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요 약. 자연 다이아몬드의 생성에 관한 여러가지 이론적인 검토를 해보았다. 특히 강조한 것은 

다이아몬드의 생성이 기체에서 생긴다는 이론이다. 영구용 질양분석기의 검체안에서 분쇠 검출된 자 

연 다이아몬드내에 모인 기체에서 보아 다이아몬드의 생성에 대한 그 외계의 기체조성을 검토제의한 

다. 200°C, 109ton의 진공내에서 분쇠된 다이아몬드로부터 생성된 물질들은, 검출된 양의 순으로 

나타낸다면, 물, 수소, 질소, 이산화탄소, 메탄, 일산화탄소, 아르곤 및 에틸알코올등이다.

열 역 학적 으로 C-H-0-N 기 체 상의 조성 의 검 토는 가능한 다이 아몬드 생 성 조건에 관한 정 보를 제공 

한다. 이미주어진 실험적 결과의 비교는 다이아몬드 생성에 관한 가능한 온도-압력 조건이 주어진다.

ABSTRACT. A discussion of the various theories of natural diamond formation is given. 

Experimental data from mass spectrometric analysis of included gases is related to theoretical data 

on the carbon-Mrogen-oxygen gas phase under geologic conditions. Possible temperature-pressure 

conditions for natural diamond formation are proposed.

INTRODUCTION

Diamonds have mystified man for thousands 

of years. This hardest of all natural substances 

has generated much interest into its properties 

and origin. Apparently diamonds were first dis

covered in alluvial deposits by Dravidians of 

ancient India over 2700 years ago. India 

remained the sole source of diamonds for 

hundreds of years until discovery of diamonds 

was made in Brazil. The Brazilian deposits 

were much less extensive than those of India, 

and both sources began to run out about the 

same time. Luckily, at that time, the discovery 

of diamonds in their natural matrix was made 

in S이ith Africa. From that time, Africa has 

been the largest producer of diamonds in the 

world. Recently, the Soviet Union has been 
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developing diamond deposits in Siberia and is 

becoming a large producer. In all cases other 

than alluvial deposits, the diamonds are foilnd 

in a low-quartz-containing rock of igneous 

origin： kimberlite. This rock, containing 

diamonds in a concentration on the order of a 

few parts per million, contains in addition a 

variety of minerals, chiefly olivine, serpentine, 

and chrome-rich diopside with lesser amounts 

of micas and garnets. The only diamondiferous 

location in the U. S. A. is near the small town 

of Murfreesboro, Arkansas. It was diamonds 

from the larger of several kimberlite pipes in 

that area that were used in the experimental 

study reported here.

EARLY STUDIES

The earliest reported study of diamonds was 

initiated by Sir Issac Newton. He reported that 

diamond resembled carbon-containing substances 

such as oil and amber.1 Antoine Lavoisier, in 

1772, studied the burning of a diamond, but 

his results were incon 시 usive% In 1797,

Smithson Tennant succeeded in burning a 

diamond and found the sole oxidation product 

to be carbon dioxide3. This fact implied that 

diamond itself was pure or nearly pure carbon.

The evidence that diamond was crystallized 

carbon produced various theories that the uni

que properties of diamond resulted from this 

crystal structure. It was first assumed that the 

structure was perfect； however, defects in the 

lattice were soon discovered4. In addition, 효t; 

least two types of diamonds were reported in 

1934 from optical studies in the IR and UV re

gions5. It was proposed that the less pure "type 

I" diamonds were the result of nitrogen being 

present in the crystal structure6^10.

While bubbles and solid inclusions had been 

known in diamonds for hundreds of years, 

there were no scientific studies of the contents 
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of the inclusions until 1959 when Kaiser and 

Bond11 reported nitrogen concentrations as high 

as 4X1O20 atoms/cc within diamonds. Their 

results were obtained from a mass spectrometric 

study of the gases released by high-temperature 

conversion of diamond to graphite. Bauer and 

Spenser reported carbon dioxide and water as 

possible in 시 usions in diamonds12. Melton, 

Salotti, and Giardini showed, upon crushing 

in a mass spectrometer, a gas phase within 

diamonds of, at least, nitrogen, water, carbon 

dioxide, methane, and argon13. In addition, 

they have shown a correlation between high 

water content in the gas phase with 

highly-colored cubic diamonds from Zaire14. 

Later studies confirmed the presence of water, 

nitrogen, hydrogen, carbon dioxide, carbon 

monoxide, methane, argon, and sometimes 

ethanol in the gas phase within natural diam-

어L R has been found that other minerals 

in kimberlite very different gas phases 

within their crystals, implying that diamonds 

were formed under conditions different than 

those of the other minerals of kimberlite18.

FORMATION THEOTIES

There are a variety of theories of possible 

diamond formation； however, some bear more 

attention than others. Kennedy and Nordlie be

lieve that diamonds could not have formed at 

depths less than about 200km and were forced 

to the surface by an explosive drive of carbon 

dioxide gas19. The presence of the carbon 

dioxide or possibly water as the driving 흥as 

answers some of the questions of how the 

diamonds arrived at the surface and why they 

did not graphitize during their ascent. This 

theory is supported by Meyer and Boyd20 and 

by McGetchin21. Marx22 and Hearn23 feel 

that diamonds may have been formed by 

gas-phase reactions at somewhat less depth. 
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Lonsdale and Milledge report that diamonds 

could not have formed deeper than 30 km24.

The possibility of a gas-phase reaction is in

teresting in that diamond crystals have been 

grown on seed crystals from methane in a me

tallic catalyst25 and from carbon monoxide at 

1000 °C and 2000 bars of pressure26. Some have 

proposed that the metallic catalyst present in 

natural formation might be iron sulfide22,23. 

However, studies seeking the presence of sul

fur-containing substances in diamonds have not 

been successful. A study of the oxidation pro

ducts of diamond by Langford and Melton27 

failed to detect any sulfur at least to a level of 

a few parts per billion.

The range of possible formation conditions of 

diamond have been considered by Mitchell and 

Crocket28 and by Giardini and Tydings29,

THEORETICAL STUDY

From the data presented in Table 1 from an 

earlier experimental study from this laboratory, 

it can be seen that most of the gases found in 

Arkansas (U. S. A.) diamonds are formed from 

three elements: carbon, hydrogen, and oxygen 

along with elemental nitrogen. Thus, a theore

tical treatment of the carbon-hydrogen-oxygen 

system, combined with 솨le experimental results 

in Table 1, should give some indication as to 

the conditions present at the time of the form

ation of the diamonds.

French30-31 has developed a carbon-hydrogen- 

oxygen theoretical model to calculate the partial 

pressures of the constituants of a gas phase over 

a sol너 buffer. The model is restricted to ideal 

용as behavior and limits on one or more 

Table 1. Percentage composition of gas phase released from crushing diamonds.

Specimen HQ h2 n2 CO2 ch4 CO Ar EtOH

1 26.39 21.22 21.44 20.66 8.86 0.34 1. 09 Trace

2 26.81 32.35 14.17 20.64 3. 21 2- 63 0.19 Trace

3 20.96 9.86 27.67 19.88 18.42 2.80 0.41

4 19.72 20.18 22.14 20.64 14.07 2.59 0.66 Trace

5 22.81 17.25 23.95 24.82 10.77 0.35 0. 05 Trace

6 19. 02 33.78 18.54 20.01 7.18 1.18 0. 29

7 24.35 17.53 22.97 23. 09 10. 52 1.05 0.49

8 18.49 26.98 21.27 21.88 8.15 3.10 0.13

9 36.65 13.47 19.16 19.99 5.14 5.57 0.02

10 25.12 21.32 21. 53 21.63 6.78 3.26 0.36 Trace

11 36.73 20.42 15.52 16.65 5.28 5.35 0.05

고 2 28.15 20.89 15.48 18.04 8. 86 7.74 0.84 Trace

13 22.73 20.27 25.68 21.41 8.48 1. 35 0.08

14 11.85 26.90 26.06 26. 39 7.56 1.19 0.05

15 15.90 31.21 19.76 20. 32 6.86 5.58 0.37 Trace

16 26.77 19.70 18.85 19.09 7.27 8. 26 0.06

17 32.19 17.86 23.06 18.70 4.10 4.02 0.07

18 20.81 20.61 20.64 20.81 14.67 2.12 0.34

19 37.22 29.51 12.66 14. 62 3. 75 1.99 0. 25

Average 24.88 22.17 20. 55 20.49 8.42 3.18 0.31

Standard
devation 7.06 6. 38 4. 08 2.64 3. 93 2.34 0. 30
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components for reactions in the system.

A modified version of 반lis model was used 

in a theoretical study of the equilibrium between 

diamond and a gas phase of carbon-hydrogen- 

oxygen over a range of temperatures and gas 

pressures. The assumptions involved seem rea

sonable. They are： (i) a continuous equilibrium 

between diamond and the phase, (ii) 놔le gas 

phase consists chiefly of carbon dioxide, carbon 

monoxide, methane, water, and hydrogen, with 

nitrogen included as an inert component, and 

(iii) ideal 흥as behavior for 사le gas phase. The 

model was later changed to include some 

eharacteristics of real gases.

HYPOTHETICAL GAS PHASE- 

C-H-0 GASES ONLY

The first theoretical treatment involves a gas 

phase over diamond composed of an ideal gas 

mixture of carbon dioxide, carbon monoxide, 

water, methane and hydrogen. Since the ex

perimental results obtained earlier indicate 

that the abundance of methane greatly exceeds 

that of more complex hydrocarbons, methane 

will be con前dered as the only hydrocarbon 

present. It should be noted, however, 솨lat some 

researchers have reported a variety of hydro

carbons from simple gas-phase reactions of 

carbon, hydrogen, and oxygen.

The French model was modified for a solid 

phase of carbon in the diamond crystal 

structure rather than in the graphite crystal 

structure. However, the basic results are similar 

to those obtained by French.

For a system limited by the assumptions of 

the model, the various equilibria between dia

mond and the gas phase are specified by the 

following Eqs.:

C + O2=CO2 瓦 = =务=-空으誉区 (1)

JO2 TOz-* O2

c+鄒=c。瓦=炉=(瓷齢⑵

Vol. 22, No. 3, 1978

C+2H2i=tCH4 K3= •£ch< 一 7ch“Pch, 
(/h2)2 3航)2 (3)

瓦+島。2=玦0氏=爲^

HQPH2。
(7o2^o2) 1/2Th2Ph;

(4)

where is the equilibrium constant, £ is the 

fugacity, and 7*, is the activity coefficient The 

partial pressure of the gas is represented by

From Dalton's law,-尸亦=2丄匕，Eqs. 1 

through 4 can be rearranged give the partial 

pressures of each gas as follows:

Pcs=SP。，=쓰% 
7co2 7cs 2

Pco=&〈7QFo2)s =-^-(y )1/2 

了co 丁co

Pcn-K?(,rM^

7ch<

7h2o

7h2o

尸興=-Pcs+Pco+Pcm++FH20+R)2

(5)

(6)

(7)

(8)

⑼

It should be noted that f02 appears in all 

equations except 7. In most 흥eological studies, 

this quantity is expressed as an independent 

variable. The temperature and pressure are 

also taken as independent variables. These 

constrictions, plus values for allow the 

determination of the values of K*

The values of Pco2 and Pco (Eq. 5 and 6) 

in the ideal approximation depend on temper

ature and fo2> Therefore, from Eq. 9,

尸。&+7%20+1七也=尸剖，—(Pcs+Pco+F。》(10)

The value of Pq2 is usually less than 10-8 

bar in most systems of geologiccl interest, 

including the present study. This term can 

therefore be neglected in Eq. 10.

The pressures of the individual components 

can be obtained by substituting appropriate 
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expressions in Eq. 10. For example, PH2 is 

obtained by combining Eqs. 7, 8, and 10 as

Th2o7ch* 

—(Rw+Pco) (11)

This expression is actually a quadratic with Ph2 

as the unknown quantity,

頒"[씌"+7사'쯔呼业21]

L 7ch4 -I L 7h2o 」

—[-Pgas— (Rw+Pco)] = 0 (12)

A s이ution of the expression yields

「瓦 7為(須。2)板흐]|[)
PH2=J L— 7瓦。—」+',

_ 2「业3丁他]
L 7*CH4」

f「拓海(念】"| []2
+ L 7压0 十丄」

L 7*chi」

+ [0[씌춉]gT%+Pc。)])"] 

2「M苹田]

” L 7ch4」

(13) 

where only the positive root corresponds to 

reality.

For an ideal gas, and 七=1； therefore, 

Eq. 13 becomes 

3『-四(皴”+口
必3

+ 匸卩+4瓦*gas— (尸皿+万膈)]} "허
2瓦

(14)

Knowing PH2, and Eqs. 7 and 8, then PCH4 

and Ph2o may be calculated with the result that

^ch4=A3(Ph2)2 (15)

and

尸HQ = K,PH2 (/b2)1 /2 (16)

We know already that

Fco2=Ki/b2 (17)

and

Pce=K2〈M)w (18)

Eqs. 14 through 18 are five equations for 

specifying the gas phase in terms of R at a 

given temperature, total Pgas, and fOi.

Calculations for the partial pressures of the 

gases at various temperatures and total gas pre

ssures have been made using these equations and 

values of Ki determined from the JG0formation 

values. These were obtained from data in the 

JANAF Tables32 and corrected by the AGQ 

transition values for graphite to diamond conversion 

given by Berman33. The values are given in 

Table XII over a temperature range of 500 to 

2000° K and pressures of 1 bar to 100 kilobars. 

The value of /o2 was on the order of less than 

10~8 bar, consistant with diamond formation 

conditions proposed by Kennedy and Nordlie19.

The equations were solved simultaneously by 

means of the University of Georgia IBM 360/65 

computer to yield the results similar the those 

that French obtained earlier. The res니ts do not 

agree with the experimental composition re

leased upon crushing the diamonds in the 

experimental study.

HYPOTHETICAL GAS PHASE 一 

ADDITION OF NITROGEN

The model was then modified by consider

ing nitrogen as an inert gas in the system. 

Since there was no experimental evidence for 

ammonia or other nitrogen compounds, it seems 

reasonable that nitrogen does not enter into 

reactions in the gas phase in diamond. From 

Eq. 10 it may be seen that an inert gas lowers 

the gas pressure of the reacting species by the 

pressure of the inert gas. Since carbon dioxide 

and carbon monoxide are independent of the 

total gas pressure, there is no eflect on them. 

Journal of the Korean Chemical Society
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For the other gases, which do depend on Pga„ 

the total pressure is increased by P^2 so that 

Eq. 10 becomes

Pgg = Pc()2 + Pco + PcH* + -?H2 + ^HaO + Pqi + 

and therefore,

】％田+】％2。+尸H?=

Pg 细—(Pcs+Pco+Ps+PnQ. (19)

The result for the value Pu2is

如=一
瓦鶴2）板효+1 
—以瓦

4-

(孩仇2)'/2+1+侦3琮8- (Fcs+Fco + R")'” 

2K3

(20)

Eqs. 15 and 16 are modified by the use of Eq. 

20 rather than Eq. 14 for PH2- The only dif

ference in the equation appears in the third 

term of Eq. 20.

Therefore, the addition of ni上i呻n as an 

inert gas gives no effect on the value of Pcoz 

or Pco- The values of」％由，3侦0，and Ph3 

are reduced from their value for a comparable 

pressure without nitrogen.

Calculations were made using the same c on- 

stants as before and 20% nitrogen in the gas 

phase. Results were basicly the same as for the 

ideal gas model.

HYPOTHETICAL GAS PHASE 一 

INCLUDING WATER GAS REACTION

To further modify the model, the water gas 

reaction

CO + H2O CO2 + H2 (21)

must be considered. This commercially impor

tant reaction has been studied by many workers 

because of its use in industry. The equilibrium 

constant with respect to temperature can be 

calculated from the relationship：

lnKp= -3.97+ (4990/T)-0.2591nT 

+1. 56x10"3T-2. 53 X 10~7T2. 

The value of Kp is unity at 1150°K； other 

values of Kp were calculated. However, the 

work of Giardini and Salotti34 has experimentally 

shown that at high pressure, the reaction 

becomes

4H2 + CO2 匸二=CH4 + 2H2O. (22)

Therefore, these two reactions yield all the 

C-H-0 gases found experimentally within the 

diamond. From the principle of Le Chatlier, 

the water gas reaction should be relatively 

pressure insensitive； however, the Giardini- 

Salotti reaction would be sensitive to pressure 

since, as written, it leads to a volume decrease. 

Therefore, the Giardini-Salotti reaction would 

be favored by an increase in pressure.

Considering only the water gas reaction, cal

culations were determined to show the effect of 

this reaction on the composition of the gas 

phase from a reduction in temperature from 

1150 to 473° K, the experimental temperature, 

for total gas pressures of 10, 50, and 100 

kilobars. Considering the water gas reaction 

alone, there is little change at any 흥iven 

temperature on the composition of the gas phase 

due to this reaction.

Looking now at the Giardini-Salotti reaction, 

their experimental study was conducted under 

non-equilibrium conditions. Thus, the value of 

the equilibrium constant is not known. An 

approximation of this value may be calculated 

from the data in the JANAF Tables. The cal

culated value for the equilibrium constant for 

the Giardini-Salotti reaction as a function of 

temperature is found to be 1.43 X IO-2 at 473° K 

and 2.30X10~19 at 1500 °K. However, since this 

reaction is apparently pressure sensitive, the Kp 

values are not very useful. The effect of in

creased pressure would be to increase the value 

of the equilibrium constant. The Giardini- 

Salotti reaction, with the water gas reaction. 

Vol. 22, No. 3, 고978
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does allow for the presence of all the gases in 

the experimental observation. If the pressure 

effect on the equilibrium constant could be 

established, it is possible that reactions 21 and 

22 could be used to generate all the gases of 

interest. This would appear to be an interest

ing topic for high-pressure experiments.

From a qualitative standpoint, it would ap

pear that the equilibrium constant for the 

Giardini-Salotti reaction would have to be 

somewhat smaller than the equilibrium constant 

for the water gas reaction since experimental

ly it has been observed that carbon dioxide 

and hydrogen predominate over methane or 

carbon monoxide. An attempt was made to 

determine what value of the Giardini-Salotti 

equilibrium constant would yield the experi

mental composition, For a value of this constant 

about an order of magnitude smaller than the 

water gas equilibrium constant, an approach 

to the experimental composition was made but 

could not account for the abundance o f water 

seen in the experimental study. If the 

quilibrium constant for this reaction were to be 

determined as a function of temperature and 

pressure, it is possible that these two reactions 

could account for the gas phase composition.

However, lacking the necessary data, addi

tional modifications were made to the ideal gas 

model to attempt to account for the gas phase 

composition.

HYPOTHETICAL GAS PHASE-BUFFERED 
TO MAGNETITE-WUSTITE EXISTENCE

Many igneous reactions, especially granitic, 

are known to occur at values of f02 within the 

stability region of magnetite and wustite. 

Furthermore, magnetite has been observed as 

an inclusion in diamond. For ultrabasic rocks, 

wustite in equilibrium with magnetite appears 

to often be the case.

Iron-iron oxide bu任ers may be used to con

trol the fo2 of a system by the presence of the 

proper oxidation states of the bu任er. Magnetite 

and wu아ite can exist along with a gas phase 

only if suitable buffering reactions occur. For 

this system, these reactions are：

6Fe2O3 = 4Fe3O4 + O2 (23)

2Fe3O46FeO + O2 (24)

and

2FeO = 2Fe + O2. * (25)

Values of f02 for the buffer reactions can be 

obtained from the relationship

log&=-(A/T)+B+C 으구〉- (26)

where At B, and C are constants for a single 

buffer phase by others35,36. P is the total pres

sure on the bu任er； and T is the absolute tem

perature. The stability regions for hematite 

(屈2。3), magnetite (F^OQ, wustite (FeO), 

and native iron (Fe) indicate wustite and mag

netite most likely.

Most iron-containing minerals are solid solu

tions and their compositions controlled at least 

in part by the oxygen fugacity. With increas

ing oxygen, the ferrous end-member of the solid 

solution tends to decompose to ferric silicate, 

hematite, and/or magnetite. To control this 

oxidation reaction, the increasing free energy 

of the extraction of the ferrous end-member 

from the solution tends to counteract the 

oxidation. This relation has been studied by 

several workers over a period of time.

Magnetite is the stable iron oxide at temper

atures between 500 and 1200°K at most pre

ssures and values of f02 found in nature. The 

present model of the buffering system considers 

only pure solutions of ferric-ferrous ions for 

simplicity even though most natural iron oxide 

minerals also contain some TiO?. In fact, most 

Journal of the Korean Chemical Society
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kimberlites contain ilmenite (FeTiO3). A fur

ther complication for kimberlites is the fact that 

most of the iron oxide minerals contain some 

chromium and magnesium. The buffering region 

considered in the cal이ilations is in the range of 

10 to 50 kilobars at temperatures in the range 

of 500 to 1150 °K. For conditions reqiring 

higher temperatures and pressures, the gas pre

ssure of carbon dioxide and carbon monoxide 

exceed the total gas pressure specified. This is 

true because the amounts of carbon dioxide and 

carbon monoxide are independent of the 

total pressure in this simple model. Results 

calculated for the magnetite-iron and wustite- 

iron buffer for 10 and 50 kilobars gas pressure 

fail to even approach the experimentally- 

determined gas phase.

The buffering reaction tends to increase the 

relative amount of water and decerase the re

lative amount of hydrogen. However, methane 

is the most abundant gas at temperatures below 

1000° K. Above this temperature, carbon dioxi

de and water appear to be the most abundant 

gases. Water and carbon dioxide were also 

abundant in the gases released from the 

diamonds experimentally. Thus, diamond growth 

might appear to occur in a buffered system. 

However, if this were the case, carbon 

monoxide would be almost as abundant as 

carbon dioxide. This was not seen experi

mentally. In fact, the percentage of carbon 

dioxide exceeds that for carbon monoxide by 

about an order of magnitude. Therefore, it is 

concluded that either diamond growth did not 

take place in an environment buffered for iron 

oxide minerals or the theoretical model is in 

error.

REAL GASES—EFFECT OF FUGACITIES

At temperatures and pressures thought to be 

necessary for diamond growth, a model based 

on the assumption of id연al gas behavior would 

likely lead to incorrect results. Consequently, 

the model was extended by introducing values 

for fi and This is a di伍cult problem because 

there are no experimental data available on 

fugacity coefficients as associated. Values of Xi 

for the individual species have been compiled 

as functions of temperature and pressure to 

moderate limits for carbon dioxide37, carbon 

monoxide38, water39, hydrogen40, and methane41. 

To make the cal culations, it is necessary 

to assume that the value or 兀 in a mixture 

is the same as that for pure substance. This 

assumption most likely introduces errors into 

the calculation. Values for the activity coefi&- 

cients used are based on Newton's reduced 

temperature isotherms. It was observed that an 

increasing temperature tends to decrease the 

variation from reality while an increasing 

presssure tends to increase the non-ideality.

Results from the calculation using linearly 

extrapolated fugacity values for high-temper

ature and high-pressure conditions were com

pared with those obtained from the ideal gas 

calculations. Water is more abundant than 

carbon monoxide in the case of the fugacity cal- 

culations. In both cases, however, methane 

is the most abundant gas. The amount of 

hydrogen i옹 greater in the ideal model. The 

introduction of the activity coefficients appears 

to be equivalent to increasing the pressure 

about an order of magnitude for the ideal-gas 

model. For example, results for the ideal-gas 

model at , 1000 °K and 10 kilobars are quite 

similar to those for 1000 °K and 1 kilobar for 

the fugacity model, indicating errors.

PROPOSED MODEL FOR GAS PHASE 
OVER DIAMOND

Since the previous models and modifications 

fail to predict the observed ga$ phase over

Vol. 22, No. 3, 1978
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Table 2. Mole percentages of elements in the gas phase.

Experimental excluding carbon*1 Experimental in시uding carbon*1 b Theoretical。

Hydrogen 87.36% Hydrogen 84. 35% Hydrogen 84. 23 %

Oxygen 7.86 Oxygen 7.59 Oxygen 7.74

Nitrogen 4.75 Nitrogen 4.59 Nitrogen 4.59

Argon 0.03 Argon 0.03 Argon 0.03

Carbon 3.44 Carbon 3.41

^Determined from average composition given in Table 1; ^Considering。시y the carbon in the gas phase at 473 

°K; ^Calculated from proposed gas phase model over diamond.

diamond, a different model had to be develop

ed. Experimentally, it is known that carbon is 

in great excess in the diamond, followed by 

hydrogen about twice as abundant as oxygen. 

This may b으 seen in Table 2 from the mole 

percentages of the elements in the gas phase 

considered within a diamond. Since it is 

known that carbon, hydrogen, and oxygen 

are contained in the gas phase, there are

several reactions which are of interest.

These include:

C+O2 =MO2 (27)

H2 +夺。2 
厶 mH?。 (28)

C + §。2 匚=CO (29)

and

C+2H*=二흐 CH4. (30)

The species involved could react by two addi-

tional reactions：

H2+CO2i=iH2O+CO (31)

and

4H2+CO2CH4 4- 2H2O. (32)

Reaction 31 is the water gas reaction discussed 

previously, and reaction 32 is the Giardini- 

Salotti reaction34 with has been experimentally 

shown to take place at high pressure (up to 

10,000 psi). The methane produced by reactions 

30 and 32 can combine with the carbon 

monoxide from reactions 29 and 31 under high 

pressure and temperature to produce water, 

hydrogen, and diamond as sh own by：

CH4 + CO^=^H2O + H2 + CdiamonJ. (33)

The composition of the gas phase theoretical

ly produced by these reactions in equilibrium 

will now be considered.

Results for the system at 1500 °K and 20,500 

bars subsequently reduced to 473 °K (to com

pare with the experimental results) are shown 

in Table'3. The amount of nitrogen and argon 

shown were added semi-empirically from the 

experimental results. This theoretical gas phase 

is in 흥ood agreement with the experimentally 

observed gas phase. A noteworthy exception 

is the abundance of carbon monoxide.

Melton and Giardini42 have found that the 

relative abundances of the gases observed from 

crushing diamonds in their work with the ex

ception of carbon monoxide are quite constant 

from specimen to specimen. Here, the theore

tical calculation predicts only a trace of carbon 

monoxide. The abundance of the carbon mon

oxide seen experimentally ranged from 8.26 to 

0. 3 % of the gas phase. In fact, Melton and 

Giardini have observed that some four out of 

ten diamonds contain no CO. This wide varia

tion, together with the theoretical calculation, 

indicates that the carbon monoxide is of 

interest in the gas-phase over diamond. It is 

postulated that in the cases when carbon
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Table 3. Comparison of theoretical and experimental results.

Calculated gas phase" Calculated gas phase® Experimental data。

HQ 38.56% H2O 30.52% H2O 24.88%

CO2 26.80 CO2 21.21 CO2 20.49

h2 24.73 h2 19.57 22.17

CH4 9.91 CH4 7.84 ch4 8.42

CO 0.00 CO 0.00 3.18

n2 20.55 20. 55

Ar 0.31 0.31

-Gas phase formed at 1500 °K and 20, 500bars reduced to 473°K； 'Gas phase determined as above plus inert 흉as 

composition included; cAverage results from crushing Arkansas diamonds from Table 1-

a> ^Equilibrium constants from JANAF Tables^ for reaction 33 calculated to be 6.71X10" at 1500 K, 4. 71X 

1016 at 473°K.

monoxide is observed, the diamond underwent 

oxidation while outside of equilibrium con

ditions, that is, not within its stability region. 

In the cases when there is no carbon monoxide 

observed, the gas phase is as formed without 

the subsequent oxidation. For several reasons, 

reaction 33 is postulated as being the diamond 

-formation reaction. The observation of carbon 

monoxide as an important and variable 

constituant plus Eversole's experimental work19 

showing that diamond growth may take place 

under carbon monoxide atmosphere together 

with Deriaguin^ diamond growth under a 

methane atmosphere* tends to support reaction 

33 as a possible diamond-formation reaction. In 

addition, oxygen levels under most geologic 

conditions for diamond formation would favor 

the formation of carbon monoxide rather than 

carbon dioxide,

A reaction similar to 33 for carbon dioxide 

was considered and rejected:

CH4+CO2 u 2H2O+2C. (34)

This reaction was rejected on the basis that the 

equilibrium constant calculated from the JANAF 

Tables was so large (2.61X1030 at 473 °K and 

2.42 X1020 at 1500 °K) that it failed to predict 

the experimentally observed gas phase.
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The source of the carbon, hydrogen, and 

oxygen is not postulated. However, it is well- 

known that kimberlites contain large amounts 

of carbonates. Water is also possible as a com

ponent of the magma. Therefore, although 

there may be many different, equally suitable, 

initial reactants, it is possible that water and 

carbon dioxide originally dissociate by reactions 

27 and 28 as the first step in the formation of 

diamond. Other processes, such as the water 

gas reaction and the Giardini'-Salotti reaction 

actin흥 together, could produce the gas phase 

observed experimentally. At this time, with 

the lack of suitable data, this must be left for 

further work. It does appear, however, that a 

temperature of 1500 °K at a pressure of 20,500 

bars seems to be the conditions under which 

the Arkansas diamonds were formed.

CONCLUSIONS

Within the limitations of the theoretical 

study, the conditions for natural diamond for

mation seem to be： (i) a gaseous environment 

of water vapor, hydrogen, nitrogen, carbon 

dioxide, methane, and some carbon monoxide 

and argon, (ii) possibly buffered by a wustite- 

ma응netite bu任er, (iii) possibly as a result 

of a gas phase-solid phase reaction involving 
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methane, carbon monoxide, water, and 

diamond, and (iv) possibly at conditions near 

1500 °K and 20.5 kilobars pressure (which 

does lie within the diamond stability region of 

the carbon phase diagram).

ACKNOWLEDGMENTS

The author would like to express thanks to 

Drs. Charles E. Melton and A. A. Giardini of 

the University of Georgia for their suggestion 

of this study. Appreciation is also due to Dr. 

Yeon Huh of YKK Industries, Macon, Georgia 

U. S. A. and to Mrs. Son-Hui Shin Langford, 

his wife, for translation assistance with the 

abstract.

The research was supported by the National 

Science Foundation under grant GA 33557 with 

the University of Georgia, Athens, Georgia 

U. S.A.

The author also would like to express appre

ciation to Georgia Southern College, Statesboro, 

Georgia U. S. A. for assistance with the publi

cation expenses.

REFERENCES

1. Sir Issac Newton, Phil. Trans. Roy. Soc., 87, 

123 (1797).

2. A. Lavoisier, Mem. VAcad. Royals ScL, Book 

II, Vol. II, Part 4, 350 (1772).

3. S. Tennant, Phil. Trans. Roy. Soc.t 87, 123 

(1797).

4- C. V. Raman and P. Nilakantan, Proc. Indian 

Acad. Sci., AU, 389 (1940).

5. R. Robertson, J. J. Fox and A. E. Martin, 

Phil. Trans. Roy. Soc., A232, 463 (1934).

6. F. G. Chesley, Amer. Min., 27, 20 (1942).

7. F. A. Raal, Amer. Min,, 42, 354 (1957)-

8. H. O. A. Meyer and F. R. Boyd, Carnegie Inst.

Wash. Geophys. Lab. Report to Dir.t 1967-68, 

P. 130 (1969).

9. W. E. Sharp, Nature, 211, 402 (1966).

10. T. Evans and C. Phaal, Proc. Roy. Soc., A270, 

538 (1962).

11. W. Kaiser and W. L. Bond, Phys. Rev., 115, 

857 (1959).

12. M. Bauer and L. J. Spencer, “Precious Stones", 

P. 119, C. Griffin and Co., London, 1904.

13. C. E. Melton, C. A. Salotti and A. A. Giardini, 

Amer. Min., 57, 1518 (1972).

14. C. E. Melton and A. A. Giardini, Amer. Min., 

60, 413 (1975).

15. C. E. Melton and A. A. Giardini, Amer. Min.,

59, 775 (1974).

16. C. E. Melton and A.' A. Giardini, Nature, 263, 

309 (1976).

17. C. E. Melton and A. A. Giardini, Amer. Min.,

60, 931 (1975).

18- R- E. Langford and C. E. Melton, This Journal^ 

17, 353 (1973).

19. G. C. Kennedy and B. E. Nordlie, Econ. Geol.} 

63, 495 (1968).

20. H. O. A. Meyer and F. R. Boyd, Geochim, Acta, 

36, 1255 (1972).

21. T. R. McGretchin, N. Y. Times, March 20, 

1973, P. 22.

22. P. C. Marx, Min. Mag., 38, 636 (1972).

23. B. C. Hearn, Jr., Science, 159, 622 (1968).

24. K. Lonsdale and H. J. Milledge, “Physical 

Properties of Diamond'*, P. 42, R. Berman, 

Editor, Claredon Press, Oxford, 1965.

25. B. V. Deriaguin, New Set., 44, 228 (1969).

26. W. G. Eversole, U. S. Patents, 3,030,187 and 

3, 030,188 (1962).

27. R. E. Langford and C. E. Melton, Nature, 249, 

647 (1974).

R. H. Mitchell and J. H. Crocket, Mineral. 

Deposita (Berlin), 6, 392 (1971).

29. A. A. Giardini and J. E. Tydings, Amer. Min., 

47, 1393 (1962).

30. B. M. French, Rev. Geophys., 4, 223 (1966).

31- B. M. French and H. P. Eugster, J. Geophys. 

Res、, 70, 1529 (1965).

32 "Joint Army-Navy-Air Fore Thermo아lemical 

Tables”，compiled by Dow Chem. Co. Thermal 

Lab., Midland, Mich, U. S. A., I960 and later.

Journal of the Korean Chemical Society



The Origin of Diamonds (II). Theoretical Study 149

33. R Berman, "Physical Properties of Diamond**, 

P. 380, R. Berman, Editor, Claredon Press, 

Oxford, 1965.

34. A. A. Giardini and C. A. Salotti, Amer. Min., 

54, 1151 (1969).

35. F. J. Norton, G. E. Res. Lab. Rept. no. 55-RL- 

1248, P. 16 (1953).

36. L. S. Darken and R. W. Gurry, J. Amer. Chem. 

Soj 67, 1398 (1945).

37. G. C. Kennedy, Amer. J. Sci., 252, 225 

(1954).

38. R. H. Newton, Ind. Engr. Chem., 27, 302 

(1935).

39. G. M. Anderson, Goechim. Cosmochim. Acta, 28, 

713 (1964).

40. H. R. Shaw and D. R. Wones, Amer. J. Sci.j 

262, 918 (1964).

41. D. R. Douslin, R. H. Harrison, R. T. Moore and 

J. P. McCullogh, J. Chem. Eng. Datat 9, 358 

(1964).

42. C. E. Melton and A. A. Giardini, Amer. Min,, 

60. 413 (1975).

43. W. G. Eversole, U. S. Patentsi 3,030,187 and 

3,030,188 (1962).

44. B. V. Deriaguin, New Set., 44, 228 (1969).

Vol. 22, No. 3, 1978


