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EXPERIMENTAL STUDY OF EQUILIBRIA INVOLVING Fe-Mg SOLID 
SOLUTIONS. GEOLOGICAL THERMO-BARO-OXOMETRY 

(Figs. 9, Tabs. 3) 

A b s t r a c t : In v iew of t h e invest igat ions on t h e P r e c a m b r i a n i ron 
format ions a sys temat ic s t u d y on vast n u m b e r s of assemblages involving 
Fe-Mg m i n e r a l s of v a r i a b l e composi t ion has been carr ied out. T h e r e ­
act ion m e c h a n i s m t h a t follows t h e p r i n c i p l e of b r e a k i n g d o w n t h e s t a r t ­
ing a n d crystal l iz ing newly- formed phases a n d its c h a r a c t e r i s t i c features 
w e r e revealed. O u r e x p e r i m e n t a l resul ts a r e sufficient g r o u n d s for de­
t e r m i n i n g t h e r m o d y n a m i c funct ions ( including excess) of olivine, o r t h o -
p y r o x e n e a n d c u m m i n g t o n i t e as wel l as e q u i l i b r i u m constants for a g reat 
deal of m i n a l react ions . P e t r o g e n e t i c d i a g r a m s s h o w i n g t h e s tabi l i ty 
fields for var ious types of P r e c a m b r i a n iron f o r m a t i o n s use t h e above 
functions. A n u m b e r of geobarometer s , g e o t h e r m o m e t e r s and geooxo-
m e t e r s has been proposed to p e r f o r m direct m e a s u r e m e n t s of physical-
-chemical p a r a m e t e r s of a n a t u r a l m i n e r a l format ion. Phys ica l-chemica l 
condit ions of m e t a m o r p h i s m (T, Ptotai, P u „ , f~ ) for several P r e -
c a m b r i a n i ron format ions w e r e d e t e r m i n e d a n d i n e r t (locally control led) 
oxygen b e h a v i o u r as well as re la t ionships b e t w e e n t h e r e d o x condit ions 
of m e t a m o r p h i s m and p r i m a r y s e d i m e n t a t i o n processes revealed. T h e 
establ i shed differences in oxygen reg imes for dif ferent regions define 
the i r differences in ore prospect ing. 

Pe3K3Me: B CBH3H c H3yneHneM BbicoKO>KeJie3ncTbrx o6pa30BaHwií noKeMĎpuK 
npOBeneHO CHCTeMaTHHecKoe 3KcnepnrvieHTaJibHOe HCCJieaoBaHHe 6oJibiuoro HHOna 
paBHOBecHB c Fe-Mg MHHepanaMH nepejueHHoro cocTaBa. BbiflBJieHbi OCOÔCHHOCTH 
MexaHH3Ma peaKimň, noOTWHHiomerocH npiiHunny pa3no»:eHne HCXOHHUX — KPHC-
TajiJin3aiMH HOBOo6pa30BanHbix (t>a3 (paBHOBecHbix n MeTacTaômibHbix no cocraBy). 
nojiyneHHbie 3KcnepnMeHTajtbHue aaHHbie HBHjiHCb aocTaTOMHoil OCHOBOH XUISI 
onpeaeJieHHH TepMoniiHaMUHecKHX (t>ynKunH (BKJiiOHaH H36biTOHHbie) onuBHHa, opTO-
rmpoKcena H KyMMHHrTOHHTa, a TaioKe KOHCTaHT paBHOBecwH 6onbiiioro MHcna MH-
HajibHbix peaKUHň. C ncnojib30BaHiieM 3THX (jiyHKUHfi Bbinojinenbi neTporeHeTH-
necKHe nocrpoeHHH, xapaKTepn3yiomne noun ycTofÍMKBOCTH pa3jraiHbix TKnOB nopoa 
»ejie3HCTbix (JjopiviauHH .aoKeMÔpHfl. npe/iJi05KeH pan reo6apoMeTpoB, reOTepivio-
MeTpoB n reooKCOMCTpoB nna HenocpeacTBeHHOro KOUHnecTBem-ioro onpenejieHHJi 
(J3H3HKO-xnMHHecKHX napaMeTpoB npnpoziHOro MHHepanoo6pa30BaHnsi. Onpeae-
JieHbi ycxioBHH MeTaMop(t>n3Ma (T, P06m, P H . O , fo.) pswa >Kejie3ncTbix ((lopMauHii 
noKeMÔpHn, nnn KOTopbix BbiHBJieno HHepxHoe (jiOKajibHO 3aBHCHMoe) noBeaenne 
KHCJiopoaa H KoppeJisiuHsi oKncjinTejibHO-BOccTanoBHTeJibHbix ycnoBHíi NieTaMop-
(j)H3Ma H nepBH4Horo 0caaKOo6pa3OBaHHH. VcTanoBjieHbi pa3jiHHHH B pe>KHMe 
KHCJiopoaa fljiH pa3Hbix pernonoB, HTO onpenenaeT H HX pa3jiniHyio nepcneKTHBHOCTb 
B pyflorene3e. 

M i n e r a l s of v a r i a b l e c o m p o s i t i o n a r e o n e of t h e m a i n s o u r c e s of q u a n t i t a t i v e 
i n f o r m a t i o n p e r t a i n i n g t o p h y s i c a l - c h e m i c a l c o n d i t i o n s of n a t u r a l p r o c e s s e s . 
T h e r e f o r e , e x p e r i m e n t a l s t u d i e s w i t h t h e s e m i n e r a l s a r e of f o r e m o s t p e t r o l o g i c a l 
i m p o r t a n c e . U n f o r t u n a t e l y , t h i s f ie ld of e x p e r i m e n t a l m i n e r a l o g y is s t i l l p o o r l y 
d e v e l o p e d d u e t o a n u m b e r of o b j e c t i v e r e a s o n s . T h e y i n v o l v e p r e f e r e n t i a l 
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considerable difficulties in exper imental studies wi th solid solution systems, 
inadequate development of techniques for such studies as well as lack of ne­
cessary evidence on kinetics and mechanism of reactions wi th silicates. All 
these present severe problems in proper in terpre ta t ion of exper imenta l results. 

Within the framework of investigations on the Precambr ian high-iron rocks 
a systematic exper imenta l s tudy on a large number of assemblages involving 
Fe-Mg minerals of variable composition was carried out. 

The investigated assemblages contained or thopyroxene, olivine, cumming-
tonite, cl inopyroxene, magnet i te , quar tz as well as biotite, garnet and anorthi te . 
In a wide range of t empera tu res and at different Pt0tai a n d f Q. there were 

obtained data on coexisting mineral compositions in the assemblages Cum* + 
+ Mt + Q, Opx + Mt + Q, Cum + Ol + Q, Cum + Opx + Q, Opx + Ol + Q, 
Gr + Cpx + Ol + Q, Gr + Cpx + An + Q (F o n a r e v et al., 1976a, 1976b, 
1977, 1979a, 1979b; F o n a r e v — K o r o 1 k o v, 1980; G r a p h c h i k o v—F o-
n a r e v, in press) as well as in b imineral assemblages Opx—Ol, Opx—Cpx 
(K o r o 1 k o v—F o n a r e v, 1980, F o n a r e v—G r a p h c h i k o v , 1982). The 
exper iments used hydro thermal appara tus wi th external heat ing wi thin the 
t empera tu re and pressure ranges 580—850 °C and 980—9000 bar, respectively. 
The major method involved is a mineral assemblage method wi th synthetic 
minerals, except for na tura l cummingtoni te . To determine mineral compositions 
the run products were examined both wi th the electron microprobe and by 
X-ray diffraction. Extensive use of the la t ter resulted from extremely small 
grain sizes in polymineral mixes. Consequently, it required careful investigation 
of the mineral X-ray features involving construction of the corresponding ca­
l ibration dependences. Therefore, the m a x i m u m error when determining the 
iron content of minerals was on the average wi thin + 1 — 2 mol %. At each 
T and P the equi l ibr ium relat ions were generally determined from several 
exper imenta l results, different in the bulk composition of mixes, iron content 
of the s tar t ing minerals and, in places, in fluid compositions. Some samples 
were run, ground and then r e run for two- three times. To establish equil ibr ium 
relations a number of kinetic exper iments were done. In all the exper iments 
there were estimated changes in the Fe-content (compositional t rend) of mi­
nerals ra ther than relat ive changes in the phase quant i ty as compared to 
a s tar t ing mix. An agreement between the phase compositions (within the 
accuracy of determinations) in all the runs, the direction of t rends of the 
Fe-content of minerals , t ime independent exper imenta l results as well as re­
gular T-P-X-variat ions of result ing compositions are indicative of equil ibrium 
relations. 

Fig. 1 summarizes some of the data obtained. They indicate that the iron 
content of minerals from, all the investigated assemblages increases with in­
creasing pressure and decreases wi th increasing t empera tu re (except for the 
assemblage Opx + Mt + Q, NNO buffer). For the bimineral assemblage Optx + 
+ Ol (Fig. 2), the redis t r ibut ion of components between 700 and 850 °C is de-

* Here and elsewhere in the text: Cum — cummingtonite, Opx — orthopyroxene, 
Ol — olivine, Cpx — clinopyroxene, Mt — magnetite, Q — quartz, Gr — garnet, An — 
anorthite, Hem — haematite. 
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termined to be nearly temperature independent,, whereas in the assemblage 
Opx + Cpx at T = 750 and 800 °C (Fig. 2) the redistribution of components 
shows the inverse relation. Therefore, these assemblages are particularly useful 
for geological thermometry. 

Throughout the experimental study an extremely complex character of re­
actions involving Fe-Mg solid solutions was established. Numerous data indicate 
that the run products contain largely minerals of varying compositions, i. e. 
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Fig. 1. Experimental T—X diagrams for the cummingtonite cross-section. 

remains of the starting and newly-formed minerals (equilibrium and non-
equilibrium). It should be noted that the equilibrium phases commonly undergo 
crystallization within the first 24—96 hours of the run. The iron content of all 
the minerals is virtually time independent, whereas the quantity of the mi­
nerals redistributes with time. Hence, the number of equilibrium minerals 
increases while that of starting and intermediate ones decreases to its complete 
disappearance, with the run duration being considerably extended (400—5ô 
hr). In places, (e. g. when using relatively magnesian compositions as starting), 
the Fe-content of nonequilibrium crystallized products is significantly greater 
than that of equilibrium compositions. Extending duration of the run or re­
running the experiment for several times makes it possible to indicate the trend 
of further changes in the phase compositions (which approach the equilibrium 
compositions). 

Our experiments have shown that the ion exchange processes do not play 
a significant part in the reactions involving Fe-Mg minerals of variable com-
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position. However, the above processes proceed by the mechanism of breaking 
down the s tar t ing and forming new products. The compositions of the latter, 
therewith, are commonly consistent wi th those of equil ibr ium products, but 
in places, are at considerable variance. The main reason for appearance of 
nonequi l ibr ium in composition phases (including those which "overstep" the 
equi l ibr ium ones) consists in differences between the ra tes of dissolution of the 
s tar t ing minerals , i. e. differences in rates of a relat ive saturat ion of solution 
with various components at different stages. 

Fig. 2. Compositions of olivine and clinopyroxene coexisting with orthopyroxene. 
Explanations: a) Ol-Opx at P = 4900 bar; b) Cpx-Opx at P = 2940 bar. 

Therefore, the mechanism of reactions, their ra tes and exper imental results 
are dependent on the bulk composition of the s tar t ing mix, its iron content. 
set of the minerals par t ic ipat ing in a reaction, P-T parameters etc. In this case 
a granulometr ic composition of the s tar t ing minerals , which are in a way he-
terogenetic, is considered to be of great importance. 

It is noteworthy that the complicated and diverse forms of the mechanism 
of the reactions involving Fe-Mg minerals of var iable composition should be 
certainly taken into account when analyzing results of each experiment , 
distinguishing in termedia te (metastable) and equil ibrium compositions or care­
fully proving them to be in equil ibrium. Neglect of these may introduce large 
errors. Fig. 3 i l lustrates our exper imenta l data on the assemblage Opx + Mt + 
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+ Q ( F o n a r e v et al., 1976b) as well L i n d s l e y ' s (1980) approach. A solid 
curve denotes our approach. It is conceivable from the figure that L i n d ­
s l e y ' s (1980) version is mainly consistent wi th the exper imental results re ­
garding one of the in termedia te or nonequi l ibr ium stage of the general process. 
At this stage metastable sa turat ion of solution wi th iron and silica results in 
crystallization of phases more Fe-rich in composition than equi l ibr ium phases. 
However, re running the exper iment leads to considerable decrease in their 
iron content. Both this fact and the data on special series of kinetic exper iments 
as unequivocal evidence of equil ibr ium compositions between 700 and 850 °C 
were not taken into consideration by L i n d s 1 e y (1980). 
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Fig. 3. Experimental data to determine stability fields for the assemblage Opx + Mt 
+ Q (P = 980 bar, NNO buffer). 

Explanations: Orthopyroxene compositions: 1 — starting; 2 — after the first cycle of 
runs; 3 — after the second cycle; 4 — in kinetic experiments. Interpretation of results; 
5 — after the author ( F o n a r e v et al., 1976b); 6 — after L i n d s l e y (1980). 

In spite of the labour-consuming and complex methods to s tudy equilibria 
involving minerals of variable composition, the results justify the efforts. Our 
experimental data and their thermodynamic t rea tment ( F o n a r e v , 1981a; 

Opx+Mt+Q 
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1981b) make it possible to quantify accurately the stabili ty fields for all major 
mineral assemblages (poor in calcium and alumina) of the Precambr ian iron 
formations in a wide range of T—P t o t a i—PTT Q—f Q. • T w o of such petrogenetic 

diagrams (Fig. 4) show the stabili ty fields for pyroxene and cummingtonit ic 
magneti t ic quartzi tes , eulysites, magnet i te-quar tz-f ree assemblages etc. The 
stabili ty field for cummingtonite-free rocks is found to extend wi th decreasing 
part ial pressure of water . 

Ig fo2 pa ^ lg fo2bar 

Fig. 4. Petrogenetic diagrams for the Precambrian iron formations at Ptotai = 7000 
bar and (a) n H = P H 0/Ptotal = 1 and (b) 0.2. 
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The data obtained allowed us to deduce also a number of mineralogical de­
vices for direct measurements of physical-chemical parameters of na tu ra l 
processes. 

Ig fo2pa lgfo2bar 

550 600 650 700 750 800 850T°C 

Explanations: 1 - curves denoting univariant transitions; 2—11 — isolines for mineral 
compositions; 2—4 - Ol in the assemblages Ol + Opx + Q (2), Cum + Ol + Mt (3) 
Ol + Opx + Mt (4); 5-7 - Opx in the assemblages Opx + Mt + Q (5), Ol + Opx + Q 
(6), Cum + Opx + Mt (7); 8—11 — Cum in the assemblages Cum + Mt + Q (8), Cum + 
+ Ol + Opx (9), Cum + Ol + Q (10), Cum + Opx + Q (11); 12 - points corresponding 
to a triangular diagram composition — paragenesis. 
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The corrected orthopyroxene-olivine-quartz geobarometer (F o n a r e v—K o-
r o l k o v , 1978; F o n a r e v et al., 1979b) is as follows: 

P = — 31.83 + 62.09X I e — 5 4 . 8 4 ( X F e ) - + 2 8 . 7 ( X F< )3 + 6.63 . T 10:i (1) 
Opx Opx Opx 

where P is in kbar, T — in °K 

xFe** Fetotai (Fetotai _|_ M g + C a + M n + A 1 I V ) ( 2 ) 
Opx 

The mean error to determine (o) is wi thin 0.3—0.35 kbar (assuming an error 
in the minera l composition determinat ions is ±0.01 mole fraction and taking 
into account errors in exper imenta l data approximation) . 

Cummingtonite-orthopyroxene and cumm)]ngtonite-olivine geothermometers 
are shown in Figs. 5 and 6, respectively. Taking into account pressure, the 
tempera tu re may be obtained from the following expression: 

Tp = T0 + 4 T . | ( 5 - P ) | (3) 

where To is the tempera tu re obtained directly from the diagrams at given 
compositions of or thopyroxene and cummingtoni te (Fig. 5), olivine and cum-
mingtonite (Fig. 6); AT — the t empera tu re correction for pressure deviation 
by 1 kbar from 5 kbar (P < 5 kbar is on the left, P > 5 kbar — on the right). 
These geothermometers may be successfully used at T í 750—800 °C in com­
positional ranges < 0.4 and > 0.6. Their accuracy is wi thin +20—30 °. 

Our exper imenta l data (we were the first to obtain them) to compare r e ­
latively low tempera tu res of 750 and 800 °C (F o n a r e v—G r a p h c h i k o v , 
1982a) allow us to improve significantly a two-pyroxene geothermometer for 
the t empera tu re region of metamorphic processes (F o n a r e v—G r a p h c h i ­
k o v , 1982b). 

An analytical expression for the geothermometer is as follows: 

T (°K) = 2 r . 1 0 - [ w h e r e (4) 
— 8 + V'(S2 — 4«r 

a = a0X Fe + a i (X **)"- + a2 (X Fe) : i + a3 (X F ' )* 
Cpx Cpx Cpx Cpx 

8 = b0X
 FC + bt (X Fe)2 + b, (X Fe):! + b:! (X 'V' 
Cpx Cpx Cpx Cpx 

Fe Fe Fe Fe , 
v = c0X + c, (X )2 + c2 (X )3 + c3 (X f 

Cpx Cpx Cpx Cpx 

n = 1 + 6.73813 . 10"'' . P f or T 

n = 1 + 5.55205 . 10"' . P f or T 

nX (5) 
Cpx 

(6) 

U) 

600— 900 °C (8) 

900—1200 °C (9) 
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T°C 

i > i i ' i i i i i i i i i i i i i i M i i i i i 

Fig. 5. Cummingtonite-orthopyroxene geothermometer for (a) magnesian and (b) 
iron-rich compositional ranges at P = 5 kbar. 

Explanations: Numbers denote Fe-content of Opx. The ranges of Cum compositions 
are shown at P = 3kbar (the left portion of the range) and at 7 kbar (its right 
portion). Numbers above — temperature corrections to a pressure of 5 kbar on its 
deviation by 1 kbar. For the other explanations see text. 
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Fig. 6. Cummingtonite-olivine geothermometer for (a) magnesian and (b) iron-rich 
compositional regions at P = 5 kbar (see Fig. 5). 
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T a b l e 1 

Coefficients for two-pyroxene, cummingtonite-clinopyroxene and olivine-clinopyro-
xene geothermometers 

Coeffi­
cient 
G e o t h e r m o ­
m e t e r 

a 0 

a-i 

3", 
b„ 
b, 
b , 
b , 
Cn 
C| 
Co 

Cn 

O p x - G p x 

600-900 °C 900—1200 °C 

1.994 1.994 
19.240 17.493 

-63.007 —72.821 
16.737 64.674 

—0.202 -0.202 
-75.909 -68.653 
245.201 237.95 

—141.353 -198.142 
0.389 0.389 

61.386 55.279 
-205.056 -183.043 

147.207 147.823 

C u m - C p x 

600-800 °C 

0.780 
-7.357 
49.074 

-53.494 
-0.520 
26.480 

-126.862 
126.661 

0 
-18.319 

75.816 
-70.995 

Ol-Cpx 

600-850 °C 850-4200 °C 

70.866 2.366 
—696.58 46.281 
1946.22 —186.334 

-1664.429 178.156 
-152.971 -2.452 
1461.15 -144.408 

-3989.798 548.423 
3362.192 -508.836 

84.728 2.156 
-756.067 109.945 
2004.927 -402.269 

-1661.06 362.872 

(P is in kbar). The coefficient values are in Tab. 1. The est imated error at 

T < 1100 DC and X ° > 0.15—0.20 is not greater h t a n 20—30 °C, whereas at 
Cpx 

T > 1100° and more magnesian minerals it may be within +50—100 °C and 
greater (assuming an error in composition determinat ion is 0.01 mole fraction). 

T e m p e r a t u r e measurements for different metamorphic complexes have shown 
that (i) the proposed geothermometer as compared to all the presently available 
two-pyroxene ones yields marked ly lower t e m p e r a t u r e s which objectively 
reflect t r u e geological events (generally wi th m i n i m u m s tandard deviations 
concerning statistically imposing sample series). For example, for iron-rich 
quartzites of Montana (U.S.A.) t h e t e m p e r a t u r e s (°C) were est imated to be as 
follows: 704 + 10 (Eq. 4); 784 ± 2 4 ( W o o d—B a n n o , 1973); 730 ± 4 6 ( H e n-
r y — M e d a r i s, 1976); 828 ± 37 (W e 11 s, 1977); 969 + 49 (P e r c h u k, 1977); 
(ii) the concentrat ion of impurit ies is not greater t h a n 3—5 wt % and, therefore, 
it does not significantly affect t h e accuracy of the geothermometer at 

X C = F e t o ' a l / F e t o t a I + Mg + Ca (10) 
Opx (Cpx) 

Cummingtonite-clinopyroxene geothermometer: 

2v. 103 

T ( ° K ) = - Lřř== ( n ) 
- ( í - V/S2 - 4 « r 
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Fe Fe Fe 

where a, 6, y correspond to Eqs. (5)—(7) (substi tuting X for X and X 
1 ' ' Cum Cpx Cpx 

Fe 

for X ), whereas 
Opx 

n = 1.00985p/1.07105 (12; 

Coefficients a;, bj, Cj are in Tab. 1. S tandard deviation for t empera tu re mea­
surements (on the assumption, tha t the possible error in mineral compositions 

is 0.01) is wi thin + 1 5 — 2 0 ° for the range X ^ = 0.2—0.75. An analytical 
Cum 

equation for olivine-clinopyroxene geothermometer is analogous to Eq. (4), 
Fe Fe 

where in Eqs. (5)—(7) X is subst i tued by X , whereas 
Opx o i 

n = 1.005 — 0.001 . P (13) 

Coefficients a;, bj, Cj are shown in Tab. 1. S tandard deviations for t empera tu re 
Fe 

measurements (assuming an error in X is + 0.01) are + 18—20 and 
OI (Cpx) 

+ 20—45° at T = 600—850 °C and T = 900—1200 °C, respectively, at 0.15 ^ 
Fe 

^ X < 0.6 and may be markedly greater outside the given limits. 
Cpx 

Cummingtonite-haematite-magnetite-quartz geothermometer may be empir i ­
cally expressed as follows: 

T°C = 632 + 3.8 XF e - 796 (XFe )2 (a = + 23) (14) 
Cum Cum 

Orthopyroxene-magnetite-quartz (PMQ) geooxometer (F o n a r e v, 1982) is 
one of the ext remely useful mineralogical devices to determine f Q : 

lg fQ = A + B lg X + C [(1 — X)- + D] . 103/T + (15) 

+ E [(1 — X)2 + F] . (103/T)- + G . P/T 

where f^ is in bar, P — in kbar , X — the iron content of Opx (mole fraction). 
U 2 

coefficients A, B, C, D, E, F, G for equilibria involving a- and ^-quar tz are 
tabulated in Tab. 2. On the assumption, tha t an error in Fe-content of ortho-
pyroxene (experimental and calculated data) is equal to 0.015—0.02, the s tan-

Fe 
dard deviations for the geooxometer are wi thin 0.12—0.16 at X = 0.2—0.5 

Opx 
Fe 

and 0.05—0.07 at X = 0.5—0.9, respectively. The iron content of or thopv-
Opx 

roxene may be calculated by Eq. (2). 
Cummingtonite-magnetite-qnartz (CMQ) geooxometer: 

lg fn = A — 6 lg X — (1 — X Fe )2 [B + C (4X '"' — 1)]/T + 
KJ- Cum Cum Cum 

+ D . P/T + 0.1873 A G H 2 ° / T + 0.8571 lg n H Q (16) 
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Geo-
oxo-
meter 

Coeffi­
cient 

PMQ H 

PMQP 
OMQ« 
OMQP 
PIQf 
PIQP 
OIQ a 

OIQf 
POM 
P I O 

A 

9.1502 
8.5044 
9.74296 
9.4201 
8.9367 
9.1519 
8.7391 
8.8467 

10.3358 
8.5414 

B 

- 6 
- 6 
—6 
—6 

2 
2 
2 
2 

- 6 
2 

T a b l e 2 

Coefficients for geooxometers 

C 

5.7041 
5.7041 
0.99 
0.990 

-1.9014 
-1.9014 
-0.3300 
-0.3300 

1.9800 
-0.660 

D E 

—4.5514 —6.6233 
-4.4556 -6.6233 

-11.5074 -3.1798 
—11.3876 -3.1798 

15.9675 2.2078 
16.0632 2.2078 
91.7244 1.060 
92.0004 1.060 

-13.3852 —6.3597 
45.7255 2.1199 

F 

0.0223 
0.0223 

0 
0 

0.0223 
0.0223 

0 
0 

-0.0233 
-0.0233 

G 

151.2 
168 
107.1 
115.5 

-15 .1 
-20 .7 

-0 .4 
- 3 . 2 
63.1 
32.9 

N 

_ 
. , 
, 

_ 
-2.8808 
-2.8808 

L 

_ 
„ 

, 

. 

-1.0414 
-1.0414 

where : 

A = —73 . 7825 + 226 . 7003 (103/T) — 265 . 1246 (103/T)2 + 92 . 4252 (103/T)3 

— for the assemblage with a -quar tz ; 
A = —74 . 5204 + 227 . 3239 (103/T) — 265 . 1246 (103/T)2 + 92 . 4252 (103 /r)3 

— for the assemblage with jS-quartz; 
B = —176407 + 483197 (103/T) — 424244 (103/T)2 + 117346 (103/T)3 

C = 3736 — 3374 (103/T) 
D = 56 . 3859 and 75 . 5309 - for the assemblages with a- and /2-quartz, 
respectively. .__ 
Here, T is in °K, P — in kbar ; n„n = Pw„,~,/P t o t a l ; A GP

 2 — tabula ted data 

(17) 

(18) 
(19) 
(20) 

'H.O H , 0 ; 

B u r n h a m et al., 1968). 

The mean errors of geooxometer (at X + 0.01) are (for lg f Q ) + 0.085 

and + 0.043 at 0.2 < X 0.5 and 0.5 < X < 1, respectively. The n ^ r un-
Cum H2C 

certainty by 0.1 leads to the errors of + 0.103 and + 0.048 for 0.2 < n 
H , 0 0.6 

and 0 . 6 < n H O < 1, respectively. The ± 0.5 error in P J J c might lead to the 

± 0.12 and 0.08 errors in lg f c for the pressure ranges 0.1—0.5 and 0.5—0.9 

kbar, respectively. 
In addition, there were derived some more geooxometers for mineral assembla­

ges not typical of Precambr ian iron formations. They are as follows: olivine-mag-
netite-quartz (OMQ), olivine-iron-quartz (OIQ), orthopyroxene-iron quartz (PIQ). 
All of them may be presented in terms of analytical expressions similar to (15). 
Coefficients are in Tab. 2. 

Orthopyroxene-olivine-magnetite (POM) and orthopyroxene-iron-olivine (PIO) 
geooxometers are as follows: 
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+ E Kl-X J + L ( 1 _ X ^ , , + F J . ( 1 0 J / T ) 1 + 'a p / T ( 2 i ) 

Coefficients are in Tab. 2. 

assľmWaJľcum'+O^Uľnľc'umVoÍ/^^ l Z *» * ̂  W e h a V e u s e d ^ 
independent of f_ . FÍg 7 ľhows s o Z t tv, , ľ"6 "ľ"6™1 c o mP°sitions are 

n „ s 0 va l ue s to t h e ava^b^a^^^r^ *e
MT:rrd C I T M Í ^ 

respectively, are then determined. Numerical n v«i 
, numerical n H _ values are est mated in 

accordance with mineral compositions. 

re i i 

a 
n i i—i—i—r 

800 -L 1 1 l_ 
1 H,0 

-I t _ 
OM 0.5 06 07 OS 09 

extreme compositions. ^-um-t-upx + Q, 3 _ c u r v e s corresponding to 
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All these relationships formed the basis for determining the physical-chemical 
conditions of metamorphism for several Precambrian iron formations. The stu­
dy was based on the collected evidence for the Priazovje and Sredneye Pobuzhje 
regions (F o n a r e v et al., 1983a; 1983b; 1983c) and also on the published ana­
lyses ( M u e l l e r , 1960; B u t l e r , 1969; K r a n k, 1961; I m m e g a — 
K l e i n , 1976; G o 1 e — K 1 e i n, 1981). The results are shown in Tab. 3. The 
greatest pressures during metamorphism turned out to be achieved within the 
Labrador Trough (kyanite facies), the lowest — in the Yilgarn Block. Tempera­
ture and pressure zoning of metamorphism for the Labrador Trough (Bloom 
Lake — Gagnon) and the Montana (U.S.A.) regions was confirmed quantitatively. 
The iron formations in the studied regions of the Ukrainian shield (the Mariu­
pol ore field and Sredneye Pobuzhje) show rather close T-P conditions of their 
formation. Geothermal gradients within the studied regions increase as follows: 
Gagnon and Bloom Lake (Canada) (are consistent with a normal geothermal 
gradient of 207km); Tabacco Root Mountains (Montana, U.S.A.); the Mariupol 
ore field and Sredneye Pobuzhje (U.S.S.R.), the Yilgarn Bloc (Australia). 

In several regions metamorphism proceeded in two-stages: regional and local 
(hydrothermal) which were characterized by close T-P total conditions but essen­
tially different partial pressures of water. The rirr Q value at the first meta-

morphic stage was not greater than 0.4—0.5, whereas that at the second stage 
was generally above 0.6 reaching 0.9 (the Yilgarn Block). The second stage 
occurs locally, probably in the weak parts of the Earth's crust and leads to an 
extensive cummingtonization of primary pyroxene rocks. For Montana regions, 
both cummingtonite and orthopyroxene (in the assemblage with magnetite and 
quartz) gave close n „ Q values which owing to varying iron content of these 

minerals are indicative of the H20 inertness (locally controlled). 
In estimating physical-chemical conditions of metamorphism of Precambrian 

iron formations more emphasis was placed on the redox conditions. We derived 
geooKometers that allowed us to do quantitative estimations of fn for the first 

time. All the iron formations under consideration turned out to differ markedly 
in their oxygen regimes. Thus, the metamorphism of the Yilgarn Block rocks 
took place under relatively reducing conditions and produced a widespread de­
velopment of olivine-bearing assemblages over a narrow oxygen fugacity range, 
whereas for the Labrador Trough rocks this range is exceptionally wide what­
ever the degree of metamorphism (both in the Bloom Lake and Gagnon re­
gions). Here, the variations in oxygen fugacity ranges are 4.5—5 orders of mag­
nitude and the region is abundant in orthopyroxene iron-rich quartzites 
containing a high-iron mineral (about 0.95), on the one hand, and haematite-
-magnetite assemblages, on the other. Nevertheless, it is very important that 
all the Precambrian iron formations, irrespective of their fairly high degree 
of metamorphism, have one characteristic feature in common, namely: their 
oxygen fugacities vary both across the area of rock occurrence and within se­
parate cross-sections of sequences. These variations can be observed at very 
close distances (within dozens of centimeters). Detailed examination of the 
Mariupol ore field cross-sections revealed that the characters (fluctuation) of 
variations in oxygen fugacities and chemical compositions of the iron-rich 
quartzites are similar. The general lithologic-l'acial variations of the sections 
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T a b l e 3 

The physico-chemical parameters of metamorphism for Precambrian iron-formations 

Region 

I 

II 
III 

IV 
V 
VI 

VII 

Stages 
of 

m e t a ­
mor ­

phism 

1 
2 
1 
2 
1 
1 
2 
1 
a 
1 
2 

TDC 

695 + 17 
695 + 17 
700 + 20 
700 + 20 
600 + 40 
710 + 14 
680 + 710 
705 + 14 
670 + ? 
683 + 17 
633 + 17 

Ptotal 
(MPa) 

490 + 50 
490 + 50 
510 + ? 
5 1 0 + ? 
700 + 100 

1000 + 150 
- 1 0 0 0 

660 + 130 
550 + 165 
370 + 40 
370 + 40 

P H 2 0 / P t o t a l 

<0.47 
>0.59 
<0.43 
>0.56 
>0.6 

0.56 
>0.56; <0.8 

0.54-0.8 
0.25-0.8 

Š0.51 
5=0.90 

(bar) 

15.25-
14.76-

15.35-
14.09-
10.90-
1:1.68-
15.42-
15.32-
16.68-
16.85-

-17.00 
-16.42 
} 

-16.15 
-19.35 
-15.69 
-15.98 
-15.89 
-16.20 
-17.09 
-17.13 

l g ( f ™ n / f ™ x ) 

1.75 
1.66 

? 

0.80 
5.26 
4.79 
4.30 
0.47 
0.88 
0.41 
0.28 

Explanations: I — Mariupol-ore field (Priazovje, U.S.S.R.); II — Sredneye Pobuzhje 
(U.S.S.R.); III — Bloom Lake (Canada); IV — Gagnon (Canada); V — Tabacco Root 
Mountains (Montana, U.S.A.); VI — Ruby Mountains (Montana, U.S.A.); VII — Yilgarn 
Block (Australia). 

involve the corresponding changes in f̂ . . For example, in the region under 

consideration the parts of sections wi th carbonate rocks and graphite-biot i te 
gneisses (the most reduced conditions of sedimentation) contain the iron-rich 
quartzi tes wi th low f n values and eulysites, reduced analogues of these quar t -

zites. All this evidence is thought to reflect the relat ionships be tween the redox 
conditions of metamorphism and p r imary sedimentat ion processes. In the La­
brador Trough regions (Fig. 8) the redox rock facies show quite a definite range 
of f n , whatever the degree of metamorphism of the sequences. Since, accor­
ding to most authors , these facies reflect the redox conditions dur ing the pr i­
mary sedimentat ion, while the f.-. values record the redox conditions during 

metamorphism, the agreement between the two indicates at the succession of 
these conditions, as in the Mariupol ore field. 

These results provide quant i ta t ive support for K o r z h i n s k i i ' s (1937) in­
ference on a "peculiar" behaviour of oxygen dur ing metamorphism. This beha­
viour can be interpreted as inert or, ra ther , locally controlled. The la t ter defi­
nition emphasizes the dual character of tíxygen: it is iner t in the rock parts 
with large buffer capacity tha t are locally closed to the external fluid and where 
the 0 2 chemical potential is controlled by the composition of Fe-Mg minerals ; 
it is perfectly mobile when considerable quanti t ies of fluid percolate the sequen­
ce and the 0 2 chemical potential is defined by the propert ies of this fluid. Note 
that the oxygen may occur in different states, even at short distances, depend­
ing on the physical-mechanical and other propert ies of rocks, geotectonic condi­
tions etc. 
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The inert (locally controlled) oxygen behaviour determines the relations bet­
ween its fugacity, parameters of metamorphism (T, P t o t ai , PTT Q ) and mineral 

composition. Consequently, it becomes possible to reconstruct the redox con­
ditions of sedimentat ion and diagenesis from the data available at the final 
grades of metamorphism (F o n a r e v, 1984). Such quant i ta t ive diagrams were 

Fig. 8. Oxygen fugacity during metamorphism and facial rock types from (a) the 
Bloom Lake region and (b) Gagnon (the Labrador Trough, Canada). Analytical data: 

M u e l l e r (1960), F r a n k (1961), B u t l e r (1969). 
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Fig 9. Comparison of the redox conditions in 

A lg 
found gf (where lgfQ = lg lgf O, 

the Precambrian iron formations, 
for the Hem + M t association). 

— the Labrador i > otohiiitv limits for the iron formations: ] 
Ä ? - l - t h e i ^ S Ä S S 3 ° - the Yilgarn Block; 4 the upper (in T) 
i+nhilitv limit for the cummingtonite-bearing magnetite quartzites; 5 - the upper 
(in 4 lgf T stabílity limit for the olivine-bearing (with quartz) rocks. 6, 7 - asohnes 
indicatinľmineral compositions: the Labrador Trough (6), the Mariupol ore field (7). 
Arrows f n S e the variations in oxygen fugacity on transitions from low to high 
grades of metamorphism. Geothermal gradients are in the inset. 

constructed for the Labrador Trough, Mariupol ore fíeld and Yilgarn Block 
(Fie 9) The sedimentat ion conditions are assumed as follows: f - K> <-, 
P t 0 ; ; , = 1 bar, n R 0 = 1; changes in T, P t o t a l and n H . ) 0 are l inear as shown 
inVhe inset. Under these conditions fQ> will be changed isochemically with 
increasing degree of metamorphism, according to the isolines for compositions 
of minerals . Any other (possible) var iat ions in f Q ) can only take place under the 
action of an external fluid, i.e. t h e oxygen must become perfectly mobile. The 
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transition of these univariant haematite-magnetite rocks into the magnetite-free 
ones should proceed relatively easily even at slight independent fluctuations in 
f Q . With increasing degree of metamorphism haematite breaks down at diffe­
rent P-T parameters, and silicate limiting compositions (e.g. cummingtonite in 
Fig. 9) depend on the Fe^ / Í 2 ' ratio in the primary sediment layers. Further 
changes in f Q are controlled by the limiting composition of this silicate. Note, 

that rocks formed under more oxidizing conditions (with higher Hem-contents) 
will retain higher f~ at the final grades of metamorphism. Dehydration of 

cummingtonite yields orthopyroxene of a quite definite composition which is 
responsible for further changes in f ^ in every layer (locally) of rock. 

Comparison of the results obtained for these regions shows that the redox 
conditions were different not only at the final grades of metamorphism but 
during primary sedimentation as well. The Labrador Trough and the Mariupol 
ore field show the widest redox range (from the most oxidized to the most re­
duced sediments), the Yilgarn Block — the lowest one (in the relatively oxidi­
zed regions). The initial Fe20.i/FeO ratio decreases in the order: the Labrador 
Trough, Priazovje, Yilgarn Block which explains the persistence of haematite 
even at the granulite stage of metamorphism in the first of these regions, its 
disappearance at T—500 °C and about 200—300 °C from the second and third 
regions, respectively. Higher geothermal gradients in Priazovje and especially 
the Yilgarn Block in comparison to those in the Labrador Trough also contri­
buted to the formation of olivine-bearing assemblages (eulysites) in these 
regions. 

In sum. the available data all show that the redox conditions of primary 
sedimentation (in addition to a total iron content of rocks) are vital factors for 
the ore content of Precambrian iron formations. It is noteworthy, that in this 
case the degree of metamorphism is of minor importance and hence can not 
entirely affect the ore content of rocks as was stated before by some investi­
gators. The main changes in ore concentration should take place during uni­
variant transformations of rocks, such as cummingtonite-to orthopyroxene or 
cummingtonite-to olivine transitions. In this case the magnetite content is about 
10—20 "o smaller of its total content of the rock. However, under more oxidi­
zing conditions this value decreases and even varies inversely during orthopy­
roxene crystallization, more magnesian than cummingtonite under the same 
conditions (Fig. 9). The relationships between the oxygen fugacity and mineral 
iron content account for the higher magnetite content of rocks formed under 
more oxidizing conditions than of those produced under reducing conditions 
where most of the iron is contained in silicates, and magnetite may not be 
available. Therefore, the established relationships, and, in particular, the infe­
rence that different regions and even areas within the same deposits differ in 
their redox conditions during sedimentation and metamorphism, have not only 
academic but also practical geologic implications for ore prospecting. 
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