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sults obtained with talc and silver chloride pressure-transmitting mediums. 
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.:i ton-cylinder appamtus at high temJlen~ture 
:y using two different prestiure-tmnsmitting 
::r<i iums . Talc is normally used, but it has a 
';bstantial shear strength. Silver chloride was 
~oscn as the pressure medium for comparison 
rilh talc because of its much lower shear 
·rcngth . 
Early estimates of the magnitude of pressure 

""cs wcre based on calibmtions using the bis­
.. Jlh and thallium "tmnsitions at room tempera­
.rc [Boyd and England, 1960b]. They used 

:!rer chloride and talc pressure-transmitting 
:~dillms and determined the correction nceded 
J 3Ccolmt for pressure loss in the talc medium, 
.:,I11ning that silver chloride has a negligible 
·:cngth. Thcy . concluded that a friction C01"­

-.:lion of -13% is needed at room tempera­
.ie. They attributed the pressure loss to the ' 
·:m strength of talc, and, since this will de­
:,150 with increasing temperature, they sug­
~;;cd that at high temperatures the friction 

correction would be closer to - 8 ± 5% [Boyd 
and England, 1960a; Boyd, 1062]. In hter 
work Boyd and England [HlG3] considered 
that at high temperatures the ~hear strength 
0: talc is very low, and they no 16nger applied 
a fr iction correction. 

Kitchara and Kennedy [lDG4J, in their ::;tudy 
oi the qu:nLz-coesite transition, ap]Jl iecl a fric­
tion corr(;ct ion of -12% n.t 17.1 kb, -8% at 
30 kb, and -7% at 41 kb for a comprei'sion 
cycle. They estimated this . correction from a 
study of the melting point of mercury at dif­
ferent pressures [Klement et al., IDG3]. Their 
friction correction was determined at any spe­
cific pressure as half the difference between the 
compression and decompression strokes. They 
assumed that the pressure loss on a compression 
run was the sum of the piston-cylinder friction 
and friction in the talc. 

Newton [1965], in work 'at pressures of 4 to 
8 kb and temperatures of 640 to 860°C and 
using a piston-cylinder apparatus similar i.n 

design to Kennedy's apparatus, applied a pres­
sure correction of - 1:5 kb over the 4- to 8-kb 
pressure range; this represents a - 37 % to 
-19% correction. It was determined using the 
LiCI melting curve at about 700°C as the. 
calibration point. . 

EXPEnIMENTAL METHOD 

The quartz-coesite phase transition at noo°c 
has been chosen as the calibration point, since 
a considerable amount of high-pressure work in 
this laboratory has been done in the neighbor­
hood of this temperature. Also, experience 
s~owed that when the sample temperature 
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was 1l000e at pressures greater than 30 kb, 
there was no significant melting of the silver 
chloride pressure medium. Some minor melting 
in the immediate vicinity of the 'hot spot' may 
have occurred. The nearness of the temperature 
to the melting point of the silver chloride 
would also reduce its strength and 1)0 improve , 
it as a pressure-transmitting medium. Silver 
chloride pressure cells were made by melting 
the silver chloride, pouring it into a mold, and 
then machining it to the required dimensions 
(Figure Ie). 

The quartz-coesite transition 'is rapid at 
1l000e if some moisture is present, so that run 
times of an hour length are adequate. A great 
deal of work has been done recently on es­
tablishing the quartz-coesite curve with p'istqn­
cylinder and other apparatus, and adequate 
results are available for comparison. 

The apparatus used is based on the design of 
Boyd and England [1960b], and the experi­
mental procedure is similar to that described 

.by Boyd and England [1960a, b] and by Ring­
wood and Green [1964]. Temperature is meas­
ured with a Pt /Pt-l0Rh thermocouple. Tem­
perature calibration of a normal assembly with 

(0) 

(b) or (e) 

~(bl Tolc r0?l 
~(c) Agel ~ Pyrophyllite ~ Stainless Steel 

DJII] 80(on Nitride ~ Cero";ic 
~ Platinum Capsule 
~ (Sample) 

Graphite II Crushable Alumino ' 12 in. 

Fig. 1. Detail of types of pressure cells used 
in the calibration. Thermocouple junction, in con­
tact with sample capsule. 

talc as the pre5sure medium showed that tl l 

temperature gradient in the space normali.,. 
occupied by the specimen capsule is less thJ~ 
5°C. In a normal run, once thermal equilibriulr. 
is reached, the temperature varies by approxi. 
mately 5°C on either side of the control point. 
Hence temperatures are believed to have 3 

precision better than ±lOoe. Oil pressure ap. 
plied to the ram is measured with a Heise gag'r 
with a precision of better than 0.1 %. Th~ 

nominal pressure on the sample (i.e., assumin. 
perfect transmission of applied pressure) h 
computed from the measured oil pressure, usil;­
the known cross-sectional areas of the pisto~! 
and hydraulic ram. . 

The starting materials consisted of vcr)' 1 
finely ground mixes of either (1) 94% quartz, 
4% coesite, and 2% silicic acid or (2) 90% 
coesite, 5% quartz, and 5% silicic acid. Tht! 
coesite used in these mixes was prepared fran; 
silicic acid subjected to a temperature of 900 
± GOoe and a pressure of 40 kb for 2* hOuri, 
The ;';', mix was used for most of the runs, 11 
run was considered to be in the quartz fiel ;; I 
when the coesite had demonstrably disap. 
peared and in the coesite field when the amount 
of coesite increased measurably. A few runs on 
the second mix demonstrated reversibility of 
the reaction. 

Approximately 10 to 20 mg of undried sam, 
pIc was scaled in a platinum tube of wall thick, 
ness 0.015 cm. Three different ways of achier, 
ing the pressure-tempern.ture conditions of , 
run were used : I 

1. Single-stage compression. The pressure 
was raised to the required value, then the tern, ' 
perature increased to llOOoe. This metho<:! 
resulted in final inward piston movement when I 
used with talc (Fjgure la) and talc + boro,,1 
nitride pressure mediums (Figure Ib). It WJi 

intended also to use it for the silver chloride + II 

boron nitride pressure medium (Figure Ie), bUi 
when the temperature was increased, expansiot 
of the assembly resulted in a pressure excess 0: 

1 to 1 Y2 kb, so that in actual fact the run '11'2: 

over-pressed and pressure had to be released f 
Thus, with the silver chloride, the single-stagi 
application of pressure and temperature re', 
suited in a decompression run . 

2. Double-stage compression. The pressUi. 
was increased to about 2 kb below the require( 
value. The temperature was then raised te 

Starting 
)bterial* 

Q 
Q 
Q 
Q 
Q 
Q 
C 
C 
Q 
Q 
Q 
Q 
Q 
Q 
Q 
Q 
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Q 
Q 
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Q 
Q 
Q 
Q 
Q 
C 
C 

FRICTIO 

TABLE 1. Resu 

Type of 
Pressure 

Cell 

T 
T 
T 

T +BN. 
T + BN. 
T +BN. 
T +BN. 
T +BN. 
AgCI + BN. 
AgCI + BN. 
AgCI + EN. 
AgCI + BN. 
T+E)f. 
T + BN. 
AgCI + EN. 
AgCl + EN: 
AgCl + EN. 
AgCl + BK. 
T + EN. 
T + B)f: 
T + BX. 
T + BN. 
AgCl + BN. 
AgCl + B?\: 
AgCI + BX: 
AgCI + BN. 
AgCI + BN. 

One-
One-s 
One-
One-
One-s' 
One-s 
One-
One-s 
One-s 
One-s 
One 5 

One-s 
Two-
Two-
Two 
Two-, 
Two-~ 
Two-, 
Two-
Two-
Two-
Two-
Two-, 
Two-~ 
Two-
Two-
Two-. 

Q significs mix composed of 9 
C signifies mix composed of 90 
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rc mcdium showcd that the TABLE 1. Results of Runs on the Quartz-Coesite Transition at noo°c 
ent m the space normally 
(.lccimel1 capsule is lcss than Type of Nominal 
un, once thermal equilibrium Stnrting Pressure Pressure, Time, 

perature varies by approxi- ~[3terial* Cell Run Procedure kb min Results 

er side of the control pOiUL I -
es are bclieved to have n Q T ... One-stage compression 35 60 Quartz + trace coesitc (<<4%) 

an ±lOoG. Oil prcssure ap- g T One-stage compression 35. 5 60 Quartz 
T One-stage compression 36 60 Quartz + almost equal coesite 

measured with a Heise gage Q T + BN2 One-stage compression 35 60 Quartz 
of better than 0.1%. The Q T + BN2 One-stage compression 35 .5 60 Quartz 
n the sample (i.e., assumiug Q T +BN2 One-stage compression 36 60 Coesite + 50% quartz 

on of applied pressure) is C T +BN2 One-stage compression 35 60 Quartz 

measured oil pressure, using 
C T + BN2 One-stage compression 36 60 Coesite + trn.ce quartz 
Q AgCI + BN2 One-stage decompression 35 60 Coesite 

cctional areas of the piston Q AgCI + BN2 One-stage decompression 33 60 Coesite 
Q AgCl + BN2 One stage decompression 31 60 Coesite + 60% quartz 

aterials consisted of very Q AgCl + BN2 One-stage decompression 30 60 Quartz 

s of either (1) 94% qu:trtz, 
Q T +BN 2 Two-stage compression 35· 60 Quartz 
Q T +BN2 Two-stage compression. 36 60 Coesite + 60% quartz 

,% silicic acid or (2) 90% Q AgCl + BN2 Two stage compression 31 60 Quartz 
, and 5% silicic acid . The Q AgCl + BN2 Two-stage compression 32 60 Quartz 

'se mixes was p repared from Q AgCl + BN2 Two-stage compression 33 15 Coesite + 70% quartz -

cd to a temperature of 900 
Q AgCl + BN2 Two-stage compression 34 50 Coesite 
Q T + BN2 Two-stage decompression 30 60 Quartz 

ssure of 40 kb for 2% hours. Q T +BN2 Two-stage decompression 32 60 Quartz 
used for most of the runs. A Q T +BN2 Two-stage decompression 33 GO Quartz + trace coesite (4%) 

d t o be in the quartz field Q T + BN2 Two-stage decompression 34 60 , Coesite + 60% quartz 

had demonstrably disa])-
Q ~gCl + BN2 Two-stage decompression 30 60 Quartz 
Q , AgCl + ,BN2 Two-stage decompression 31 60 . Quartz + trace coesite ( < 4%) 

coesite field when the amoun t Q AgCI + BN2 Two-stage decompression 32 60 Coesite 
1 me:tsurably. A few runs on C AgCl + BN2 Two-stage decompression 30.5 GO Quartz + 10% coesite 

emonstrated reversibility of C AgCl + BN2 Two-stage decompression 3l.5 55 Coesite 

o to 20 mg of undried sam­
platinum tube of wall t hick­

ree different ways of achiev­
emperature conditions of a 

Q 6~gJ1 ~fies ~x composed of .94% quartz, 4% coesite, and 2% silicic acid. 
C slgrufies IlliX composed of 90% coesite, 5% quartz, and 5% silicic acid. 

compression. The pressu're 
equired value, then the tem­

i to 11000G. This method 
ward piston movement when 
igure 1a) and talc + boron 
ediums (Figure Ib). It was 

,e it for the silver chloride + 
;ure medium (Figure Ie), but, 
ture was increased, expansion 
,suIted in a pressure excess of 
at in actual fact the run wns 
pressure had to be rele::tscd . 
ver chloride, the single-stage 
essure and temperature re­
ession run. 

e compression. The pressure 
bout 2 kb below the required 
erature was then raised to 

10500 G, followed by final adjustment of pres­
iure to the required value, and the procedure 
was completed with final adjustment of tem­
perature to 11000G. 

3. Double-stage decompression . T he pres­
sure first applied was about 5 kb above the 
required value and then the temperature was 
increased to 10500 G. Release of pressure to the 
requi red value follo;~ed and finally the tempera­
ture was increased to 11000G. 

In this way the quartz-coesite equilibrium 
was approached from the quartz st:tbility field 
(two-stage compression) or from the coesite 
stability field (two-stage decompression). At 
the conclusion of a run the sample was quenched 
by switching off the power to the furnace. The 
sample was then examined by optical and X­
ray means, and the relative amounts of quartz ' 
and coesite were estimated. 

RESULTS 

The conditions and results of the runs are 
summarized in T able 1 and Figure 2. There is 
no difference between the results obtained using 
talc or talc + boron nitride as the pressure 
medium:']Uso there is no significant difference 
between single-stage and two-stage compression 
runs. 

The qun,rtz-coesite transition at 11000G oc­
curs at a nominal pressure of 35.5 kb in a two­
stage compression run with a talc + boron 
nitride pressure medium and at 33.0 kb in a 
two-st:tge decompression run with the same 
pressure medium. Thus the difference in the 
pressure of the quartz-coesite transition be­
tween the two-stage compression :tnd decom­
pression runs is 2.5 kb. This is attributed t o 
friction between the piston and the walls ,of 

I 
I 
I 

i , 
I 
j 

1 

I 
I 

, I 

·1 
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TEMPERATURE IIOOoC 

KEY 

o Quartz mix _ Quartz 

• Quartz mix --.. Coesite 

J2I a uartz mix _ no change 

o Coesite mix _ Quartz. 

• (oesire mix _ Coesite \ 

TYPE OF 
PRESSURE CELL 

TALC + 
BORON NITRIDE 

TALC 

SILVER CHLORIDE + 

BORON NITRIDE 

TYPE OF FINAL 

PRESSURE STROKE 

[ 

I-S'oge 
Compression 

2-Srogc 
Compreuion 

2 -S'oge 
Decompression 

[

I - S.oge 

Compression 

1- Stage 

Decompression 

2-S.oge 

Comprc!>sion 

2-Stoge 

.. OccompreSoSion 

[ 

[ 

, 
30 

° 

0 

° 
a 

30 

PRESSURE (Kb) 

. 
° 
/if 

ii' 
32 34 36 

° .d 0 

° . 
, 

32 34 

00. 

o • 

000 

36 

Fig. 2. Results of high-pressure runs on the qU:1rtz-eoesite transition at llOO°C using dif­
ferent pressure cells. 

the pressure vessel and to friction within the 
talc and boron nitride . It represents a -4% 
pressure correctiop to a two-stage compression 
run, and the quartz-coesite transition at 11000 e, 
using this correction, is placed at 34.3 kb. 

With the silver chloride + boron nitride pres­
sure medium for a two-stage compression run, 
the quartz-coesite transition at 11000 e occurs 
at a nominal pressure of 32.5 kb; in a two-stage 
decompression run it occurs at 31 kb . Thus the 
difference in pressure between compression and 
decompression results for the quartz-coesite 
transition is 1.5 kb. This is attributed to piston 
friction and to friction within the boron nitride, 
since friction losses in the ' silver chloride are 
considered to ' be negligible, and it represents 
a -2% friction correction to a two-stage 
compression run. The quartz-coesite transition 
at ' 1100 0 e, using this correction, is placed at 
31.8 kb. 

There remains a discrepancy of 2.5 kb bc­
tween the results obtai.n:d using talc and silvcr I 
chloride pressure medIUms, even after correc­
tions for friction losses have been made. To 
bring these results lnto agreement, a further 
correction of -7%" is needed for a two-stage I 
compression run with talc + boron nitride as 
thspressure medium. 

DISCUSSION 

This work indicates that at 35 kb and llOO°C 
a total pressure correction of - 11 % is needed 
on a two-stage compression run, and this cor- i 
recti on appears to consist of two components.' 
The first of these is an irreversible componcn: 
being characterized by hysteresis; it is a ttrib­
uted to frictional losses between the piston and 
cylinder and in the talc + boron nitride pre3-
sure medium. This correction amounts to - 4%. 
The second component of pressure loss is re-

TABLE 2. Quartz-Coesite Transition at noo°c as Determined 
in Piston-Cylinder Apparatus 

Kitahara 
Boyd and and 
Enaland Kennedy Khitarov This 
[1960a) (HJ64) [l()64) Work 

Corrected pressure, kb 32.3 32.8 31.3 31.8 
Uncorrected pressuro, kb 35 35.3 35.5 
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I"cr~ible (i.e., it is not ch:1racterized by hy­
steresis) and is attributed to nonuniform dis­
trilJuiion of stress in the pressure cell. This 
experimental work establishes the magnitude 
oi this component as -7% . This nonuniform 
distribution of <"tress in the pressure cell is 
likely to occur even in the ideal case where 
lhere is no irreversible pressure loss due to wall 
friction . It is probably caused by the differences 
in strengths and compressibilities of the vari­
ous components of the pressure cell (Figure 1). 
For example, the talc and boron nitride will 
have sUbst:mtialJy greater strength than the 
graphite furnace and its internal components, 
especiaJly since the graphite cylinder is much 
hotter than most of the volume of the talc and 
boron nitride cylinders. Hence the mean pres­
Sllre on the end of the piston in contact with 
the base of the pressure cell is not necessarily 
the same as the actual pressure exerted on the 
sample in the middle of the pressure cell. It is 
this effect that causes the discrepancy between 
the results for the silver chloride pressure cell 
with negligible strength and the talc pressure 
cell with significant strength. 

In Table 2 a comparison i& given between the 
results of previous workers and the present re­
suIts. Good agreement is obtained with Boyd 
and England's early, corrected results . This is 
to be expected because o~r apparatus is built 
from their design. We agree with their sugges­
tion [Boyd and England, 1963] that the shear 
strength of the pressure medium decreases with 
increasing temperature but do not agree with 
their conclusion that a pressure correction is 
therefore no longer required. The pressure loss 
probably remains essentially independent of 
the run temperature because only a very small 
volume of the talc column, in the immediate 
vicinity of the bot spot, will be markedly af­
fected by changes in run temperature. We have 
shown that, as well as an irreversible frictional 
pressure loss, there is also a reversible pressure 
loss due to the appreciable strength of the 
pressure cell. 

The difference between the pressu re correc­
tion for our piston-cylinder apparatus and 
Kennedy's apparatus we attribute to slight 
variations in design and dimensions and also 
to the different time 1actor involved in the ex­
periments used to determine the pressure cor­
rection . Kennedy and co-workers used short-

n 

time melting experiments in their cali lJration. 
In our work, calibration experiments la:;ted an 
hour. 

Good agreement with our corrected rc.'mlts 
and the Russian work is apparcm I': . -.; :2 ) . 
We understand that the Russian :lPl). I;"~US is 
a two-piston-cylinder type, a piston entering 
each end of the cylinder. The friction and non­
uniform distribution of pressure would prob­
ably be substantially smaller in such an ap­
paratus than in the single-piston apparatus 
which we used . 

CONCLUSION 

Comparing our work at 1100°C and at prc.:i­
sures ncar 35 kb (pressure correction -11 %) 
with Boyd and England's work at room tem­
perature and in the approximate pressure range 
20 to 40 kb (pressure correction - 13%) [Bo yd 
and England, 1960b] suggests that in the tem­
perature range 0 to 1100°C a pressure cor­
rection of - 11 % on compression runs yields 
absolute pressures "that are correct to within 
±2% in the pressure range 20 to 40 kb. Since 
the effect of . temperature on pressure los~ '·lP­
pears to be comparatively small, the -11 % 
pressure correction is p robably applicn.ble at 

,; temperatures well . above llOO°C, but the un­
certainty may be somewhat grea.ter. Although 
Kennedy and co-workers worked under some­
what different physical conditions, their pres­
sure correction is approximately comparable 
with our results in the same pressure range. 
Considering the results of all three investiga.­
tions mentioned above, we believe that after 
applying a - 10% pressure correction to a 
compression run at pressures greater than 15 
kb we can expect an accuracy of ±3% . 

.. " 
\ Acknowledaments. We are grateful to Drs. 
C. B. Raleigh and D. IT. Green for critically read­
ing the manuscript and offering helpful sugges­
tions. 

REFERENCES 

Boyd, F . R., Phase equilibria. in silicate systems at 
high pressures and temperatures, in Mo dem 
Very Hiah Pressure Techniques, edited by R. II. 
Wentorf, Jr., pp . 151-162, nutten\"orLh~, Wash­
ington, 1962. 

Boyd, F. R., and J. L. England, The qllanz­
eoesite transition, J. Geophys. Res., 65, 749-756, 
10GOa. 

Boyd, F. R., and J. L. England, Apparatus for 
phase-equilibrium measurements at pressures up 

.1 

t 

·1 
i 
I 



3594 GREEN, RINGWOOD, AND MAJOR JOURNAL OP GEOPHYSICAL H~SEAR 

to 50 kiiobars and temperatures up to 1750'C, 
J. Geophlls. Res., 65, 7';'1-718, 1960b. 

Boyd, F. R ., and J . L. England, En'eet of pres­
sure on lhe melting point of diopside, CaMg­
Si,Oo, and albite, KaAlSi,O., in the range up to 
50 kilobnrs, J. Geophys. Res., 68, 311-323, 1963. 

I\:hilnrov, N . I., New e:lOperimental work in the 
field of deep-seated processes, Geochemistry 
USSR, EnalUih Transl., no . 6, 578-581, 1961. 

Kitahara, S., and G. C. Kennedy, The quartz­
coesite transition, J. Geophys. Res., 60, 5395-
5400, 1964. 

, . 

Klement, W., Jr., A. Jayaraman, and G. C. Kc~­
nedy, Transformation in mercury at high pre~ 
sures, Phys. Rev., 131, 1-6, Hl63. 

Newton, R. C., The thermal stability of zoisitc 
J. Geol., 73, 431-441, 1965. . 

Ringwood, A. E ., and D. H. Green, Experimenla! ' 
investigations bearing on the nature of iI:(' 
Mohorovicic discontinuity, Nature, fdOl, 566-5G7, 
1964. 

Glassy Spherul( 

(Manuscript received February 18, 1966; 
revised April 1, 1966.) 

.. ) 

. ,.' J I 

~1ost students of eosl11 
magnetic opaque particles 
tallie, partly be.cause of 
~nd partly because it is c 
silicate particles from terr 
[Wright et al., 1963; Hod~ 
c\'er, we could hypothesiz 
mlc dust particles that i 

that are similar in compo. 
In the precipitate of m 

.Jccember 20, 1964, near S 
gbgsy spherules were fou 
scope. One of· the typicfI 
"hown in Figure 1. In s 
with a tail-like protrusion 
face is bright, clear, and 
;llld no fissures are obser\' 
lranslXlrent body with no 
IIld~x is 1.505. It is not m 
('omposit ion is (in weight 
.AW" 12.5; FeO (total), 
3.0; Na,O, 1.5; K,O,2.5. 
,mall, it W:1S anaJyzed by 
method using the elcctror 

I f 
! 
\ . , . 
1 
; 
I' 

i : 

I 
Fig. 1. The typical 'tearc 
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