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PREFACE

This report is one of a series documenting the results of the Swedish-American cooperative research
program in which the cooperating scientists explore the geological, geophysical, hydrological, geo-
chemical, and structural effects anticipated from the use of a large crystalline rock mass as a geologic
repository for nuclear waste. This program has been sponsored by the Swedish Nuclear Power Utilities
through the Swedish Nuclear Fuel Supply Company (SKBF), ahd the U.S. Department of Energy (DOE) through
the Lawrence Berkeley Laboratory.

The principal ihvestigators are L.B. Nilsson and 0. Degerman for SKBF, and N.G.W. Cook,
P.A. Witherspoon, and J.E, Gale for LBL., Other participants will appear as authors of the individual
reports.

Previous technical reports in this series are listed below.

1. Swedish-American Cooperative Program on Radioactive Waste Storage in M1ned Caverns by
P.A. Witherspoon and 0. Degerman. <(LBL-7049, SAC-01).

2. Large Scale Permeability Test of the Granite in the Stripa Mine and Thermal Conductivity Test by
Lars Lundstrom and Haken Stille. (LBL-7052, SAC-02).

3.  The Mechanical Properties of the Stripa Granite by Graham Swan. (LBL-7074, SAC-03).

4, StreSs Measurements in the Stripa Granite by Hans Carlsson. (LBL-7078, SAC-04).

5. Borehole Drilling and Related Activities at the Stripa Mine by P.J. Kurfurst, T. Hugo-Persson,
and G. Rudolph. (LBL-7080, SAC-05).

6. A Pilot Heater Test in the Stripa Granite by Hans Carlsson. (LBL-7086, SAC-06).

7. An Anaiysis of Measured Values for the State of Stress in the Earth's Crust by Dennis B. Jamison’
‘and Neville G.W. Cook. (LBL-7071, SAC-07).

8. Mining Methods Used in the Underground Tunnels and Test Rooms at Stripa by B. Andersson and P.A.
Halen. (LBL-7081, SAC-08).

9. Theoretical Temperature Fields for the Stripa Heater Project by T. Chan, Neville G.W. Cook, and
C.F. Tsang. (LBL-7082, SAC-09).

10. Mechanical and Thermal Design Considerations for Radioactive Waste Repositories in Hard Rock.
Part I: An Appraisal of Hard Rock for Potential Underground Repositories of Radioactive Waste
by N.G.W. Cook; Part II: In Situ Heating Experiments in Hard Rock: Their Objectives and Design
by N.G.W. Cook and P.A. Witherspoon. (LBL-7073, SAC-10).

11. Full-Scale and Time-Scale Heating Experiments at Stripa: Preliminary Results by N.G.W. Cook and
M. Hood. (LBL-7072, SAC-11).

12, Geochemistry and Isotope Hydrology of Groundwaters in the Stripa Granite: Results and Preliminary
Interpretation by P. Fritz, J.F. Barker, and J.E. Gale. (LBL-8285, SAC-12).

13. Electrical Heaters for Thermo-Mechanical Tests at the Stripa Mine by R.H. Burleigh, E.P. Binnall,
A.0. DuBois, D.0. Norgren, and A.R. Ortiz. (LBL-7063, SAC-13).

14. Data Acquisition, Handling, and Display for the Heater Experiments at Stripa by Maurice B. McEvoy.
(LBL-7063, SAC-14).

15. An Approach to the Fracture Hydrology at Stripa: Preliminary Results by J.E. Gale and P.A, Wither-
spoon. (LBL-7079, SAC-15). :

16, Preliminary Report on Geophysical and Mechanical Borehole Measurements at Stripa by P. Nelson,
B. Paulsson, R. Rachiele, L. Andersson, T. Schrauf, W. Hustrulid, O. Duran, and K.A. Magnussen.
(LBL-8280, SAC-16).

17. Observations of a Potential Size-Effect in Experimental Determination of the Hydraulic Properties
of Fractures by P.A., Witherspoon, C.H. Amick, J.E. Gale, and K. Iwai. (LBL-8571, SAC-17).

18. Rock Mass Characterization for Storage in Nucler Waste in Granite by P.A. Witherspoon, P. Nelson,
T. Doe, R. Thorpe, B. Paulsson, J.E. Gale, and C. Forster. (LBL-8570, SAC-18).

19, Fracture Detection in Crystalline Rock Using Ultrasonic Shear Waves by K.H. Waters, S.P. Palmer,
and W.F. Farrelf. (LBL-7051, SAC-19).
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ABSTRACT
The effects of underground in situ heéting of quartz monzonite at

Stripa, Sweden, wéré studied with kespect to petrologic alterations and .
"mechanical damage to the rock. A suite of core samples obtained from holes
drilled through the walls of the H-10 heater hole was examined in thin
“sections, by x-ray diffractibn,,and by electron miqrdprobe. Mineraiogic
a]terations“in thé rock édjécént to the heéter were most prqnouncéd fof
ch]orite,_which showed‘a ﬁarked change in color assdciated with proximity to
fractures as well as to ihe heater hole. .Struéturél changes in chlorite
included decrease in the‘dimensions of the Qnit.cell, alchange fo hexagonal
or’pseudo-hexagéhal symmetry, and possibly digordérvin ]ayer‘stécking perpen-
dicular‘to‘the c-axis. Ihtergrowth 6f fine hematite with chlorite also

occurred. Chemically, chlorite from near the heater was relatively consistent
1n-compositioh over varying distances from the heater hole, but fracture-filling
-cﬁlorite and chlorite in the rock matrix showed differences in composition.
Overall, chlorite from near the heater differed from chlorite in unheated

Stripa rock mainly with respect to Si0O2, Mg0, and Fe0. Muscovite in thelin
situ-heated rock showed faint color changes associated with heating but was
structurally unaltered. Muscovite near the heater hole was generally consistent
in chemical compositiqn; although it showed some variability at grain margins

‘and in fracture fillings.

A specimen of Stripa quartz monzonite heatéd to 600°C in the laboratory
was studied'for comparison'wjth the in situ-heated rock. Chlorite in this
specimen was largely recrystallized to an intergrowth.of hematite and other
iron oxides and hydroxides, wﬁich also differed from chlorite in the in

situ-heated rock in its abundances of Hp0, Mg0, and K»0. Muscovite in



intergrown with a mineral in the biotite-phlogopite series. Chemically, it

~differed from muscovite in the in situ-heated rock in its abundances of

-Xii-

this specimen differed markedly in its optical. properties from muscovite in

the in situ-heated rock; it also had larger unit cell dimensions and/or was -

H20, K20, Nag0, and Al1203. S e .

~The distribution of uranium and thorium in the in situ heated rock was

studied by a]pha rad1ography, wh1ch prov1ded qua11tat1ve ev1dence for the

.add1t1on of U or Th to s1tes of d1ssem1nated accumulat1ons of these elements

in samp]es near the heater hole. These accumu]at1ons occurred 1n fractures,
c]eavage planes; and graih boundar%es. Sources of the added U or Th were not
pos1t1ve1y 1dent1f1ed but gamma spectral ana]yses suggested dep]et1on of
these e]ements 1n rock away from the heater and the1r m1grat1on toward the '

heater hole.

Mechanical damage' to the rock surrounding the heater was assessed by -
stereophotographic surveys of the heater hole. Maximum depth of decrepitation
observed was ~8 cm,.and the depth averaged 1.7 cm over the length- of the .
heater. Rock. spalled from the heater hole contained fine fractures oriented
tangentially to the hole. But the.decrepitation had no apparent,preferred
orientation that could be attributed directly to stresses from the underground-

galleries or in the intact rock mass.



1. INTRODUCTION |

The heatér experimeht dt‘Stripa was undertaken'toldetermine:thé"éffects
of pro]onged in situ heat1ng on frdctured gran1t1c rock and groundwater f1ow.
This. study assesses the petrologic effects on, and the mechan1ca] damage to,
the rock surrounding the H-10 heater, one of two main heaters_emp]oyed in

the experiment.

This b5-kW heatér, a cylinder 0.3 m in diameter and 2,6 m ]dng, was
emplaced in a vertical hole 6.4 m in diameter'drined in the floor of the
full-scale drift at the 340-m Tevel of the Stripd mine. Surrounding the H-10-
heater, at a radids of 0.9 m from its axis, was a ring of eight peripheral
1-kW heaters, centered on the same hor1zonta] p]ane as the centra] heater
(Witherspoon et al.,,1980,. Flgure 1 111ustrates, in plan view and in
' crossfséction, the geometry)of_these heaters in relation to the full-scale

and extensoneter drifts.“

Figure 2 shows, as a'function of time, the'temperdfurés }eqcﬁed by tﬁe
‘rock surrounding the central heater, H-10, at its hor1zonta] m1dp]ane. _
After H-10 had been running at 5 kW ‘full power for 200 days, the per]pﬁeral
heaters were sw1tghed on, and both central and peripheral heaters continued
running ahbthér 260 days.v The peripheral heaters were kept at full power (1
kW) for 40 days, then lowered to 0.85 kW for the remaining 160 days.
Figure 2(B) shows the pfojected temperature tields in surrounding rock at
radial distances upfto 4 m from the central heatef, and Fig.'Z(A) shows
the measured temperatures, following turn-on of the peripheral heaters, in
.rock at radial distances of between 0.2 m and 0.7 m from the edge. of fhe H-10

heater hole.
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Fig. 1. Locations of full-scale heater heaters, peripheral heaters, and
extensometers in vertical and horizontal boreholes, Stripa mine
exper1menta1 area (from Witherspoon et al., 1980).
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‘In the course of the heater tests, decrepitation of the walls of the
heater holes was observed. Spalling occurred and increased significantly
after the peripheral heaters were turned on {Hood et a],,>1979). To assess
the extent of this damage, a7det§iled stereophotographié survey of the heater
holes was made after the.heaters wefeishut down and Eemoved §nd tﬁe'ﬁock had
returned to ambient. temperature. uThe‘results and pre]im{nary interpretations

of this survey are;fheJSUDJects 6f'Section 3.-

Following the photographic surveys,.twd,;bntinuouslyfcored horizontal
sholes (henceforth referped to aé the "dri]]baékf?ofés")vwere dri]]gd from
the extensometer drift, through and beyond the H?ibvhéétéq hole; these
holes were spaced Qertica]]y 0.5 m above and below the-midp]ahe of the
H-10 heater (Fig. 3). Sections‘oflthe drillback cores were subjected to
petrographfc, x-ray diffraction, electron michoprbbe;:é]pha-autoradiographic,
v and gamma-spectrometric examinatjpns.vahenEesu]ts, the principal subject of

this report, are described in Section 2,

-

-~
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2. PETROLOGIC EXAMINATIONS - |

" A major focus of‘this study concerned mineralogic alterations--particularly
in the phyllosilicate minera]s chlorite and muscovite--that occurred as a
result of the heater experiment. These alterations were:studied in ‘thin
section, in detailed x-ray diffraction analyses, -and by electron m1croprobe.
A second major focus concerned the possibility of migration and redistribution
of the radioelements uranium and thorium in the driliback cores. This part
of the study used alpha radiogranhy of core sections in conjunction with

whole-rock gamma spectrometry.

2.1 Th1n 5ect1on Petrography

The dr11]back cores were obtained from two ho]es dr111ed from the
extensometer drift (Fig. 3). The cores were composed entirely of Stripa
" quartz mbnzonité. M1neraloglca]1y, th1s quartz monzonlte is predom1nant1y a
feldspar-quartz 1ntergrowth w1th rough]y equal volumes of quartz, Na rich
plagioclase feldspar, and K-rich microcline feldspar which together compr1se
90% or more of the rock (Wollenberg et al., 1980;. fhe two other princtna]
minerals of this rock are chlorite (formed in large part by alteration of
primary biotite) and muscovite, together making up an additional 6-10%. The
quartz monzonite is highly tractured and brecciated on both microscopic andv
macroscopic scales, and fracture filling materials are most common]y chlorite,

sericite, quartz, and ep1dote (Wollenberg et al., 1980).

In the dr1]1back core from rock 1mmed1ate1y adJacent to the heater hole,
two changes in the quartz monzon1te were apparent in hand spec1men chlorlte
in fractures and in isolated gra1n aggregates w1th1n 10 cm of the heater ho]e
- was changed from its normal dark green co]or to dark red- brown, and the rock was

faintly but distinctly Tighter and pinker in color within 20 cm of the hole.
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To understand these alterations, to sée whether others were visible
microscopically, and to determine whether there Was a progression in alteration
with distance from the heater, thin sections from the drillback cores were
“cut at regular intervals away from the edge'of the heater hole. (Because of

decrepitation, the hole's diameter had increased from the original 41 cm by 5
~and 11 cm where it was intersected by the drillback cores;.'Distances

to sample locations were therefore adjusted to account for this change by
addingnha]f'Of the increase in diameter to the actual distance measured
'between the edge of the decrepitated wall and the end of the core). In one
drill core, thin sections were cut from a surface péra]]e] to the core axis
and perpendiéu]ar to the heater axis, providing a éontihuous sampling in thin
section of that surface to a distance of 50 cm ffom tﬁe edge 6f the heater'
hole. In the other corg,,thjhjgections were‘cut perpeﬁdicu]ar tovthé éore
aXis,'at intervals of l/to 3'cm,_fo a‘distancé of_ZQ ém\ffom the edgé of the
hole. Thin seétions we}e also cut from'pieces_of‘spalled rock that.were

recovered from the.floor of the hole.

For a qualitative comparison with tﬁesevheater-adjacent samples, thin -
sections were a]sd'cut-frbm a cylindrical block of Stripa quartz monzonite -
(12 cm diam, and 6 cm thick) that had been'heatedvto 600°C in a laboratory -
oveh over a period of 3 weeks (L. Andersson, personal -communication). This
sample, a]thougﬁ heated under very different conditions of pressure and
fracture fluid f]dw than the rbck near the heaters, provided a qua]itative
comparison with that rock, and a cﬁance_tovsee whether tﬁe a]teratiéns
resuiting from this intensive.heating would represent én advanced state‘of 

the alterations seen in the drillback cores.



2.1.1 Minerdlogic: Alterations

In thin section, the most pronounced alteration in the rock adjacent tO-
the heater was the color change in chlorite. Muscovite grains also showed
alteration not apparent megascopically, but this was much less striking than
that of chlorite and was confined to-grain edges. ‘The faint color change in
the quartz monzonite was not, however, observed readily in’ the microscope.
Clouding of plagfoc]ase grains could sometimes be seen in thin section, :
and was probably caused either by minute, submicroscopic clay alteration or
by oxidation of iron impurities in the feldspar, or both. The megascopﬁc
color change of the rock, turning paler and pinker within about 20 cm from
the edge of the heater hole, was therefore 1nterpreted as a compos1te of

these a]terat1ons of fe]dspar grains.

The n1neralog1c changes in chlorite and muscovite were the maJor heater-
1nduced a]terat1ons of the quartz monzonite observable in thin section.:
Ch]or1te in Stripa quartz monzonite is common both as fine fracture-f1111ng
material, where it is usually intergrown with sericite, quartz, or epidote,.
and as coarser cryéta]s,»a]tered from the original biotite and ihtergrown
with muscovite. In all these contexts, ch]orite was thoroughly a]tered to a
deep red-brown material in samples spal]ed fron the‘waii of the heater hole,
but 1t rema1ned entirely green and una]tered beyond ~10 cm from the edge of
the ho]e. Between these zones, a trans1t1onal type of ch]or1te was common]y
observed, where1n grain edges were altered to form red- brown r1nds enc1051ng
green and una]tered cores. ‘In th1s trans1t10na1 zone, chlor1te was preferen-
t1al1y altered near maJor fractures, while in the finest str1ngers (<20 um in
w1dth), or within quartz or fe]dspar grains, it was often green and unaltered.

It thus seems 1likely that c1rcu1at1ng water p]ayedvan important role in the
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“alteration of chlorite, and that heating a]one was_insufficient, It should
also be noted that coarse epidote-filled fractures, about 1-2 mm in-width,
seen in thin sections 8 cm from the heater hole, also had a harked-orange
coloration not observed in similar fractures in the unheated samples. :

The epidote grains themselves, however, did not appear to be altered.
Instead, the coloration was confined to interstices between .grains. -This
coloration was due to finely-disseminated hematite, to bigmentary:coatings
on the epidote grains, or to alteration of extremely fine interstitial

ch]orite,

Two morpho]og1ca1 types of chlorite crysta]s can be d1st1ngu1shed in
}the quartz monzon1te. The f1rst and more common type consists of b]ocky
crystals in knotlike aggregates or c]usters 1ntergrown w1th fine sericite
or coarser muscovite, both. in the rock matrix and in fractures. The second
type_consists of individual thin platelets or.f]akeé usually interleaved with
coarse muscovite grains albng cleavage surfaces. Thesevtw0'types are not
necessari]y‘differeht mineralogically; the distinction is based simply

on the different contexts in which the chlorite crystals have developed.

The material to which ch]orite was altefed adjacent to the.heafer
was nearly opaque in very dense clusters, but 1nd1v1dua] flakes were trans-
Tucent and strong]y p]eochro1c. The pleochr01sm was deep red brown para]]e]
to prismatic grains, and ye]low—orange across grains; this followed the
direction of p]eochroismvin the unaltered ch]orite, which is dark green along
‘prisms and very pale green»across;'VOn thin edgee of altered chlorite grains,
very high birefrihgence was observed (in contrast to fhe unaltered ch]orite),

as well as.a somewhat mottled extinction like that of muscovite or biotite.
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The heater-induced alteration of muscovite grains consisted of -a pale
yellow, pleochroic coloration of grain edoes which, for very small crystals
intergrown with chlorite, extended across whole grainst This aiteratton was
not confined to such a narrow zone around the heater hole as:was the alteration
of chlorite; ft was visible in all thin sections cut from the drillback
cores, which cover a distance of approximate]y 50 cm from the heater ho]ea
The heater;induced muscovite coloration was similar to that typically observed
in sericite grains (sericite is a textural designation for fine-grained |
muscovite of secondary origin) in fractures in'both heated and unheated

quartz monzonite. This similarity of co]orat1on raised the quest1on of

structura] or chem1cal s1m1lar1ty with ser1c1te as well.

| \.
The alteration of chlorite and, especially, muscovite in the sample

of quartz monzonite heated to 600°C in the laboratory contrasted well with
-that observed in-the drf]]back cores. Chlorite alteration was simiTar .

but more pronounced: - aggregates of chlorite grains in thin sections: from
this specimen were very nearly opaque, and thin translucent edgesof grains
were rare or lacking. Seen in incident light, the density of reflection of
chlorite aggregates was much greater than in the drillback core samples, and:
areas of metallic reflection could be seen. Muscovite alteration, on the -
other hand, had progressed to an entirely different state from that in the
dri!]back cores: grains were yellow to orange in color, and strong]y'pleochroic.
Other opt1ca1 properties 1nd1cated fundamenta] changes in the structure of
this muscovnte, desp1te the short per1od of heat1ng 2V was very c]ose to 0°
(negat1ve), and opt1c ax1s f1gures showed strong d1spers1on wh11e in normal
muscovite, and in muscovite in the drillback cores, eV = 30-40?_(-), and '

dispersion is minimal. Chemical changes were also apparent, as the strongly
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heated muscovite grains were typically clouded, and minute birefringent

prisms, 5-10 um in length, had developed within them.

2.1.2 Microfracturing

It was originally hoped that the extent ofimicfofracturing in rock
surrounding the heater could be observed ih thin ;ection. However, sinee
microfracturing is extreme1y prevalent in unheated Striba qhartz monzonite;
it was usually impossible to tell, on:the besis of petrograbhic evidence |
alone, what fractUring.had been’épecificeliy induced by fhe heater experiment.
Several samples were imbregnafed in dyed‘epoxy for tﬁis ﬁuﬁpose, but it stf1}
Qas not genera]ly'possib]e to distinguish heater-induced microfractures from
fractures either originally present or induced by dri]]ing;and core removal.
Sets of open fractures, however, could be seen in thiﬁ sections cut from
slablike fragments spalied from the wa1ls of the heater hole. These open
fractures were roughly parallel to the surface of the fragments (and, therefore,
'fo the axis of the heater holej. Similar open fractures perpendicular to the
éxes of the drillback cores also could sometimes be seen in thin sections of
samples from Witﬁin 5-8 cm of the heater hole. These open fractures, their
brientatiqn, and the tabular shepe of the spalled fragments -indicated that,
at least along planes roughly tangential to the heater-hole axis, microfractur-

ing in a narrow zone of the wall occurred.

In the intensely-heated laboratory sample; microfracfuring wae»pervesive
gnd obvious. Grains of quartz and feldspar were cdnsistent]y cut with
nefworks of tiny cracks, rendefing‘the rock softbénd friable. This marked
difference in microcrack abundance.between the 1abofatortheeted and the in.
%itu-heated'samples may be related to the 1éck of confining pfessure in the

former, and to differences in the rates of pore fluid dissipation.
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2.2 X-Ray Diffraction Analyses
2.2.1 Description.of Samples and Sample Preparation

: X-ray.diffractlonvanalyses of chlorites and muscovites were, in all
but one case, obtained from powder patterns. Chlorite samples, which.
‘were studied in most detail, were separated from the whole rock by sieving
crushed samples to a uniform size fract1on. This was followed either Qy
p1ck1ng 1nd1v1dual gra1ns or by bulk separat1on in a Frantz magnetic separator.
Both methods were used to see whether variations between chlorltes were
due ent1rely to 1ntersample d1fferences or, in some measure, to 1nherent
variability w1th1n the same sample. By picking individual grains, chlorlte
samples of different morphologies could be analyzed separately to see
lf their.diffraction patterns varied, and to see how eaeh compared with

the composite diffraction pattern of magnetically separated chlorite.

Chlor1tes analyzed 1ncluded six samples from rock d1rectly adJacent
to the heaters--e1ther fragments spalled from the wall of the heater hole or
core samples from within 5 cm of the hole--and two from core samples 11-13 cm
and 19 cmvfrom.the heater hole. Also analyzed for compar1son were chlor1tes
from unheated quartz monzon1te from four other local1t1es of the Strlpa m1ne,
as follows from core N—1, dr1lled from the time-scaled drift (Nelson et
l.,'1979)' from.;4 O'm in core OHl BH E7, drilled from the‘full scale‘drift'
from 125 2min core. DBH V-1, a vertlcal hole drllled from the 410 m level of
the m1ne, and from a tthk chlorite-filled fracture in the ultra- large core |
from the 360 m level (Thorpe et al., 1980). Chloritic samples from the "

laboratory-heated quartz monzonite were analyzed for chparison.

Diffraction analyses ofamuscovite separates from corresponding samples

of heated and unheated quartz monzonite were also obtained. Fewer muscovites
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were analyzed than chlorites, as muscovite samples hed.cqnsiderably less
apparent variation than chlorite samples. Six muscovites were analyzed in
all--two from unheated quartz monzonite, two from quartz monzonite adjacent
to the heater, and two from the laboratory-heated rock. All were separated .

from the whole rock by picking individual platelets.

Diffraction samples, aftef being separated for the chlorite or muscovite
fractions, were further groundwahd sieved to less than 53 um, SampleSIWere
then placed 1h a capil]afy tube and photographed in a powder camera, using Cu

Kq radiation with a Ni filter.

2.2.2 Diffraction Analyses of Chlorites from the Drillback Cores

'2.2.2.1 "Powder Pattern Analyses. Powder diffraction patterns of

';chiorites from quartz monzonite adjacent to the heater differ'sigﬁificantly
from patterns obtained from ch]orite from the unheated rock. Deviations >
w1th1n 1nd1v1dual samples were sma]] relative to the var1at1ons between -
d1fferent samp]es, and cons1stent patteens of low dev1at10n were obta1ned

from all samp]es of both unheated and heater-adJacent chlor1tes. Table 1

shows the average line pos1t1ons for these two groups, and the1r re]atlve
intensities, compared with the line p051t1ons of the m1nera]s to wh1ch

they correspond, usually ch]or1te. Since this m1nera1 can yary considerably

in edmpositioﬁ ehd'fn line'pqsitions, the lines ef two‘ehlorites cdmpositiona]]y

similar to the Stripa variety (see Section 2.3) have been included in Table 1.

When the heated and unheated chlorites are compared, it can be seen that

many lines shifted positions and changed in relative intensities, while several
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Table 1., Diffraction patterns--d spacings {A)--of chlorite separates.

‘ Quartz monzonite
Unheated Stripa quartz within 5 cm of

monzonite® ’ heater hole®

13.7 -13.8 (w) - . 13.5 -13.6 (w)

7.08-7.09 (s) 7.0 (s)

4,68-4.70 (w-m) | . , 4.55-ﬂ4.60 (vw)
~4.23 (ww, spotty) ~4,23 (vw, spotty)

- ._~3.65A(vw)

3.54 (s) 3.48 (m-s)

3.34 (s,spotty) . 3.34 (s, spotty)
3.18-3.23 (w-m, spotﬁy) _ ‘.3.18- 3.23 (w-m, spotty)

; | ~2.90 (w)

- o » _2.69; 2.70 (w-m)
2.60-2.61 (m-s) 2,60- 2.61 (w)
2,55-2.56 (m-s) ~2.54 (w, broad)
2.45 (m) ' - ~2.44 (vw)

2,38 (mj _ ~2.39 (vw)

2.27-2.28 (w-m) -

~2.12 (ww) | ~2.12 (vw)

~2.01 (m) ~2.02 (vw)

1.89 (w) : .

1.82 (w) 1.82° (vw-w)
- . 1.69 (ww)

1.65-1.67 (w) 1.63 (w)

~1.55 (s) ~1.54 (w)

1.51-1.52 (w-m) ' | 1.51-1,52 (m)

Referen

ce minera]sb

(a) 1
(b) 1

(a)
(b)
(a)
(b)
qz
mic
hem
(a)-
{(b)
qz
mus
p1
mic
mhm(?) .
ep
hem
ep
(a)
(b)
(a)
(b)
(a)
(b)
(a)

(b)

(a)
(b)

qz

(a)

(b)

(a)
(b)

(b)
qz
hem

(a)
(b)
(a)
(b)
(a)
(b)

4,1¢
4.0

7.05
7.08

4,67
4.68

4.26
4.22

3.66

3.52
3.52

3.34
3.32, 3.34

3.18, 3.21
3.24, 3.25, 3.26

2.95
2.90

2.69
2.69

2.60
2.62
2.55
2.57

2.45
2.47

. 2.39

2.41

2,27
2.28

2.13

2,01
2.01

1.88
1.89

1.83
1.82

1.69

1.66
1.67

1.55

11,56

1.51
1.52

w-weak; vw-very weak.

Letters in parentheses refer to relative line intensities: s-strong; m-medium;

The reference chlorites are (a) thuringite,.and (b) bavalite. These chlorites

are close in d-spacings, and similar in composition (although richer in
Fe and poorer in Mg) to Stripa chlorite. Their diffraction patterns and
chemical analyses are taken from the Powder Diffraction File of the American
Society for Testing and Materials; file numbers are 21-1227 (thuringite)

and 7-166 (bavalite). Other abbreviations are as follows:

ep-epid

ote;

hem-hematite; mhm-maghemite; mic-microcline; mus-muscovite; pl-plagioclase;

qz-quartz.

The diffraction pattern of a different variety of thuringite (file number 3-67)

gives a much closer position for this line, 13.6 A, than do those of (a) or (b).
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lines present in one set of patterns disappeared a]fogether frem the‘other.

The most consistent changes relatéd to shiftslin line positions: lines

of the heated chlorites generally shifted toward 10wef d-spacings, indicafing

a shrinking of the lattice dimensions of chiorite in the heated samples.”

These line shifts were most pronounced'ambng'éevera1 of the strongef Tines

at higher d-spacings, particularly the lines at ~13.8, ~7.1, and~3.5A.

The error in reading diffraction lines, which;drops off rapfd]y with decreasing
d-spacing (Table 2), was generally much lower than the shifts in line

positions and was comparable te.them only in the case of the lines at

13.5-13.8 A. Even then, the two sample sets were quite distinct, with

little overlap.

Tab]e 2. Estimated errors in reading of diffraction lines.

d (&) error (A)
14.0 0.2
10.0 0.1

7.0 0.05
3.0 0.01
1.5 - 0.002

A second observation concerns the ]ines'at 3.65, 2.90, 2.69, and 1.69 A,
which were present’in.the;heated chlorites and absent from the unheated ones.
These lines were close to the positions of lines prominent in the patterns of
the iron oxide miherals hEmatite and maghemite. 'The presence-of these
minerals was therefore 11ke1y, but was not proved unequ1vocally because the

Tines were generally weak, and the two that were stronger (2.90, 2.69) were
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close to the two strbngesf lines of epidote, which is Tocally abundant in
the quartz‘mdnzonite-es a fracture-filling mineral. Also, maghemite, if
present, shou]d have had a noticeable effect on the magnetic susceptibility:
of the chlorite separates (see discussion of_thevlaboratory-heated sample,
Section 2.2.3), which remained low in these samples. Nonetheless, the
.absence of these peaks from the patterns of the unheated chlorites argues
that hematite, at least, was intergrown with chlorite in rock edjacent to
- the heater, and the weakness of the lines attributed to hematite should not
be surprising unless this mineral were present in major amounts. (For
most minerals, a volume concentration on the order of 10% is necessary to
yield much of a recognizable diffraction pattern; although this critical
’ concentfation varies greatly with diffefent mineral assemblages’ and cannot be

used as-a measure of abundance.)

Other differences between the two sets of chlorite patterns in TebTe'

1 affected most of the lines not already discussed. These differences
related either to relative intensities of lines common to both sefs of‘
patterns, or to lines presehf in the patterns of the unheated chlorites

but absent in those of the heated ones. The differences were most pronounced
for the more prominent lines of the unheated chlorites: those at 52:60,
~2.55, 2.45, 2.38, ~2.01, and ~1.55 A, No‘genera]fruTe governing these
differences between the fwo sets of patterns was suggested by the data, and
“the differences were probably due to a]teretiens oftthe chlorite lattice
relating to specific reflections, possibly the result of disorder in the

chlorite structure.

vSeveral lines present at the same d-spacihgs'in both sets of chlorite

patterns have been attributed to muscovite, quartz, or feldspar (Tab]e 1).
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These lines were'genera]ly characterized by quts and streaks of variable
intensity caused by reflections of individual grains, as opposed to composites
of innumerable grains. This is consistent with their inclusion as impurities
in the chlorite separates. Except for the line at 3.34, these lines were |
usually weak, and the 1ntensity‘of the 3.34 1ine‘is atEributab]e to its being
near very strong lines of both muscovite and quartz. In patterns of separates
of chlorite platelets, where the chénce»of intergrown muscovite or other
minerals being included was lower;than in other samples, the 3.34 line was very

much attenuated.

Beéidesvpatterns fof chlorites from both unheated and heater-adjacent
(within 5 cm)”quartz mbnzoﬁite, diffraction patterns for two other chlorite
samples from the dkif]baék cores‘were also obtained. Distances of these
samples from the heater hole were 11-13 cm and 19 cm. In both cases, the
patterns corresponded closely with the patterns of the unhéa;ed chlorites,
despite the fact that rock at. that distance from the heater had been heated
‘above 300°C. Thus, the alteration of chlorite, as shown in diffraction
patterhs, was evidently confined to a zone very c]ose to the heater. The
chlorite color change (from green to red-brown) was also confined to within
10 cm of the edge of the heater hole and probably, therefore, corresponded to

the ch10rite alteration interpreted from powder patterns.

2.2.2.2 Single-Crystal Analyses. Hematite, even dispersed in very

)

small quantities among chlorite grains, would tend to give chlorite a

red-brown color. The questioh thus arose whether the strong color change
in altered chlorite was actually due wholly to dispersed, submicroscopic

hematite. To answer that question, as well as to get an independent determin-

ation of the lattice dimenéions of the chlorite adjacent to the heater, analyses
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of severalvgrains_of-the altered chlorite were made on a precession camera

by Professor A. Pabst of the University of California; Berkeley, Department"
of Geology and Geophysics; These grains were dark red-brown platelets, 0.2 to
0.5 mm in diameter, that were interleaved with muscovite along its cléavége

planes.

The résuits showed that the platelets were in fact single crysﬁa]s and
did not include disperéed hem;tite'or any other minera1. Anj hematite
present must therefore haVe been'intergrown with.ch]orite in its bTocky,
aggregated form, and the red-brown colér of the altered cﬁiorite p1ate1éfs
muét have been due to changes in the cﬁlorite structure Bnd compoéjtion |

alone.

The single-crystal analyses established the lattice'parameters of

the altered chlorite as follows:

a= 5.21A4
c = 14.00 &
g = 90°

fhey also showed that theré was a 11kelihood.of disorder in the stackings

of layers perpendicﬁ]ar to the c-axis in the chlorite structure. The‘
determination of the crystallographic angle 8 és 90° implied a Hexagona]

or pseudo-hexagon$1 lattice, and the'a and ¢ diménsibns of the 1att1cé are
therefore given as hexagonai parameters. Chlorite is typital]y monoclinic,
with g = 97°, so it is generally necessary to specify the length of the b-axis
as well. Unit cell parameters of typical'monoclinic "14-A chlorites" are:

5.30-5.35 A
9.2-9.3 A
14.1-14,3 A
97°

R

a
b
c
B



-20-

Dimensions of ch1orites of composition similar to Stripa chlorites
(see Section 2.3) commonly fall near the upper ends of the ranges of the.a
and b parameters, and near the lower end of the range of the c parameter
(Deer et al., 1962). Thus, the cell dimensions of.the altered chlorite.
adjacent to the heater were atypically low, as was the angle g. Powder-
pattern analyses also indicated small cell dimensions for this altered
chlorite; but powder patterns do not translate directly into quantitative
measures of ]attice cell parameters,'and attenpts'to fit cell barameters'to
the observed ]ine positions in the oowder oatternvay least squares regression
were not notab]y successful. Working in the other direction--i.e., attemoting
to calculate what the Tine positions'dn the powder patterns should have been,
given the cell parameters measured by precession camera--also did not giye‘a

particularly close fit to the observed powder patterns.

There were thus some discrepancies hetween the powder patterns.and
the single-crystal measurements of the altered ehlorite. Furthermore,
according to the parameters a and B measured from single crystals, the
Tine at 13,5-13.6 A in the powder patterns should have been at 14, 0 A. (This
line position was also somewhat low, for reasons not clear, in the powder
patterns of the unheated chlorites.) These d1screpanc1es notw1thstand1ng,
both powder and s1ngle crysta] X- ray d1ffract1on analyses agreed qua]1tat1ve]y

in determining an atyp1ca11y smal] unit cell for the a]tered chlorite.

’

2.2.3 Diffraction Analyses of. Chloritic Samples From Quartz
Monzonite Heated in the Laboratory

An 1nterest1ng contrast to the analyses in Tab]e 1 was prov1ded by ‘the
sample of quartz monzonite heated to high temperatures in a laboratory oven.

In thin section, chlorite alteration in this rock appeared to be a similar
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but more advanced version of the alteration that occurred in rock qdjaéent to
the heate;; diffraction patterns, however, showéd thét chTéEfte alteratjon in
the twé sahp]es was very different. This dffferén;e was immediateiy apparent
upon separating the chloritic fraction from the laboratory-heated rock.

First, the thinvchlorite élatelets that were readi]y separated from crushed
samples of both unheated and heater-adjacent rock were not present in samples
of the laboratory-heated rock. This ﬁuggested that the chlorite platelets
originé]]y present had recrystallized and completely lost their tabular form.

- Second, ground samples of chloritic aggregatés from this rock were very
magnetic, so much so that only a small fraction of the sample remained after
passing a hand magnet over it.‘ By contrast, similar samples from heater-adjacent
and unheated rock were only faintly affected by a hand magnet, leaving
viftually all of the sample behind. (These‘samp]es were, however, sufficiently
magnetic to be affected by the Frantz ﬁagnetic separator, which uses very

small differences -in magnetic susceptibility to divide samples.)

Diffraction patterns for the very magnetic fraction of the.Taboratory- ,
heated rock are summarized in Tab]e_3. This fraction was swept several times
with a magnet to eliminate nonmagnetic grains, and the diffraction patterns
of the resulting sample were composed,vwith one exceptidn, entirely of lines
that were readily correlated with iron oxide or hydroxide minerals. (The
exception was the very weak line at ~3.32 A, This line, or one very close to
it, was persistent in the chlorite patterns summarized in Table 1, and

was probably due to muscovite or quartz.)

The relevant iron oxide minerals are hematite, a-Fep03; maghemite,
Y-Fe203, a ferromagnetic polymorph of hematite, structurally similar

to magnetite, which is-metastable and inverts to hematite at temperatures
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Table 3. Diffraction pattern of magnetic fraction from sample of
~ Stripa quartz monzonite heated in laboratory.d

d-spacings () -~ d-sPatings‘of reference minerals (&)
~3.65 (vw) ‘ _ hem  3.66
~3.32 (vw) L Cmus ~3.32; qz 3.34; (lep 3.29)
~2.9 (w,broad) - - mhm 2,95
2.68 (m-s) "~ hem  2.69; goet 2.69
2.51 (s) L  hem  2.51; mhm 2.52
2.45-2.50 (m-é,-sroad) - goet 2.45, 2.49; lep 2.47
2.20 (w) - - © hem 2,20 goet'2.19
~2.08 (w, broad)  hem ~2.07; lep 2.09; mhm 2.08
1.84 (m) ~  ‘hem 1.838; lep 1.848
1.68 (m-s)- - ' ~ hem 1.690; goet 1.694; mhm 1.701°
~1.59 (w, broad)  hem 1.596; mhn 1.604
1.48 (m-s) hem  1.484; mhm 1.474

~1.45 (s, broad) ~ hem 1.452; goet 1.453; lep 1.449

abbreviations of minerals are as follows: hem-hematite; mhin-maghemite;
goet-goethite; lep-lepidocrocite; mus-muscovite; qz-quartz.

| Abbreviations in:paréntheses are as in Table 1.
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over 200-300°C; goethite, o-Fe0-OH, which dehydrates to maghemite, and is

a common weathering product of iron-bearing minerals; and 1epidocrocite,
v-Fe0-0H, a po]ymofph of goethite; which dehydrates to hematite. Hematite

was the domfnant mineral in these samples: a]]bits major lines were present
in the powder patterns summarized in Table 3, and it accounted for nearly

all the stronger lines in those patterns. The presence of the other iron-
oxide minerals was less firmly established. Maghemite was almost certainly
present, as all its méjor peaks were représented, a]thdugh weakly, in the
patterns.” Also, as the only strongly magnetic mineral of this group, it would
account for the magnetic properties df the sample. (The diffraction pattern
of magnetite is quite close to that of'maghemite, so the presence of magnetite
instead of, or in addition to, maghemite is quite plausible. However, the
lines of the magnetite pattern all fall at slightly highér d-spacings than do
those of maghemite, and the ]atter give a better fit to the lines in Table

3.) As for the hydrous minerals, goethite was probably present, since most

of its major lines were represented, and lepidocrocite was probably absent,

by the same criterion.

The diffraction pattern of the other fraction from the laboratory-heated
rock--the small portion of the crushed chloritic aggregates not affected by a
hand magnet--showed that in fact very little chlorite was left. None of the
chlorite lines proﬁfnent in Table 1 were present, and the lines were all due
instead to quartz, feldspar, muscovite, or hematite. A sequence of alteration
6f chlorite is thus apparent, running as follows: the unheated-unaltered
Stripa quartz monzonite; quartz monzonite adjacent to the heater, inbwhich
.chlorite was altered and some hematite probably formed; and fhe quértz

monzonite intensely heated in the laboratory, in which chlorite all but
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disappeared and hematite became predominant. The other iron oxide and
hydroxide minerals present in the laboratory-heated sample were probably -
stepping stones on the way to hematite, as goethite would tend_to_dehydrate
to maghemite, andrmaghemite to invert to hematite, as the ddration of heating

increased.

2.2.4 Diffraction Analyses of Muscovite

Muscovite samples for diffraction analysis were prepared by hand-
picking large, plate-like cryétals; and it was not’difficu]t in this way to
h‘obtain virtually'pure muécoVitévSeﬁarétés; Diffraction patterns of muscovites
were obtained from two samples each of unheated quartz’monZOnité, qﬁartz
monzonite adjacent to the heater (within 5 cm), and the 1aboratory-hedted
quartz monzonite. The results are presented in Table 4, alongside the

corresponding pattern of a reference muscovite.

In éontrast_to the analyses of chlorites discussed above, differences
between ana1yses:of muscovites from unheated rock and from core samples
adjacent to the heater were virtually nonexistent in both positions and.
intensities of lines. These two sets of analyses were therefore placed in
the -same cb]umn in Table 4., Nearly all of their 1inés fitWWe11 wifh‘fhe
positions and relative intensities of lines in the reference muscdvite -
pattern. The color change on the mérgins of mustovite g}aihs seen in all
thin sections of drillback core samples did not affect the diffraction

patterns.

The patterns of muscovites separated from the laboratory-heated sample, .

on the other hand, differed significant]y from those of the other two sample



Table 4. Diffraction patterns--d-spacings (A)--of muscovite separates.
Laboratory-Heated - Unheated Rock and Reference
Sample? ' Drillback Cores Muscovite
* 10.09-10.12 (m) 10.02 (s) 9.95
~* 5,03 (vw) 5.00-5.01 (w) 4.97
4.50 (s) 4.48 (s). 4.47
4.31-4.33 (w) 4.31 (w) 4.30
~4.1  (vw) ~4.12 (vw) 4.11
3.91 (m) 3.89 (m) 3.88
* 3.79 (m) 3.72 (m) 3.73
3.51 (m) 3.50 (m) 3.49
* 3,35 (m-s) 3.33-3.34 (s) 3.32, 3.34
3.21-3.22 (m) 3.20-3.21 (m) 3.20
3.01-3.02 (w-m) 2.99-3.00 (m-s) 2.99
2.87-2.88 (w-m) 2.86-2.87" (m) 2.86
~2.81 (vw) 2.79-2.80 (m) 2.79
* ~2.63 (vw) - -
2.60 “(s) 2.60 (m) 2.60
2.56-2.57 (w) 2.56 (s) 2.57
* 2.51-2.52 (w-m) ~2.50 (vw) | 2.49, 2.51
LR 2.46-2.47 (w-m) 2.47
* 2.41-2,42 (w-m) 2.38 (m-s) 2.38 -
* 2.26-2.27 (m) 2.25 (w-m) 2.25
* 2,16 (w-m) 2.14-2.15 (m-s) 2.13, 2.15
2.08-2.09 (w-m) 2.06-2.07 (vw) 2.05, 2.07
1.99 (m) 1.98-1.99. (m) " 1.993
~1.72 (vw) 1.70-1.71 (vw) 1.699, 1.704
* 1.66-1.67 (ww) 1.66 (w) 1.662
~1.64 (w-m) ~1.65 (m-s) 1.646
~1.62 (w) ~1.60 (w-m) - 1.603
1.56-1.57 (w) 1.56 (w) | 1.559
* 1.53-1.54 (w-m) 1.52-1.53 (vw) 1.524
* 1,51 (w-m) 1.50 (s) 1.504

Asterisked lines fit reported patterns of biotites or phlogopites more cTose]y than
muscovite patterns.

bRe’ference muscovite is 2M; muscovite, diffraction file number 6-0263.

Notes in parentheses are as in Table 1. .
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groups. Nearly all lines sh1fted to somewhat hlgher d- spac1ngs, indicating
an expansion of the crysta] 1att1ce, and many lines also changed in their
relative 1ntens1t1es, In fact, almost half the 11nes more closely fitted the
diffraction patterns of phlogopites or biotites than reported muscovite
patterns, and these 11nes have been marked with an asterisk 1n Tab]e 4, It
is possible, therefore, that some muscovite had altered to a phlogop1te 11ke
mineral (Mg or Fe moving into sites occupied or1g1na1]y by A1), perhaps

in fine sheets perpendica]ar to the c-axis. Intergrowth of a re]atiye]y

- small amount.of such a mineha] could account for the changes in optical
properties of muscovites in this sample, which resembled thbse of ph]dgopite
and biotite with regahd te,pieochroism and 2V (see Section 2.1.1). Such an
intergrowth is chemically plausible, as there is sufficient Mg and, especial]y,

Fe in Stripa muscovites (see Section 2.3, below).

2.3 Electron Microprobe Analyses

Chemical analyses of chlorites and muscovites by electron michoprobe
Were obtained on thhee samples from the drillback cores near the heater
hole, and on the sample of'quartz monzonite heated in the laboratory.
The drillback core samples‘were from the interval between 6 and 10‘cm from
the edge of the heater hole. .In this interval, the trahsitioh from unaltered
green chlorite to altered red chlorite occurree. Samples were analyzed for
eight oxides--Na20, TiO2, K20, Mg0, Si02, Fe0, Ca0, and A1203§-and ahaljses
were obtained on the electron microprobe at the Department of Geology and

Geophysics, U.C. Berkeley.

- 2.3.1 M1croprobe Ana]yses of Ch]or1tes _

A summary of the m1croprobe analyses of ch]or1tes is given in Tab]e 5.

The tab]e also compares these analyses with microprobe data (four major oxides



Table 5,

o

Mean chlorite analyses by electron microprobe.a ‘

Quartz
Unheated quartz , monzonite
monzonite, N-1 core Drillback core samp]esb heated in the
time- scaled drift ~10 cm ~8 cm . ~6 cm laboratory
Oxide (30 points) (7 points) (20 points) (17 points) (12 points)
Na ,0 n.a. <0.05 - <0.05 <0.05 0.63 * 0.18
Ti0, n.a. <0.05 ~ <0.,05 <0.05 0.05 * 0,07
K0 n.a. <0.05 0.23 + 0.28 ~0,05 1.74 + 0,30
MgO! 6.25 + .33 5.59 + 0,55 4,81 + 0.19 4,90 = 0,19 7.62 + 0,69
. Si0, 24.99ft .95 22.98 + 0.52 23,76 £ 1,35 22.99 + 0.77 24.74 + 0.49
Fe0®  34.27 + 0.92 .36.52 + 0,77 37.58 + 0.76 1 37.98 £ 0.94 37.41 £ 1,09
- Cal . n.a. 0.03 = 0,02 .03 £ 0.03 .02 £ 0.02 0.23 + 0.24
A1203 19.09 + 0.65 19,52 * 0.49 18.85 + 0,71 - 18.69 170.68 19.69 £ 0.77
. ) . . ’ [
TOTAL 84.6 84.7 85.2 - 84.6 92.1 S

,Va]ues are in weight %; errors are one standard deviation.

Cent1meter figures reflect distance of sample from heater hole; figures 1n parentheses

indicate number of points averaged

€A1l Fe computed as FeO.
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only) obtained breviously on a sample of unheated quartz monzonite from core

N-1 in—the time-scaled drift (Wollenberg et al., 1980).

The data in Table 5 are averages, for each sample, of point ana]yse§
that were reasonably consistent; the number of averaged points’is‘ndtéd atj
the head of each column. Many more points were analyzed but not included in
Table 5, as difficu]tiés in visually determining grain boundaries on the
microprobe often made itfuncleér whether a particuiar analysis represented a
single grain orva composite intergrowth. For this reason, the consistency of
the ana1ysesvhad to be used as a criterion fdr inclusion in the Table 5

averages.

Chlorites of different morphological types--dense]y.intergrown'aggreéates
and individual platelets--weré sometimes also difficult to distinguish
optically, but when they could be, they did not show any consistent differences
ih chemical combosition. Fractures, however, were gengrally distinguishable,
and analyses of fracture-fj]ling chlorites in the three drillback samples
indicated that these differed:s]ight]y iﬁ‘éomposition from nonfracture
chiorites in those samples. They contaiﬁed sdmewhat mbre MgO, and_]eSs Fe0
(by a little over one staﬁdqrd deviation in each Case) than nonfracture
chlorites. They also confained measurable, and highly variable, amounts of
K»0; it may have been‘débosited on grain boundaries or cleavages by water
moving in the fractures. KThe high average K20 value in the sample at ~8
cm resulted from severél analyses of fracfure chlorites béing included in

that average.)

As seen in Table 5, differences among the three dri]}béck-samp]es in the

abundances of the major oxides were generally minor and within the listed

s
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error (ore standard deviation) .in thevdata. Differences that did appear
could not in general be correlated with distance from the heater, even though
chlorite alteration was strongly related to distance from the heater in

the core interval from which these samples were taker. (A trend is possible
in the FeO values, whichvincreased with decreasing distance from the heater,

but, again, these differences were barely greater than one standard deviation.)

- In comparisons of these chlorite analyses with those of the unheated
chlorite from the N-l'core, signifiéant“differencés did appear with regard to
all the major oxides except Al03. The unheated chlorites contained moie
Si0o and Mg0, and less Fe0, than did chlorites from the drillback cores.
Nonetheless, the totals were about the same in both sets bf chlorite analyses,
indicating that-thehe“wés no appreciable loss or gain of Ho0 in the drillback
chlorites despite heating ab0ve-300;C} (This analysis assumes that all iron
was in the‘ferrous'stateﬁ If an éppreciab]e.amount of iron were present' as
Feo03, this woﬁ1d raise the oxide sum, indicating a lower weighi percent

of H20.)

The chemical composition of chlorites from thé sample heated in the
1aboratory Qas quite differght.fromithat of the ther chlorites in Table 5f
(The»dafa~ffom this sample are referred to as ana]ysés of.ch1orite, even..
though, as will be discussed later, x-ray diffraction analyses show that very
little chlorite may have been present there.) The total of ana]yzed oxides
was much higher, indicating, as would be expected, a significant loss of.
Hp0. Differences in the abundances of the four major oxides were also
: clear, and are brought into sharper focus when normalized to 100% total

oxides. Chlorite in this sample then contained 42% more Mg0, and 8% more’
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FeO, than did chlorites from the drillback cores on the average; these.
abundances were in fact much closer to those of the unheated chlorites.
The normalized abundances of the other ‘two major oxides, Si0p and Al1203, were
lower in the laboratory-heated sample than in the drillback samples, but the

differences were on the order. of one standard deviation, -

Larée dffferences.inntﬁe mihoh oxidé abundances also oécufred between
chlorites from the laboratory-heated rock and those from other samples. In
the former, K20 and, tb»a lesser extent, Nap0 were substantally higher,
reaching a level that is rarely, if ever, found in naturally occurring
chlorites (Deer et al., 1962);'Ca0 also was higher, although less consistently,
while TiO2 remained;veryvlqw. A possible source of the added K20 may
.have been muscovite, with whjch chlorite was commonly intergrown, and.which
was depleted in K20 in the laboratory-heated sample (see Section.2.3.2). .
"The 1ncréments in Nazd and Ca0 may have been due to residual water left in
fractures and cracksAwhiﬁh vaporized upon heating; this is p]aﬁsib]e as the
two major cations present in groundwater at the level of the heater e*periment
were Na* and Ca** (Fritz et a]., 1979). A derivation of K20, Na20,
and Ca0 from feldspar is also plausible but.less 11ké1y, as fé]dsbaﬁs in this
sample did not appear to be depleted in'théSé oxfdes relative to fé]dspars in

the other four samples analyzed.

In Table 6A, the chemical analyses preséﬁted in Tabie 5 as oxide weight
percentages are recalculated as ionic abundantes, based on oxygen as the sole
anion and on a total of 36 oxygen atoms. The amount of structural H20 was
taken arbitrarily as 11 wt. % for phlorite from the drillback cores and from .

unheated rock (a value typical of published chlorite analyses, Deer et‘al.,
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Table 6. Mean ionic abundances (A) and structural formulas (B) of chlorites analyzed
' " by microprobe.@ x o : Co

A. - Unheated N-1 Drillback cores L ! . Laboratory-
core ~10 cm ~8 cm ~ 6 cm heated sample

N - 0.01 <0.01 .01 1 0.30 £ 0.07

T - |  <0.01 < 001 <0.01 <0.01

K - » <0.02 0.07 £ 0,07 < 0.03 0.57 + 0.07

Mg 2.16 + 0.15 1.90 * 0.19 1.64 + 0,06 1.68 * 0.10 2.87 + 0,20
Si . 5.69 % 0.16 5.25 £ 0.09 - 5.42 * 0.21 5.30 £ 0.14  6.35 % 0.10

Fe 6.52 + 0,15 6.97 * 0.12 7.17 £ 0.15  7.32 % 0.13 7.90 + 0.18
Ca SR | <0.01 <0.01 RPN T 0.06 £ 0.05

Al 5.04 + 0,16 5,16 + 0.08 5.08 £ 0.15 5,08 + 0.17 5,94 £ 0,18

OH 16.60 * 0.16 16.75 t 0,12 16.75 * 0.19  16.92 £ 0.16 6.20 £ 0.06

B. | o . |

3?2e2§$2 éFes,sz Mg2. 16 A12.73§ [(A12,31 Si5,69) 019.40] (OH)16,60

. 11.41
p

~10 cm: (Feg, 97 Mg1 90 Al2,51), [(A12,75 Sis 25) 019,251 (OH)16,75
11.38 -

Drill- . . ' '
back J ~8-cm: (Fe7_ 17 M91, 64 Al2,50) [(A12, 58 Sis, 42) 019,25] (OH)16,75
cores (- J :

11.31

~6 cm: (Fe7, 32 Mg).68 A]238)}[(A]2.70v5i5.30) 019.081 (OH)16.92

\ 11.38
Laboratory-. P : o : : . s
heated (Na 30 K 57 Fe7,90 Mg2,87 Al4,29) [(A11,65 Si6,.35) 029,801 (OH)g, 20
sample C . J _ o

15.93

- %Data calculated from the analyses in Table 5, on the basis of 36 oxygens, 8 ions in
tetrahedral sites, and all Fe as Fe0. Weight % H20 taken as 11.0% 'in the first
four samples, and as 3.7% in the last sample. '
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1962) and as 3.7 wt. % for chlo?ites from the laboratory-heated rock to bring
the the toté] weight percent to about the same va]ye in all samples. Structural
formulas based on these ionic abundances--and on the assumptions that all iron
is Fe0 and that the number of teffahedra] sites is ffxed at eight--are

given in Table 6B for the five average chlorite analyses. Chlorites from the
drillback cores and the unheated rock were high-Feo; low-Mg0 ch]orites which,
when compared with the idealized chlorite forhula--

(Fe, Mg, Al)12 [(Si, Al)g 0201 (OH)16

--showed a deficit, at ~11.4, in the number of occupied octahedral sites. '(The

ratio of OH to O is a function of the arbitrarily chosen abundance of H0.)

There is an‘appérent discrepancy bétween the mjcroprobe»and“the X-ray
diffraction ané]yses of chlorites from the dril]béck cores. Diffréction
patterns of altered chlorites closest to the heater showed distinct shrinkage -
of the crystal lattice parameters relative to'unaltered ch]dr%tes, a structural
alteration that generally correlates with a decrease in the amount of FeQ in
chlorite (Deer et al., 1962). But the microprobe data showed that there had
instead been an increase in Fe0, compared with chlorites from the unheated
rock of the N-1 core. This discrepancy may be recdnCi]ed‘by'conc]uding;.from
the diffraction ané]yses, that small amounts of hematife probably formed in
" conjunction with chlorite alteration in the rock adjacent to the heaters.

The microprobe analyses of these chlorites may thus include points thét}were
composites of ch]orite‘and finngrained intergrown hematite, so that some of
the Fe0 ih these'anaiyses may have been in hématite rafhef than 1h chlorite.
The actual ionic abundances of FeO in these chlorites would then have been
Tower than those given by the structural formulas in Table 6B -(accompanied

by a corresponding increase in the ionic abundances of the other elements)
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and could reflect an actual loss of Fe0O, compared with chlorites from the

unheated rock.

In the case of the laboratory-heated sample, the structural formula
in Table 6B probably méans very little. The evidence from x-ray diffraction
“analyses shows that probably very little thlorite remained in that sample,
and that much of the Fe0 origina11y pﬁésent had gone to form hematite and
other oxides and/or hydroxides. That the micrbprobe'data resemble chlorite
analyses is probably due more to the fact that the chemical éomponents had
not moved far from their original locations in chlorite than to their presence
within a chlorite structure. The microprobe aha]yses thus represent composites
of minute grains recrystallized from chlorite and probably, also, of pigmeﬁtary
coatings on grain surfaces formed as residues froﬁ vaporized'interstitia1

water., (See earlier discussion of added Na20 and Ca0 in this sample.)

2.3.2 Micrbprobe Analyses of Muscovites

Microprobe analyses of muscovites from the four samb1es already discussed--
" three from the drillback cores'and one heated iﬁ the 1ab6ratory--are pfesented
in Table 7. 'No analyses of muscovites from unheated rock were obtained. As

waé done for chlorite, the results were averaged over all relatively consistent

point analyses of muscovites in each sample.

One aim was to see whether tﬁe yellow coloration of the edges of musco-
vite grains in the drillback cores could be correlated with chemical changes.
To this end, traverses were made across relatively coarse muscovite grains
to observe their chemical Vaﬁiability. These traverses did not show any
consistent changes in the major oxide components of muscovite, but did show a

definite trend toward increasing TiO2 and Mg0 from the centers to the edges



Table 7. Mean muscovite analyses by electron microprobe.d
| Quartz
. monzonite
Drillback core samplesP heated
’ _ : : in the
~10 cm ~8 cm ~6 cm "~ laboratory
Oxide = (7 points) (19 points) _ (23 points) (22 points)
. Na20 0.10 = 0.02 0.21 = 0,07 0.13 + 0.03 0.74 £ 0,16
TiO2 0.13 £ 0,07 0.15 £ 0.04 .0.24 £ 0,15 0.19 = 0,05
K20 10.64 = 0.25 10.81 *+ 0.44 11.11 = 0.24 9.64 + 0,48
Mg0 1.00 + 0.14 0.80 + 0,12 0.94 = 0.11 0.72 + 0,06
810, 45.10 £ 1.02 . 45,07 't 0.56 45,27 + 0.67 46.00 + 1.59
FeOC 3.92 # 0.17 4,19 + 0.24 4,54 + 0,28 4.31 £ 0,20 |
Ca0l 0.02 = 0.02 0.02 £ 0,02 0.02 + 0.02 0.04 0.06
A1,0, 28.86 + 7.8 29.18 * 0.60 28.06 + 0,73 32.68°: 1.42
TOTAL 89.8 190.4 9.3 %.3

a . . : c . '
Values in weight %; errors are one standard deviation.

b

Centimeter figures reflect distance of sample from heater hole; figures
in parentheses indicate number of points averaged.

€A Fe computed as Fe0.

-pg-



-35-

of grains VaTues of‘TiOé which, in the interiors of muscovite Qrains;‘f

were usually comparabTe to. those of the mean muscovite anaTyses commonTy
doubled near grain edges. Mg0 vaTues also 1ncreased on the order of 25% from
interiors t0»edges‘ofvmuscov1te grains, a var1at1on that,spans roughTy one
standard deviation to etther side of mean muscortte’MgO values. FeO also may
have shonn an increase at grain edges, but there was no evidence of consistent

trends across grains.

F1ne gra1ned muscovites oecurring in fractures-—1 e., ser1c1tes--1n
the drillback core sampTes generaTTy were sT1ght1y d1fferent from other |
muscov1tes, and Tess consistent, in chem1cal compos1t1on MgO0, S102; and |
Fe0 averaged h1gher in the ser1c1tes, while A1203 was Tower these
d1fferences were on the order of one standard dev1at1on, except for MgO
which was about two standard dev1at1ons Among nonfracture muscov1tes from
the dr1TTback cores, d1fferences were aTso apparent between reTat1veTy coarse
grains and f1ner grains 1ntergrown with chlorite. The Tatter conta1ned |
appreciably greater Fe0Q and TiOg,hby 1.5 to 2 standard‘dev1at1ons in each‘

case.

The averaged.muscovite anaTyses in Table 7 show that ditferences 1nA
oxide abundances among the three dr1TTback samples generaTTy fell w1th1n
the range of one standard dev1at1on The h1gh vaTues of Fe0 and T102
in the sampTe ~6 cm from the heater hoTe were probabTy due to a predom1nance‘
of fine muscov1te grains 1ntergrown with aTtered chlorite, s1nce fine
gra1ns,‘as ment1oned above, had higher values of these ox1des than d1d‘
coarservones ~ However, as this sampTe was cTosest to the heater, and as the

Fel vaTues increased reguTarTy in the three sampTes, a correlation w1th
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distance from the heater cannot be ruled out. The values of K20 in

the threelsamples similarly increased with decreasfng distance to the heater,.
but no explanation in terms of grain morphology can be offered for this
increase. Thus, although x-ray diffractibn analyses of muscovites from
various distances from the heater were Qirtua]]y identica], the’kgO values
ofﬁmdscbvites, and possibly the FeO values as we]], suggest some chemicél

variation with distance from the heater.

The microprobe analyses of muscovites in Table 7 were recalculated
in terhs of.ionic abundances, and the results are presented iﬁ Table 8A, with
the corresponding strucfura] formulas in Table'8B;' As Qith chlorites, |
these calculations assume tﬁaf iron is in the ferrous state, that oxygen is
the sole ahion, and‘that the number of tetrahedral sites is fixed at eight.
In this case, fhe total numbef of Qxygén étoms was taken as 24. A value of 4
wt. % structural H20 w$s used; this vaiue.is typicé] of published muscovite
analyses (Deer et a].,V1962), but is pfobab]y Tow for the mu§covites in this

study, as their total oxides averaged only 90.3 wt. %.

| By comparing the structural formulas of muscovites from the drillback
cores with the idealized muscovite formula--KpA14[A12 Sig 020] (OH)g--it
is séen that, in these huscovites, the number of Kt ions is vefy close to
that of the ideal, but a]so»that theré is significant sﬁbstitution of M92+‘
and, especially, Fe2* (or Fe34) for A13* in 6ctahedra1 gités, as well as
substifutioﬁ of Si% for A13* in tetrahedral sites. (The ratio of OH to 0
is simply contingént updn the afbitrary éhoice of H20 content, which in
these muscovites was probably too 1ow;) .Thé térm "phengite" is used to
denote muscovite with these substitutions for A13* in ocfahedra] and

tetrahedral sites (Deer et al., 1962). Normal]y; phengites are'fine-grained
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Table 8. Mean: ionic abundances (A) and.structural formulas (B) of
muscovites analyzed by microprobe.@

A. , T T —
Drillback cores ' Laboratory-

~10 cm ~8 cm . ~b cm heated sample - =
Na 0.03 + 0,01 0.06 £ 0,02 0.04 + 0,01 0.21 = 0.04
Ti - 0.01 £<0,01 - 0.02+ 0,01  0.02 = 0.01 0.02 £ <0.01
K 1.94 + 0,05 ,1°96 + 0,08 2.03 £ 0.05 1.77 £ 0.08
Mg 0.21 + 0.04 0.17 + 0.03  0.21 * 0.03 0.16 + 0.01
Si 6.45 £ 0,12 6.41 £+ 0.07... 6.47 + 0.08 6.85 + 0.09
Fe 0.47 + 0.02 0.50 £+ 0.03 0.54 =+ 0,03 0.53 =+ 0.02
Ca o <0.01 - <0,01 <0.01 ©<0.01
Al 4,86 + 0.11 4,90 + 0,10 4,73 £ 0.11 - 5,72 ¢ ;0.14..
OH 3.82 + 0,05 3.80 + 0,03 3.81 * 0.04 0 '
B.

~10 cm: K1, 94 é@g.21 Fe.47 A13.31}.[(A11.55 Si6.45) 020.18] (0H)3, 82
13,99 |

Drill-  ~8 cm: Ky, 96 (Mg.17 Fe 50 A13.31) [(A11,59 Si6.41) 020.20] (OH)3.80

back & J
cores . _ ' 3.98
~6 cm:  K2,03 5Mg.21 Fe 54 A13;20} [(A11,53 Sig,47) 020,191 (OH)3,81
3.95 ' '
Laboratory- ‘ , ‘ ‘ .
heated * - (Na 21 K1,77) (Mg,16 Fe, 53 Alg,57) [(A11,15 Si6.85) 024]
sample L J U v b)
: 1.98 - 5,26

aSamp]es afe as in“Tablé 7..>Data are ca]tu]éted on the basis of 24 oxygens,
8 ions in tetrehedral sites, and all Fe as Fe0. Weight % H20 is taken as
4% in the first 3 samples and as 0% in the last sample.
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muscovites and so fall into the category of sericite. Muscovites in this
study, however, had the chemical character1st1cs of” pheng1te regardless of
grain size, although fine-grained muscovites, particularly in fractures,

did exhibit these chéracteristics more: strongly.

Mean chemical analyses of.muscoviteé fromvthe sample heated to high
temperatures in the 1aboratory:are givén in Tab]e.?, where major differences
between these and the other muscovites are apparent. The largest differences
occurred in the total weight percent oxides, .which was much increased in
this sample due to loss of HZO and in the Kp0 and Al203 values.

When the analyses were normalized to 100% total oxides, K0 in muscov1tes

in this sample decreased by more than three standard deviations over K0 in
muscovites in the drillback cores; A1203 increased by a comparable

amount, Nas0 increased by a factor of.four, and Ng0 and Si0p decreased by

“well over one standard deviation. Traverses across relatively coarse muscovite
grains in tnis sample did not reveal consistent tendencies of any components

to increase or decrease toward grain edges, although several, notably Si0p

and Al703, showed a great deal of variability across grains.

The significance of these chemical changes in the laboratory-heated
sample is difficult to interpret since, as with the chlorite in this sample,
muscovite had probably been extensively recrystallized, and use of the term
v"muscovite" should be regarded more as a matter of convenience than as a true
description of minera]bgiC‘composition. (The structural formula given in
Table 8vfor this "muscovite"--compﬁted on the assumption of:O% H20, which
keeps the total weight percent oxides about_equal in all thé muscovites--may

therefore mean little.) Some recrysta]]ization of muscovite in this sample
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was observed in thin section, which would be expected, gi?en theistabi]ity
field of the mineral. At atmospheric preésure, muscovite in the presence of
quartz becomes unstable at temperatUres above 500°C (monomineralic muscovite
:remains stable to.slightly higher temperatures), breaking down by various
possible reactions in which feldspar is formed and water is released (Deer et
al., 1962). But even though this sample was heated to 600°C, the breakdown
of muscovite was only partial, and on a very fine scale, because of the brief
period of heating. This was. apparent from the optical and x-ray diffraction
evidence, which showed that muscovite--albeit structurally modified, and
possibly altered to some degree to a biotite4ph1ogop1te-type mineraléawas-

still a major constituent of the rock.

2.4 Alpha-Radiographic and Gamma-Spectrometric Analyses

The Stripa quartz monzonite is characterized by an abundance of ra&io-
elements that is unusua11y high for such rock. Wollenberg et al. (1980)
presented extensive gamma-spectrometric measurements of whole-rock uranium,
thoridm, and potassium in the quartz monzonite and discussed typical modes of
~ uranium occurrence in. the rock, as studied by fission-track radiography of
pétrographic thin-sections. In the present study, the abundance’and distribu-
tion of rédioe1ements in the drillback cores and in unheated rock were
investigated by alpha-radiographic and gamma-spectrometric analyses. This
iﬁformation was compared with the ear]ief findings to determine whether there
Was evidence forlhigratibn of fadioelements from typical locations observed
in unheated quartz monzonite, due to heating or heater-induced‘f1ow of

water in fractures.
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2.4.1 Alpha Radiography

The distribution of uranium and thorium in samples from the dri]lback
cofes and in sévera] samples of unheated quartz monzonite was studied by
alpha radiography of uncovered thin sections. Transparent sheets of ce]]u]dse
nitrate, sensitive to alpha particles with energies below 4 MeV, were mounted
directly bn uncovered\thin sections, registering the tracks of alpha partic]és
emitted by decay of uranium and thorium (as well as by elements in the
uranium and_thorium decay series). -The alpha detectors were fixed in contact
wifh the rock for 4 weeks, after which they were etched. in hot NaOH to
enhance the tracks of the alpha particles. The detectors were then remounted
over~the thin sections in order to view the tracks and the sections in the
same microséopic fields, and thus to provide mappings of U-Th loci in .

the thin sections.

Mappings of.two larger segments of the drillback cores, up to 15 cm’
in length, were also obtained by placing the alpha detectors directly on
the surfaces formed by cuts parallel to the core axes. This provided
an overview of U-Th locations, particularly along continuous fractures, but
not a simultaneous viewing of both detectors and rock on é microscopic

scale.

The alpha detectors were the materials CN 85 and LR 115 Type II, discussed
by Basham and Easterbrook (1977), and by Duane_and Williams (1980).  (The
detector CN 85 is a more recent versioh.of CA80-15, discussed in the latter

paper, from which it differs in color only.)

A total of 14 uncovered thin sections from the drillback cores, in

sequences of increasing distance from the heater, were mapped by alpha
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_ radibgraphy, as were the two more continﬁous segments of the cores described
above. Direct comparison of these data on the heated rock with the fission-
track radiography dafa obtained by Wollenberg etva]. (1980) on the unheated -
rock was hampered by two basic problems. Fifst, the typical U-Th lToci showed
considerable variability in concentration, sometimes even within 1ndiv1dua]
thin sections. - To determine whether changes cauSed-by’heating had océurred,
estimates of the inherent variabilities in con;éntration of the variOus'types
of U-Th- sites, in both the heated and unheated rocks, had to be made. Theseé
estimates were necessarily qualitative, as the number of instances of any
given type of site which were mapped by fission or alpha tracks was usually

small.

)

The second pfob]em was that the alpha exposures, which registered
combined uranium and thorium-alpha emissions, were not directly comparable to
the earlier fission-track exposures, which registered uranium emissions
alone. - In both cases, standard glasses of kﬁown uranium contenf (and 1acking
thqrium) were eXposed; along with tHe rock samples, to the particle detecfors,
but the standards could be used to quantitatively measure only the uranium -
concentration in.the fission-track exposures. (Concentrations were measured:
by comparing areal track densities, which are proportiona].to-uranium'éonCen-
tration, in the standards and the unknown samp]eé.) No independent-thorihm
standard was available for the alpha-track study, énd as there was no way to
- distinguish alpha'tracks due to thorium from those due to uranium, the
standard uranium glass could not be used to measure uranium’ concentrations

from alpha exposures of the rock samples.

This difficulty was partly resolved by taking three thin sections of .

unheated rock already studied by fission'track radiogréphy and re-exposing
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thém to élpha detectors. As the sites and concentrations of uranium in those
samples were known, and as the ratio of uranium concentration\to alpha-

track density was known from alpha radiography of the uranium standard, the
density of the remaining tracks due to thorium could be calculated. What was
not known, since a thorium standard was lacking, was the ratio of thorium
alpha-track dehsity tQ thorium concentration. However, Basham and Easterbrook
(1977) suggest that the ratio{for uranium of alpha particle emissions to
tracks in the detector is about 1.7 times that for thorium. Therefore, a
rough idea of thorium concentrationrwas obtained by taking the ratio of

alpha-track density to concentration as that of uranium divided by 1.7.

This hethod of estimating thorium and uranium cohcentrations was
applicable to those thfee samples studied by both fission track ahd alpha
track techniques, as well as to other samples with very similar U-Th .
loci. In most cases, however, separate estimates of uraniun and thorium
concentrations from alpha exposures were not calculated. Instead, comparisons
between radioelement sites in_fhe heated and unheated rocks were made on the
basis of the density of total alpha tracks alone, using the exposures from
the drillback cores, the three dup]icatevexposures of unheated rock referred
to above, and exposures of four other samples of unheated rock chosen for
simi]érities_in likely U-TH sites--particu]ar]y in fractures--to those seen
in the heated rock. This total density of a1phg tracks is described here by
the unit "equivalent thorium".(equiv. Th), whicﬁ denotes the concentration of
thorium that would be associated with a‘gfven alpha-track density were the
concentration of uraniim zero. The ratio of alpha-track density to thorium
concentration is then taken as that of thé uranium standard divided by the

factor 1.7. (A]though equiv: Th generally bears no particular relation to
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actual Th concentration, it may not be far off with respect to certain U-Th
sites which, as discussed later, were seen by fission-track radiography.to’

contain very little uranium.)

Fission-track radiography disclosed three typ1ca1 modes of uranium
occurrence in the quartz monzonlte (WOllenberg et al. ; 1980). very fine
euhedral metallic opaqhe grains (¥SO wn diam) containing 10-20% U or greater;
larger anhedral metallic opaque grains (0.2-0.5 mm diam) containing 1-3% U;
and occurrences in which uranium was disseminated in fractures and breccias,
or associated with chlorite or muscovite grains, generaT]y in concentrations
below 0.5-1% U. Of these uranium-bearing sites, the euhedral opaque grains
registered strongly in the alpha detectors, as they had in the fission
particle detectors, but their associated track densities were too high to be
countable so it was impossible to determine whether these grains had -different’
U-Th concentratinns in the heated and unheated rocks. .Such a~comparisonfwas
also impossible for the second category of sites, the anhedral.opague grains,

because they occurred more rarely than the other loci, and were not observed

at all in the drillback corevsamples;

The th1rd mode of uranium occurrence--d1ssem1nat1on at re]at1ve1y 1on
concentrat1ons--proved to be more fru1tfu1 for this a]pha—rad1ograph1c study
As they were most commonly associated w1th fractures or brecc1as, these
occurrences were more promising 1ocat1ons in which to look for evidence of
U-Th redistribution. They were also found to encompass a wider range of
concentration and mode of occurrence of uranium or thorium than was suspected

from fission-track study alone.

Disseminated uranium and/or thorium were commonly associated in the

quartz monzonite with chlorite, usually intergrown with sericite in fractures,
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interstices of breccias, and fine discontinuous stringers intersecting
muscovite or chlorite grains; and also with epidote, which occurred either as
the dominant mineral in fractures and breccia interstices, or as é subordinate
componéht of chlorite-sericite fracture fillings. Quartz and calcite, both
common‘as fracture- and breccia-fi]]ing-mfnera]s in the quartz monzonite,

showed little or no association with uranium or thorium.

One other material was commonly found with these minerals and appeared -
to be an important factor in determining the U-Th concentrations associated
with them. This was an opaque or nearly opaque material- with a nonméta]]ic,
Jdiffused, cloudy appearance in incident light. It was usua]]y.diéseminated
among the fracture- and breccia-filling minerals, but it was also found in
more discrete, concentrated form. On occ#sion, it was somewhat translucent
and birefringent, resembling sphene, possibly intergrown with epidote. The
more common variety wés therefore taken td be very fine-gra}ned, altered
sphene, and is referred to as such in this report. (It was originally
referred to in Wollenberg et al., 1980, as altered epidote.) Other reasonable
possibilities are altered (probably metémict, due to included radioelements)
monazite, xenotime, or allanite, all of which, except possibly a]]ahite, have
been reported in vein occurrénces (Deer et é]., 1962; Heinrich, 1958) and in

pigmentary material.

Concentrations of disseminated.uranium and/or thofium in fractures
and breccias of the heated and unheated rocks,rénged from near zero to as
high as 20,000 ppm (2%) equiv. Th. The presence or absence of altered sphene
was an important factor affecting U-Th concentrations. Chlorite- and sericite-

filled fractures with altered sphene commonly contained 2,000-12,000 ppm
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equiv. Th; for ffactures without altered sphene, a more typical range was
200-8,000 ppm. Similarly, epidote-filled fraCturesvbr breccias with altered
‘sphene commonly contained 2000-10,000 ppm equiv. Th, while otheré were
typically below 5,000 ppm. These data are summarized in Table 9A. An
orangé-colored, reflective material, probably finely disseminated hematite,

was sometimes also associated with relatively high U-Th concentrations.

Disseminated U-Th concentrations tended.to be lower in the unheateq rdck
than in similar sites in the sanp]eé from the dri]]back cores. Fraéturé— and
breccia—fi]lings in the unheated rock, whether predominantly chlqrité-sericite'
or epidote, seldom contained concentrations above 6,000 ppm equiv. Th
where altered sphene was present, or above_4,000 ppm where it was absent.
Concentrations outside these ranges did occur and sometimes were as high
as-.any found in comparable Tlocations in the heated rock. However, such
instances were rare, and it may still be concluded that an enrichment occurred
in the cdncentration of disseminated uranium or thoriﬁm in the heated rock of

the drillback cores.

Of ten associéted with the disseminated U-Th occurrences were discrete
nonmetallic opaqUe sites; these appeared to be more concentrated accumqiatibns
of very fine-graiﬁed altered sphene. The distinction between disseminated .
and distrete siteswwas not always clearly marked because of gradatiqns in”the'
radioe]emeﬁtfbearing material in all contexts--fractures and breccias as
well as gfain boundaries, stringers, and cleavage planes. Discrete éités. ;
thus differed from disseminated ones more in degree than 1hvkind, and

as such provided an upper 1imit to disseminated U-Th concéntrations.



Table 9. Uranium-thorium concentrations in typical sites in heated and unheated quartz mpnzonite.a

K. NONMETALLTIC STTES ,
DRILLBACK CORES: , . UNHEATED ROCK
1) Disseminated Sites S 1) D1ssem1nated Sites
range: 0-2% eq. Thb : ' - range: 0-2% eq. Th
0.2 - 1.2% eq. Th - chl/ser sites w/alt. sph ‘ : ' <0.6% eq. Th - chl/ ser or epid sites w/alt. sph
0.2 -1.08 " " - epid sites w/alt. sph ) ///’ <0.4% eq. Th -~ chl/ser or epid sites w/o alt. spn
typical . S typical
values . . values \\\\ .
- n - 3 o ‘ _ B b
| 0.02 - 0.8% " - chl/ser sites w/o alt, sph | ) {)03 - gog%p.;;r; u } ~chl/ser sites w/alt. sph
<0.5% " " - epid sites w/o alt. sph : : '
2) Discrete Sites : 2) Discréte Sites _
typical values: 1-5% eq. Th - all sites : 1-5% eq. Th - all sites
: typical
values: <::::L 0.1-0.4% U B
, : - all sites
~1.5% Th ,

-gv-

B. METALLIC GRAINS
Typical Values, Unheated Rock
] Th

euhedral grains: - 210-20% -

anhedral grains: o 1-3% 3-8%

pbbreviations: chl/ser: _chlorite-sericite
epid: epidote
alt.sph: altered sphene

Concentrat1ons expressed in the unit "eq. Th" are combined U- Th concentrations obtained by alpha rad1ography a]one
For-explanation of this unit, see p. 42.

Where U and Th concentratIOns are expressed separately, they were obtained by combined alpha track and fission track
rad1ography
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Concentrations in the discrete sites typically ranged from 1% to
5% or more equiv. Th (Table 9A). Comparison of these sifes in the heated
and unheated rocks showed no consistent differences between the two, in- i
contrast to the disseminated occurrences. However, such differences in U-Th
contents of discrete sites would probably have been missed unless they were
on the order of a factof of two or more, because large uncertainties were - -
introduced by the combination of high alpha-track densities and ;he sma]l

size of these discrete sites.

No clear correlations between U-Th concentrations and distance from the
heater were apparent among the samples from the drillback cores:. The U-Th
concentration in any given type of site was highly variable in these samples,
as it was in the unheated rock; but, overall, there was-nO'evidence:for a
progressive increase or decrease in uranium or thorium, with distance from -

the heatér, for any U-Th sites.

Use of both fission-track‘ahd é]pha-track techniques onifﬁreé thih
sectidns of unheated quartz monzonite é]lowed separate eétihétesqu be.made |
of uranium and thorium concéntratﬁons in sbme typical sites, and fheée are
summarized in Table 9. The uranium-bearing euhedral and anhedral metallic

opaque grains were well represented in these thin sections, as were the

~discrete nonmetallic U-Th sites occurring in fractures and stringers, and in:

asssociation with grains of chlorite and muscovite; less well represented

vwere the more disseminated U-Th nonmetallic sites common in the drillback"

core samples. (In the classification of typical uranium-bearing sites based
on fission-track radiography, the discrete nonmetallic sites were ‘grouped
together with the disseminated sites and not described separately. This was.

because of their relatively low uranium concentrations, which pfoduCed’sparsev



~45-

accumulations of associated fission tracks. These sparse tracks did not
provide good outlines of the uranium-bearing sites, making it difficult to
distinguish discrete sites from disseminated ones. Only with the higher
density of associated a]pha»tracks,ldue mainly to thorium, could the shapes
of the discrete U-Th sites be made out and distinguished from a disseminated

pattern.) .

The anhedral opaque grains in the.thin sections of uhheatedvquartz
monzonite typically contained 1-3% U and 3-8% Th; the Th/U ratio fanged from
2 to 15, with 5 to 8 most common. The highly uraniferous euhedral opaque
grains usually had,alpha-track densities much too high to be counted, so
thorium concentrations could not be.estimated. The discrete nonmetallic U-Th
sites were relatively low in uranium, with concentrations on the order of
0.1-0.4%, while thorium, which ranged from 1-5%, was usually about 1.5%; Th/U
was most commonly 3 to 6. Uranium concentrations, in the few places where it
occurred in disseminated form--in fractures and breccias with chlorite and
.a1tered'sphene--appeared td be much lower still, generally several hundred

ppm or below, while thorium concentrations were typically 0.3-0.6%.

~ These estimates of uranium and thorium concentrations, together with
previously discussed data on combined uranium.and thorium, suggest several
questions and interpretétions. One concerhs the high values of the Th/U
| ratio in all observed sites except the eﬁhedra] opaque grains. These
high values, together with the low vaiués for the whole rock (Th/U < 1,
as discussed in the next section), may indicate--if the thorium values,
estimated without benefit of a thorium standard, were not greatly in error--
vthat the high radioactivity of the euhedral oOpaque grains was due primarily

to uranium.
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Another, more important question for this study concerns the soirce "~
of the disseminated uranium or thorium apparently added to the heated rock ™
of the drillback cores. It is not possible to resolve this.quéstioﬁJdefiﬁitiVe]y
from the available dafa, but two possibilities are most reasonable. “Oné is-
that the added radioelements were derived from the discrete U-Th ‘sites, which
occurred in the same types of settings as the‘disseninated‘Ones;'ahd‘whiéhF
were associated to a large extent with the same reflective, nonmetallic
material (altered sphené). While U-Th concentratioﬁsrof the discfete sites
did ﬁot appear td be different, oyeral], in the heated and uﬁheated_ro;ks;_{
differences{may well héye gone‘undetectedvdqe to lack of sufficient‘preqisiqn
in eétimating thosé con;entrations. The euhedrai_qpaqug grains may q]gp_haygv:
been soﬁrces,of disseminqted‘radioelements% but no evidence for orvagaiﬂsﬁn

this hypothesislisbavailable.

Whatever the source or sources may have been, it is likely that the
~Th/U ratio would have been Tow at sites where these elements were ‘added

by heated fractqre waters, as uranium is the more mobile e]emgnt_jn.aqueous
environments. (This would be in contrast to the sites of disseminated
uranium or thoriumvin_thevunheated rock, which showed high Th/U ratjos()Ju
Fission-track radiography of several drillback core samples and exposure of
thoriumvétandards to alpha detectors would be valuable in testing this . .
_hypothesisdand in pinpointing the source of disseminated:uranium-thoriumtw v

added to the drillback core samples.

2.4.2 Gamma Spectrometry

As a sdpp]ement to the alpha-radiographic study of uranium-thorium

distribution, whole-rock gamma-spectrometric analyses for uranium, thorium,
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aﬁd potassium were obtained on segments of one drillback core by A. Smith in
the LBL low-background counting facility. Nine samples, each between 12 cm
and 18 cm {n length, were analyzed in all; three were from that’portipn of
the core from which thin sections had been cut, i.e., not more than 70 cm
from the heater axis (less than 50 cm from the edge of the hole); the |

- remainder were from distances of 0.5 m to 6.0 m from the heater axis.

Tab]e'lo summarizes the gaﬁhs-spéttrometric ahalyses of the drillback
cores, as we]l.as mean values of.field'anéfysés of the-quartzhmbnzohfte.
The'fie1dbanaiysés, taken from Appehdix B of WOl1ehbefg et al. (1980), were
obtafned underground by portable géﬁmaAspectrdmeter_énd ére dividéd'into
three gfoups: (1) amn analyses from the 310 m to 360 m levels of the mine;
(2) analyées from the'eXpérimentai aréa at 330 to 340 m; and (3) aﬁa]yses
specifically from the time-scaled, full-scale, and extensometer drifts
in the experimental area, with which the drillback core samp]és, before

heating, should have been most comparable.

Both'the'field and 1aboratdky'gamma-spectrometric analyses aré based>
on accumulated counts in thhée intervals of the y-ray spectrum centered at
"~ 1.46 Mev, 1.76 MeV,‘and 2.62 MeV. These intervals correspond,‘respective]y,
to the Y'peaks of 4\OK, 21481, and 208T1. As 214gj and 208717 afe respective -
daughter products of the 238U and 232Th decay §eries, it is assumed that

they are in secular equilibrium with their parents in the rocks being measured.

~In Fig. 4, the data presented in Table 10 are plotted with reference
to distance from the heater axis. The data from the drillback cores are
plotted to the left of the vertical line representing the heater axis. Core

. segments from either side of the heater hole are plotted together}‘dashed
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Table 10. Analyses of heated and unheated quartz monzon1te samples by gamma
_ spectrometry. :

Distance from

heater axis (m)a C U (ppm)  Thi(ppm) " K (%) Th/U
(" +0.30 C 39.2 " 29.2 3.65 - 0.74
+0.44 | 39.2 28.7 3.91 . 0.73
+0.58 - 41.7 30.7 4.24 0.74
Drillback +0.75 _ 38.8 30.5 3.87 . 0.79
core +1.45 . 36.3 129.9 3.82 0.82
segmentsb .
-0.65 - 39.9 30.2 3.75 1, 0.76
-1.75 L340 27.4 2.78 0.81
-4.05 - 37.1 29.4 3.93 0.79_
\. -5.95 ‘ 35.8 27.7 3.66 G.77
(Full-scale,
time-scaled,
and extensometer:
drifts
(12 analyses)  40.0+ 2.5 30.6+ 1,4 4.0 0.2  0.77* 0.06
Unheated _
- quartz < Experimental area
monzoniteC | 330-340m levels _ ' i
(19 analyses) - 38.9 + 2.9 30.1+ 1.5 =~ 4.0%0.2. 0.78% 0.06
Overall 310-360 m _
levels ’ o
g (30 analyses) =~ 38.1+ 3.2 '29.9+1.8 - 3.9%0.2 0.79 £ 0.05

qpistance from heater is measured from the middle of the core segmenfé’to the heater
axis. S1gn indicates which side of heater each core segment corresponds to,
(-) side is farther from collar of drill hole.

bDetermmed by laboratory analysis. Analytical errors of the 1nd1v1dua] ~analyses
encompass errors due to counting statistics as well as any systematlc errors, and are
under 3% for the elemental analyses, and under 6% for Th/U.

vDeterm1ned by underground y-spectral analyses, and summar1zed from Wollenberg et al.
(1980), Appendix B. Errors represent” one standard-deviation of the averaged
ana]yses in each group.
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and solid vertical error bars distinguish samples from these two sides, "~ °
with dashed bars denoting samples which have a negative distance from the -

heater axis in Table 10. Horizontal bars indicate lengths of core segments.

Data from the unheated rock are p]otted to the r1ght of the vert1ca1 heater-
axis line in Fig. 4. These data are d1v1ded into the three group1ngs used in
Table 10, and are numbered accord1ngly, Errors in the analyses of:both |
the drillback core and unheated rock samples are indicated by the vertical >:___
bars in Fig. 4 (both_so]id‘and dashed bars are usedvfon ;haAdrillback”;ora'_ ,

analyses), and the errors correspond to those in Table 10.

Although the small number of samples of_the drillback core analy;es
prevented any firm conclusions from being drawn the data in Tab]e L
10 and Fig. 4 show the following trends: Uranlum abundance was d1st1nct1y
higher in the samples within 1 m of the heater axis than in thosa farther L
from the heater. Thor1um values showed a similar, but less d1st1nct trend
The Th/U ratio was lowest near the heater, rose, and then fe]] to an 1nter- »
mediate value as distance from the heater 1ncrqased,:No corralat1dn gf: a

potassium values with distance from the heater was evident.

Comparison of these data with the means and standard deviations of
the field analyses of the.unheated quartz monzonite provided a quide to -
the significance of the variations in these drillback core data.“'(It‘shéqu'.;1
be noted tnat these two sets of data are not strictly companable, as one -
set consisted of field measurements, the other of 1aboratory'méasuréments;"
But since the former were already corrected for systematic variation from
laboratory measurements, discrepancies between the two should be small.)

Compared with the deviations in the field analyses, the lTow uranium values
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of the samples more distant from the heater were generally within one
standard deviation (1 o) of the mean of the analyées from the 310-360 m
1evels.overall, but were outside 1 ¢ with respect to_the data from the
adjacent time-scaled, fu]]-écale, and exténsometer drifts. 6f the thorium
values, only the two Towest were signifiéantly (1 o) below the.meéns of the
thorium field ana]yses,'énd'these were lTow with respect to all thfee data |
grqups.‘ The variation in Th/U values in the heated rock was not significant,
COmparedbwith 1 o, with respect to any of the'three‘groups of field analyses;
but the']owéring'ofFTh/U values nearest the heater hole appeared to be

consiétent, and so may reflect an actual lowering.

If these.trends are real and not merely artifacts of the small number of
dfi]lback core samples analyzed, they may ihdicafe migration of uranium (and,
tb é lesser extent, thorium) towaEd the heaﬁer'hoie from rock beyond about 1
m:from the heater axis. Such migration would probably have been effected by
fracture‘waters résponding to the hydrostétic preSSUre gradient toward the -
heater Hole and would be consistent with the observation, by alpha radiography,
of disseminated uranium or thorium apparently added to the rock near the |
heater. Alpha exposures of thin sections from the drillback core segments
more than 1 m from the heater axis (>0.7 m.from the heater‘hole), already
ané}yzed by gamma spectrometry, would be an impbrtant follow-up to this
study; they would provide a test éf the hypothesis, suggested by the whole-
Eock analyses, that there was a depletion in uranium or_tﬁorium in one or
several of the typical U-Th sites, at distances >1 m from the heater axis--a
depletion that would ba]anée the addition of uranium or thorium at disseminated

sites nearer the heater.
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-~ 3. BOREHOLE STEREOPHOTOGRAPHY L

The walls of heater-. hole H 10 were stereographically photographed
after completion of: the heater experiment on the ba51s of these photographs,
calculations were made to determine the extent of decrepitation The stereo-
camera setup in the empty heater ho]e 1s_shown in Fig. 5, as are the locations
of four vertical transect lines. The camera was lowered along these transect .
lines in successive 50-mm steps from the smooth upper portion :of:the wall
into the decrepitated zone, thus obtaining complete “stereophotographic
coverage. The degree of dedrepitation shown on the vertica] profiies in
Fig. 6, constructed along the transect 1ines, was measured photogrammetricaliy
relative to the vertical measuring tape suspended in the hole (Fig. 5).
Correction was made for the position of the tape relative to the originai

smooth wall, giving the depth of decrepitation.

The process of correction and ca1cu1ation was performed at 5-cm intervals
a]ong the four vertical lines down the sides of the hole, resulting in the
‘four decrepitation profiles shown in Fig. 6. The maximum depth of decrep-
itation, indicated on profile 3 -was about 8 cm. The four profiles indicate
that most of the decrepitation occurred”above the,midplane’of the heater.

The total volume of.rock shed\from the wall was estimated by assuming that

each profile represents the shape of 1/4 ‘of the’tircumference of the hole;

then the area under the,eurves wasfintegrated over the length of the decrepitated
2one.. The volume of rock thus computed is 0.059 m3, which gives an average
decrepitation depth over the”iength of the heater of 1.68 cm. Assuming a

rock density of 2.6 g/cm3 the mass of decrepitated rock is 153 kg. This
compares w1th 142 4 kg of material actua]ly weighed from the H 10 hole (H,

Carlsson, private communication, 1981)
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" (A) Plan of H-10 heater hole, showing positions of the four
vertical transects corresponding to the profiles in Fig. 6.
Camera position is along transect 2. (B) Cross-section of -
H-10 heater hole, showing camera positioned as in (A) and

scale Tocated opposite camera.

Fig. 5.
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Fig. 6. Decrepitation profiles from the H-10 heater hole, located along

the positions of the vertical transects shown in Fig. 5A (arrows
indicate approximate midplane level of the heater).,
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The temperature and the induced thermal stress at which gross decrepitation

occurred were estimated by Hood et al.\(1979). These estimates agreed W1th
the concept that major decrepitat{pﬁ takes p]ace when the maximum.tangential

or axial stfess (calculated to be 215 MPa at the heater midplane) exceeds the
uniéxia] compressive strength of the rbck (measured as 208 + 31 MPa). Because
of the displacements and stresses that this degree ofvdecrepitation would
register on the instruments emp]acéd in the surrouhding rock, it is evident
that a significant effect»wodld occur only in the very near field around the
central heater. Since the neakest extensometer anchor_points were at'a'
radius of ~1 m from the centé] heater, and the nearest IRAD USBM stress
gauges were at a radius df>41.5.m (Schrauf et a].,v1979), it is asﬁuhed that .
the effect Qf decrepitationvon'these instruments was negligible. Furthermore,
the gross decrepitation did not take place unfi] after the periphéfa] heatérs
were turned on, and all the relevant instruments are outside the fing of
peripheral heaters. This fﬁrther aecreases the effect on the instrumentation

of the relatively small volume of rock around the wall of the heater hole.

Examination of the profiles (Fig. 6) and their locations (Fig. 5)
suggests that most of the decrepitation was in the upper pdrtibn of the
damaged zone. Profiles 1 and 3 in Fig. 6 show sharply increasing depths of
decrepitation near the top of the damaged zone, while profiles 2 and 4 show a
more gradual increase of decrepitation depth in this zone. Thjs‘patterp is -
confirmed by the photographs of the borehole wall. From Fig. 5A, we see that
the upper zone of sharp decrepitation is aligned perpendicularly to the axis
of the heater drift. ‘This alignment may be inf]uenéed by the presence of the

drift, but it is not evident deeper in the hole. This suggests that the
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geometry of the decrepitated zone is most directly confro]]ed by the fracture
pattern, not by the directions of the principal stresses in fhe}intact rock,

or by stress distributions associated with the underground ga]]eries.> This
supposition can only be confirmed by a detailed comparison of the decrepitation
with fracture patterns and stress measurements; such a comparison was beyond

the scope of this study.
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4, SUMMARY AND CONCLUSIONS

The major portioh of this study concerned the mineralogic effects
of the heater experiment on the rock surrounding the H-10 heater. .
InVestigation focussed on the minerals chlorite and muscovite, which
were samb]ed from various distances from the heater, and studied by
petrographic microscope and by x-ray diffraction and electron microprob§

analyses.

_Ch]qéite within\10 cm of the edge of the heater hole was altered
to a dark red-brown materia] that wés sfronglyvpleochroic and birefringent.
Conductive heating of the rock Was not the only cause of this é]teration;
circulating hot water was a contribufing, if not a dominant factor, as
indicated by the preferential alteration of chlorite near fractures. X-ray
diffraction analyses showed that chlorite within ~12 chOf the heater
hole had altered significantly from the chlorite found both in theated rock -
and in drillback core samples farther from the heater. This a]teration
took the form of shrinkage of the chlorite crystal lattice,. probably
combined with intergrowth of fine hematite. The red-brown co]oration of
the altered chlorite could not be attributed solely to intergrowth of
hématite or any other mineral, but must have- been due partly, if not
main]y,,fo structural and chemical changes in the chlorite itself. In
addition to shrinkaée.of the chlorite lattice, ofher structural'changes‘
included alteration to a hexagonal or-pseudo-hexagonal symmetry, and a
1ike]ihood of disorder in the stacking of layers perpendicular‘to the

c-axis.

Chemically, both the altered and unaltered chlorites were shown

by microprobe analyses to be high-Fe0, low-Mg0 chlorites. Chlorites from
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.the drillback cores differed significantly from chlorite from one sample of
unheated quartz monzonite, containing less Si02 and Mg0, and more FeO.

They did not, however, appear to havevbeen dehydrated relative to the unheated
chlorite (this is based on an assumption that iron did not change oxidation
state). Little or no evidence was found to suggest chemical variation among
drillback core chlorites from the interval between 6. and 10 cm from the edge
of the heater hole, the interval in which the transitiop between altered and
mainly unaltered chlorite tobk place. Some differences were apparent,
however,vbetween fine,.fracture;fillfﬁg'eh1orite and other chlorite inrthe
drillback core sanb]és. The forme}'cohtafhed hore MQO and less FeO, as well
as measurable and variabTe.emounté of K20 poséib1y depoéited by circu]ating

water.

Alteration of muscovite in the dri]]back cores was confined to a
faint, yellow, pleochroic celoration of grain margins. This effect, which
was only visib]e‘microscopica11y, occurred to distances of at least 50 cm
from the heater ho]e, and resembled the coloration of fine-érained,
fracture-filling Serfcite common in the Stripa quartz monzonite. X-ray:
diffraction analyses of muscovites showed -no discernible differences
between.muscovites;from the drillback cores and unheated muscovites, and the

two sets of muscovite samples gave virtually identical diffraction patterns.

Microprobe analyses showed that the dri11back core muscovites were :
high in Hp0, and were phengitic (octahedra] A13+ replaced by Fe2* or
Fe3*, and by Mg2*; tetrahedral A13* rep]aced by Si%*) in compos1t1on
Muscovites in the interva]vbetween 6 and 10 cm from the heater hole were

quite uniform in‘composition,‘but showed a possible trend toward increase
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in Fe0 and K20 .in samples close to the heater. Microprobe traverses across
muscovite grains showed changes only in the minor oxides Ti02 .and Mg0, both

of which increased toward grain margins. : Fine-grained fracture-filling

muscovite (sericite) was less uniform in composition than other muscovites

analyzed, and showed a-trend toward higher Mg0 contents.

In add1t1on to the effects on ch]or1te and muscov1te, another change
evident in rock near the heater was a 11ghten1ng in the color of the core, |
1nc1ud1ng a s11ght pink co1orat1on visible up to 20 cm from the edge of the
heater ho]e This effect was probably produced by a cloudlng of feldspar
grains, only fa1nt1y v1s1b1e microscopically, which resulted either from

oxidation of iron impurities or from m1nute clay alterations in the fe]dspar.

Another sample of Stripa quartz monzonite, heated in a laboratory
oven to 600°C over 3 weeks, prov1ded a contrast to the m1nera1og1c
alterat1ons observed in the drillback cores. Chlorite alterat1on in th1s
samp1e took the form of a much darker, nearly opaque, red-brown mater1aj
than that in the dri11back cores. X-ray diffractfon—ana1yses shonedithat |
chlorite had 1arge1y'disappeared'from this material, which nas.mainly a |
compositeﬂof fron oxides and hydronides dominated by hematite; and containing

maghemlte (or poss1b1y magnet1te) and probab]y goeth1te This represented an

- advanced state of the a]teratlon of chlor1te atta1ned 1n the dr111back cores,

in which an altered form of chlorite was still dom1nant and only a sma]]
amount of hematite had formed M1croprobe ana]yses of these 1ntergrowths ofy
chlorite a]terat1on products, compared with ana]yses of the other ch]or1tes,
indicated dehydrat1on and major increases in MgO, K20 Nazo, and to a

lesser extent, Fe0O-and CaO.
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Alteration of muécovite in the laboratory-heated sample was. also pro-
nounced. Since muscovite is unstable at: the pressure-temperature conditions
to which this rock was subjected, the presence of any muscovite in this |
~sanple is attributable only to the short period. of heating. In thin section,

" muscovite alteration took the form of a strong orange pleochroism, accompanied'
by a change in 2V,&dispersign of the optic axes, and minute recrystallization.
X-ray diffraction‘patterns showed a shift of the muscovite lines, indicating
e*pansion of the crystal 1attice,’and/of:intekgrOWth.of‘a Bi@tite-phjogopife-
like mfnera]. Deve]opmént ofvsuch a mineral would bé(consistent with some of
~the optical properties of. the alﬁéredrmuscovite and would indiéate a structural
reorganization df the Fe and Mg'alreédy present. The main changeé in the
chemical composition of muscovite in this sample were loss of H»0, large

increases in Na0 and A1203, and a large decrease in K20.

The distribqtion and abundaﬁce of uraniumvand thorium in the dri]]béckr
cores was studied by alpha radiography,land the results Weke cbmpared with an
earlier study by f{ssion-track radiography to determfne whefhek there was
migration of these e]éménts in the'heated rock; When typical U-Thbsiteé in B
the heated and unheated rocks were cpmpared, evidence was foundvsuggestihg |
addition of uranium or thorium fo sitesbof disseﬁinated'éccumulations»of
these elements in 5amp1es from the dfi]lback cores up to at Ieast 50 cm from
the heater hole. Thesé sites 6f disseminated uranium or thorium included |
fractures and breccjas, and cleavage planes and grain boundér{es of chlorite
and muscovite grains{ fhey were generally associated Witﬁ a fine, reflective,

nonmetallic material that was most Tikely an altered form of sphene.

Sources of this added uranium or thorium were not identifiable from the

available data. But whole-rock gamma-spectrometric analyses of several drillback
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- core segments proVidéd some evidence of depletion of uranium, and possibly of
thorium, in core more than 70 cm from the heater hole (outside the zone
studied by alpha radiography). This suggested that migration of these

elements to disseminated sites nearer the heater may have occurred.

Stereophotographic traverses were made in the H-10 hole to document
decrepitation of the wall in response to heating. Maximum depth of decrepit-
ation observed was ~8 cm, and the depth‘averaged 1.7 cm over the length of
the heater. Megascopic examination indicated no apparent preferred.orfentatibn
to the decrepitation attributable directly to stresses in the intact rock
mass or to stresses associated with the underground.galleries. However, as
on]d be expected, microfracturing oriented tangentially to the heater hole
was observed in thin seétipns of rock spalled from the hole wall. A detailed
comparison of decrepitation with fractyre patterns and stress measurements,
which was beyond the scope of this study, would be'necessary to evaluate the

influence of stresses and fracturing on decrepitation.
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