons of dolomite 
melted o r vaporized per kiloton of yield. 

14 The amount of carbon 14 as CO„ thai 
mixed with 8 5 K r was about 23% of the 

total 1 4 C loaded. Only about 10fo of 
this material was found as gas in the 
chimney at reentry two months after the 

14 
shot. Evidently some of the C was in
jected at early times into the formation 

35 without mixing with the Kr, or was 
included in some solid-state materials, 
or both. 

14 It seems probable that CO_ and 
14 

CO present in the chimney immediately 
following detonation could have been dis 
placed away from the chimney by the 
continued generation of CO, relatively 
free of C. The Kr, because of i ts 
growth period which i.-* on the order of 
10 min, would have been displaced to a 

14 
lesser extent than the C but neverthe
l e s s would be depleted in the chimney 
region. 

Unfortunately, one cannot assume that 
these observations apply to conditions 
existing before reentry to the cavity. 

o 
The addition of 3 X 10 moles of water 
to the postshot hole would be expected 
to result in slaking of CaO and MgO and 
subsequent rapid reconversion of C 0 0 

to carbonates. 
14 In addition, exchange of C in a C 0 2 -

water-carbonate system would be ex 
pected to be rapid. The exchange be
tween carbonates and gaseous CO_ in a 
humid environment is a common problem 
in counting C as solid carbonates. 
Appreciable exchange with carbonates 
not originally in the melt zone therefore 
undoubtedly occurred prior to sampling, 
and the 550 tons of melt per kiloton of 
yield must be considered a poor upper 
limit. 

Carbon Monoxide 
The activity of C per mole of CO 

sampled is 3.27 X 1 0 5 dpm° ±3.8T«. If 
-43-



thin specific- ac'iviiy is representa t ive 
of original rarb'-n in the c&vity, there 
was 340 tons of dolomite per kt of yield 
in the melt an'* vapor zone. Assuming 

14 - 85 
thf total *'(» found mixed «itn Kr and 
ignoring 'he possibility of exchange, one 

-4 14 
fan estimau- tha' 'if 19 of the ( 
t r ace r was as '"'• iii the original cavity, 
implying that the same fraction of the 
available c arho.. went to form CO. 

Table \3. Total amount or CO2 produced 
in Handcar, calculated by 
three different methods. 

Calculat ional b a s i s Total m o l e s of CO„ 

I 4 c o 2 , e o 2 7.2 X 10 : 

! 4 co/co 3.6 X I 0 7 

8 5 K r / C O z 

A v e r a g e 

1.7 X 1 0 7 

A v e r a g e 4 .2 X IQ 7 

Total Pay. Volumes 
Since essential ly all of tl.e gas present 

in the Hannrar environment '.vat. f ( > 9 

there a r e at least three methods of ob
taining an es t imate of the total voiumc 
of gas generated by the detonation. 
These have been discussed previously 
but will be -.ummarized here . 

14 
From the amount of C t r ace r loaded 

14 with the device and the observed CO„ 
concentration ' n the CO., gas recovered, 
an es i imate of 7.2 X 10 moles for the 
total C"()„ production was obtained. This 
value is an upper limit due to the poss i 
bility of radiochemical exchange. By 
comparison, a s imi la r ejaculation us ing 
the ( content 01 CO indicated about 
half '-his much gas or :j.6 X i0" moles 
was generated. The amount of gas with 
which the " Kr was mixed (assuming 
uniformity with observed concentrations 
from the chimney region) was 1.7 X 10' 
moles. These quantities a r e summar ized 
in Table 13. It i s interesting to note 
that by using the device fractions m e a s 
ured for re f rac tory device debr is and 
ths CO lost from these diagnostic 

samples , Taylor obtains a total C O , r e -
7 lease of about 2.5 X 10 mol^s, in good 

agreement with these values (see P a r t XI 
of this r epc r t l . 

If one takes the average production as 
4 X 1 0 moles and assumes a formation 
permeability of 4"̂ , (Ref. 4), it is pos
sible to construct an est imate of the 
volume of this expanded gas bubble r e l a 
tive to that of the chimney. A sketch of 
this relat ionship is presented in Fig. 32. 
Spherical symmetry , atmospheric p r e s 
sure , and a t empera tu re of 50°C were 
assumed. 

8 5 , 
Argon 
Based on the use of " J K r as a device 

fraction indicator, the total production 
37 4 

of Ar is seen to be about 10 Ci, while 
total Ar is about 120 mCi. These 
isotopes a r e produced principally in the 
doiomite through interactions with e s 
caping neutrons, according to the r e a c -

40_ , , 3 7 . 42„ , „ . 3 0 . tions Ca(n.o) Ar, Ca(N.o) Ar, o r 
K(n,pi Ar . A'though preshot es t i 

mates of the totals expected a re about 
an o rde r of magnitude greater than those 
measured, the lack of agreement is not 
considered se r ious du<_ to the uncertain-
tics involved in the calculations and the 
possibility that ar«on was swept into 
the formation at e a r ly times, preventing 

DC 
it from mixing with the Kr. 

Fission Produc t Gases 
JJ5 

Because K r has been used to obtain 
totals of species in the gas, only the 
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Fig. 32. Possible disposition of the calculated 4 X 10 moles of CO, produced by the 
Handcar explosion. 

relative amounts of the fission products 
are of signi'icance here. Examination 
of Tafc-le 12 reveals that the equivalent 

133 fission yields obtained for Xe and 
Xe are about twice the assumed 

yield. No completely satisfactory ex
planation is available for this disparity, 
Depressurization of the chimney most 

probably occurred shortly after collapse. 
Since the Kr growth is essentially 
complete in the first 10 minutes, and 
since our recent experience suggests 
that the krypton will mix with the gas, 
depressurization is a probable explana
tion for the removal of krypton from the 
chimney. 
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Xenon isotopes exist primarily as 
precursors at these early t imes. Growth 

133 of Xe requires several days, while 
131 

Xe growth is no! complete until 
several months after detonation. Die 
similar equivalent fission yields deduced 
for these isotopes indicates absence of 
fractionation effects. Since fractiona
tion would result if depressurization 

133 was occurring during or after Xe 
growth, this observation supports the 
assumption of rapid depressurization. 
However, if it is assumed that 1007° of 
the xenon growth mixes with the gas, 
then the equivalent of about 4.5 chimney 
volumes of gas at atmospheric pressure 
is required to give the observed con
centrations. This volume r.i gas i s no* 

1. The Handcar experiment demon
strated that large quantities of noncon
densable carbon dioxide are generated 
by a nuclear detonation in a carbonate 
medium. No serious containment prob
lems resulted, although the highly porous 
medium allowed the Handcar chimney to 
depressurize rapidly. Since, in this 
respect, the Handc&r dolomite may not 
be characteristic of carbonate formations 
of interect for Plowshare underground 
engineering applications, possible con
tainment problems should be carefully 
considered for future experiments of this , 
kind, particularly in nonporous rock. 

2. The cavity radius is about 10T. l e s s 
and the chimney height about 2?~ less 
than would be expected in granite. Evi
dently the carbon dioxide generated by 

likely to be available through diffusion 
processes, and neither can we assume 
that it was lost by depressurization since 
fractionation did not occur. 

This anomaly in regard to the xenon 
can be rationalized in a number of ways 
involving assumptions of diffusion and 
effusion rates, fractions in the gas. 
effects of slaking as a result of addi
tion of water, pure coincidence, etc. 
None of these possible explanations can 
be supported by experimental measure
ment or past experience. On the basis 
of sampling at a single time postshot, 
and in consideration of other uncertain-
tics mentioned previously, there is 
nothing to be gained by further conjec
ture. 

the nuclear explosion did not play a major 
role in cavity formation. 

3. Wc can predict the strength of 
strong shock, in the hydrodynamic region. 
Wc do not have an understanding of the 
plastic, crushed, and near-clastic region. 
The difficulty may be experimental or 
theoretical, or t>oth. This latter region 
is of interest for some underground appli
cations and more work needs to be done 
in developing an understanding of it. 

4. Close in, the seismic waves gen
erated, in terms of peak values of particle 
velocities, are comparable to those gen
erated in competent tuff, whereas far out 
they are about half the magnitude ef those 
in competent tuff. Considering the porosity, 
compressions! velocity, and bulk density or 
the roek, this result is surprising. 

Part IV. Conclusions 
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5. Diffcrenres of seismic propaga-
tion caused by alluvium in one dim-lion 
and hard rock in the other have beep. 
reasonably well handled by the TENSOR 
code. Handcar has not provided a good 
test because the effect was too small. 
This capability will grow with time and 
wilj prove useful in evaluating seismic 
damage in specific applications. 

6. Samples of the chimney gas ob
tained six weeks after detonation were 
30-40°; air and 70-60% carbon dioxide, 
wilh trace quantities of methane, hydro
gen, and carbon monoxide. 

7. About 2 X 10° g ((9 ± 7j X 10 8 l iters 
or (3 * 2) X 10 7 f t 3 STP) of CC>2 was pro
duced by the heat of the explosion. TClis 
required about 20 ± 5K of the total ex
plosive energy. 

8. Although data crc fragmentary 
and the samples taken may not be rep
resentative of the rubble zone as a 
whole, there appears no gross differ
ence between dolomite and tuff or allu
vium In the retention of volatile radio
active species. 

!). Results obtained in leaching ex
periments using Handcar debris may 
have been compromised by the large 
quantities of water introduced during 
postshot drilling. Taken at face value 

these results indicate thai dolomite may 
be less teachable than alluvium debris. 

14 
10. Specific activity of C implies 

exchange with the equivalent of 550 tons 
of dolomite per kiloton yield based on 
CO, and 2B0 tons of dolomite per kiloton 
based on CO. 

R5 
11. Total production (based on Kr) 

37 39 
of ' Ar and ' Ar by neutron activation 
of the calcium or potassium in the soil 

3 
was measured as 10 Ci and 120 mCi of 
these materials, respectively. These 
values may be lower limits if significant 
dcpi-ccsurization occurred prior to mixing 

... 85,. with Kr. 
12. Ratios of the fission product gases 

imply rapid ''eprcrsurization of the Hand-
85 car chimney. If Kr is assumed to be 

1OO0« IT, the gas phase, then about 00% of 
this gas resides outside the chimney 
region. The large quantities of CO_ gen
erated by thermal decomposition of the 
dolomite for as long as several hours 
after the detonation may have swept s ig 
nificant fractions of cavity gas into the 
formation during the early postdctonatton 
period. Indications of the Xc isotopes 
ore that this deprcssurization was 
essentially ended prior to appreciable 

133 growth of Xc, which is on the order 
of a day. 
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