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Abstract

Studies of minslals from a metamorphosed manganese deposit at Bald Knob, North Caro-
lina, yield estimates of temperatures and local fluid compositions at the peak of metamorph-
ism. Electron microprobe analyses of Mn-Ca carbonates demonstrate that they span the rho-
dochrosite-kutnahorite solvus without a break, suggesting metamorphic temperature
>550oC. The adjacent lid-nmphibolite facies metamorphism implies temperatures not
greatly exceeding this value. Pressure is estimated at 5tl kbar based on nearby occurrences
of aluminosilicates. Compositional data on coexisting rhodonite and pyroxmangite sriggests
that a narrow miscibility gap separates the two phases at these P-Tconditions. The assem-
blage rhodonite/pyroxmangite-rhodochrosite-quartz requires water-rich fluids during meta- ,
morphism. The common occurrences of the accessory mins16fu cattierite (CoSr), alabandite
(MnS), and pyrophanite (MnTiOr) at Bald Krob require a relatively reduced and sulfidizing
local metamorphic environment. Occasional finds of rhodonitg,/pyroxmangite-alabandite-
quartz and rhodonite/pyroxmangite-tephoite-alabandite restrict fO2/fS2 to a narrow band
between l0-'e/10-3 and l0-t6/100. Conditions were probably butrered throughout meta-
morphism by reaction of a sulfur-rich, oxygen-poor protolith.

Introduction

The manganese deposit near Bald Knob, North
Carolina, is located in Alleghany County, in the
northwest region of the state. Sparta, North Carolina,
fies about 3 miles southwest, and Bald Knob is a half
mile northwest. The deposit is enclosed by Pre-
cambrian-early Paleozoic amphibolites, misa schists,
and garnet-mica schists of the Piedmont terrane.

The deposit was first described by Ross and Kerr
(1932) who reported two new minerals, galaxite and
alleghanyite. More recently, Peacor et al. (1974) de-
scribed another new mineral, kellyite, from this de-
posit. The idealized formulae of these minerals and
those mentioned below are given in Table l, along
with their structure types. Although Ross and Kerr
ascribed a hypogene vein origin for the manganese-
rich body, the deposit probably represents an original

tContribution No. 362 from the Mineralogical Laboratory, De-
partment of Geological Sciences, University of Michigan, Ann Ar-
bor, Michigan 48109.

2Present address: Tennessee Valley Authority, P.O. Box 2957,
Casper, Wyomng82602.

sediment composed primarily of quartz, manganese
carbonates, sulfides, and oxides, which was sub-
sequently metamorphosed to yield the present assem-
blages. This conclusion is supported by data showing
that the temperature for the deposit is compatible
with that inferred from the local metamorphic assem-
blages.

Two parageneses, carbonate-rich and quartz-rich,
exist at Bald Knob. The carbonate-rich rocks are
now undersaturated in SiO, and consist prinarily of
Mn-Ca carbonates, alleghanyite, sonolite, mangan-
humite, tephroite, galaxite, jacobsite, and kellyite,
with accessory alabandite, cattierite, cobaltite, apa-
tite, caryopilite, and pyrophanite. The quartz-rich
rocks contain quartz, spessartine, rhodonite, py-
roxmangite, Mn-Ca carbonate, tirodite, with minor
pyrophanite and galaxite. The rocks are banded, and
the constituent grains show typical interlocking
metamorphic textures. The banding results from con-
centrations of one or more of the phases, probably
reflecting original sedimentary variations. These ob-
servations lend support for a metamorphic origin of
the deposit, as opposed to the vein origin suggested
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Table 1. Unusual Bald Knob minerals, their ideal formulae and
structure types

l"1i neral Formul  a S tru c ture

at various temperatures at a total pressure of l0 kbar.
Their exploratory runs in the pressure range 2 to 15
kbar indicate that the efect of pressure on the rela-
tions is small, and in our study their results are as-
sumed to be directly applicable to assemblages which
equilibrated at -5 kbar. The solvus in the Mn-rich
part of the CaCOr-MnCO, system widens slightly
with increasing MgCO, as it extends into the ternary
system. At 600"C there is complete solid solution of
Ca-Mn-Mg carbonates in the Ca-poor half of the sy-
tem for those compositions with less than l7 mole
percent MgCOr. These systems may be used to esti-
mate the temperature at which natUral Ca-Mn car-
bonates equilibrated. Carbonates from the Bald
Knob deposit were analyzed and compared to the
phase relations in order to restrict their temperature
of equilibration.

Exploratory X-ray diffraction studies of many
Bald Knob carbonates showed a wide range of Ca-
Mn solid solution (Stein, written communication).
Subsequent partial analyses by electron microprobe
showed that Mn and Ca are the major cations in
these carbonates, with Mg and Fe present in only mi-
nor amounts. Eleven thin sections with carbonate
compositions that would span the general range of
values found previously were chosen for more com-
plete analysis. A total of 67 grains from these sections
was analyzed on an ARL-EMX electron microprobe at
The University of Michigan. Details of the analytical
procedures are given in the appendix.

Discussion

After converting the carbonate analyses to mole
percent and extracting the carbonate components,
the carbonates range from CcrRcrr'to CcrrRc", with
less than l07o (Mg,Fe)COr. These compositions are
plotted on a ternary diagram (Fig. l), where FeCO,
is combined with MgCOr because their effects on the
solvus are approximately the same at low concentra-
tions. Increasing the MgCOr component of Ca-Mn
carbonates widens the solvus extending out from the
CaCOr-MnCO, binary and presumably raises its up-
per temperaluls limi{ to some extent. Bald Knob car-
bonate compositions are apparently unintemrpted by
the solvi in the system, and we infer that the mini-
mum temperature of equilibration of these carbon-
ates was greater than 550'C, the peak of the kut-
nahorite-rhodochrosite solvus (Goldsmith and Graf,
1957). Country rocks are muscovite-oligoclase-

*Peaco r  and  Essene  ( l  980 )

by Ross and Kerr. Our discussion is predicated on
the assumption that the Bald Knob deposit was in-
deed equilibrated during the peak of regional meta-
morphism. The experimental and thermodynamic
data on manganese carbonate, silicate, and sulfide
systems are applied to determine the metamorphic
conditions at which the Bald Knob assemblages
formed.

Carbonate thermometry

Quantitative electron microprobe analyses of car-
bonate ninerals from the Bald Knob deposit suggest
that they can be approximated by the ternary system
CaCOr-MnCOr-MgCOr. Goldsmith and Graf
(1957) investigated subsolidus relations in the system
CaCOr-MnCO, and found a solvus in the Mn-rich
half of the system. They found complete solid solu-
tion between calcite and rhodochrosite above 550'C.
One limb of the solvus approaches a l:l Ca:Mn
composition at about 450oC, indicating a high degree
of cation ordering below this temperature corre-
sponding to kutnahorite, CaMn(COr)r. Goldsmith
and Graf (1960) also investigated subsolidus rela-
tions in the ternary system CaCOr-MnCOr-MgCO, 3 Cc = calcite (CaCO3), Rc = rhodochrosite (MnCO3).
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Table 2. Analyses of Bald Knob carbonates in weighr perc€nt

oxide component and mole p€rc€nt carbonate end member

Sanp l  e
BK-  Mno

w e i g h t  %
Cao lu1g0 Feo *C0Z !1nC03 CaC03

li{ol %
M9C03 FeC03

3 9 . 2 5  1 7  . 6 7
3 7 . 9 9  1 8 . 8 9
4 t . 8 8  t 5 . 1 7
4 4 . 4 0  1 3 . 2 1

8 - 2  2 2 . 5 6  3 1 . 4 8  0 . 8 8
8 - 6  5 5 . 4 5  3 . 5 7  0 . 6 1
8 - 7  5 6 . 6 1  3 . 2 6  0 . 3 4

8 - l  2  5 4  . 9 6  3  . 4 1  0 . 7 8
8 - 1 8  3 2 . 0 2  2 0 . 7 4  1 . 8 5
8 - 1 9  2 7  . 2 8  2 7 . 1 0  1 . 0 6

1 0 - 2  2 4  . 8 4  2 6 . 5 8  I  . 5 9
l 3 - t  2 9 . 5 3  I  6 . 4 9  0 . 5 3
t 3 - 2  3 9 . 7 3  1 6 . 6 0  0 . 5 5

'1  
4 - t  3 t  .  66  24  .7  5  0 .43

1 4 - 2  3 2 . 1 8  2 4 . 6 7  0 . 4 1
1 4 - 3  3 1 . 9 8  2 4 . 7 0  0 . 3 9
t 4 - 4  3 2 . 1 6  2 4 . 5 4  0 . 3 8' t 4 - 5  

3 l  . 9 3  2 4 . 7 4  0 . 4 2
1  4 - 6  3 t  . 9 8  2 5 . 1  1  0 . 3 8

' 1 7 - 3  
1 4 . 0 0  3 8 . 7 6  I . 3 6

1 7 - 4  1 5 . 7 4  3 7 . 4 3  l . l 4
1 7 - 6  1 4 . 2 2  3 8 . 7 1  1 . 2 9' 1 7 - 7  

1  5 . 0 9  3 7 . 8 2  l .  l 8
r 7 - r 0  r 5 . 5 5  3 7 . 6 1  1 . i l' 1 7 - 1 2  

t s . 0 r  3 7 . 6 6  1 . 2 4
1 7 - 2 0  1 5 . 2 2  3 7 . 6 4  L l 8
l 7 - 2 1  t s . l 9  3 7 . 9 4  1 . 2 8

l 8 - l  2 7 . 0 0  2 7 . 1 6  1 . 5 0
l 8 - l - A  2 6 . 1 0  2 8  8 3  1 . 6 4

1 8 - 2  4 3 . 1 5  1 4 . 3 5  
' , l . 4 4

18-2-A 24 .4A 28.87  1 .78
t 8 - 3  2 4 . 8 6  2 9 . 2 3  1 . 5 2
1 8 - 4  2 5 . 1 9  2 9 .  5 6  I  . 6 1

t 8 - 4 - A  2 4 . 8 0  2 9 . 0 4  1 . 6 5
1 8 - 5  2 4 . 1 2  2 9  7 8  1 . 4 2

t 8 - 5 - A  2 5 . 6 9  2 8 . 6 5  1 . 5 8

1 8 - 6  2 5 . 4 3  2 8 . 2 0  1 . 6 0
18-7  24 .23  30 .09  

' l .43

l 8 - 7 - A  2 6 . 3 5  2 7 . 7 5  1 . 7 1
l 8 - ' t ' l  2 4 . 5 7  3 0 . 2 6  r . 3 8

1 8 - l I - A  2 9 . r 5  2 5 . 6 2  | . 3 7
1 8 - 1 3  2 5 . 7 8  2 8 . 8 3  ] . 5 0
l 8 - t 5  2 5 . 7 0  2 8 . 8 2  1 . 5 7
1 8 - 1 7  2 4  7 5  ? 9 . 7 1  1 . 6 6

2 2 - 1  3 7 . 6 6  2 0 . 1 8  0 . 2 4
2 2 - 2  3 8 . O 4  2 0 . 4 8  0 . ? 2
2 2 - 3  3 2 . 8 7  2 4 . 3 0  0 . 2 3
2 2 - 4  3 4 . 7 2  2 3 . 0 0  0 . 2 r
2 2 - 5  3 3 . 7 8  2 3 . 7 8  0 . 2 2
2 2 - 6  3 3 . 0 0  2 3 . 4 3  0 . 2 6
22-7  37  .72  20 .68  0 .23
22-8  3s .97  21 .52  0 .28

50-2  25 .24  30 .22  0 .36
635-2-A 44 .62  14 .22  0 .21

6 3 s - 5  4 5 . 6 7  1 3 . 3 6  0 . 2 5
6 3 5 - 5 - A  4 8 . 6 0  1 1 . 4 2  0 . 2 s

6 3 5 - 6  4 3 . 9 5  1 4 . 3 6  0 . 2 4
6 3 5 - 7  4 8 . 6 9  1 0 . 4 8  0 . 2 8
6 3 5 - 8  4 8 . 3 9  1 0 . 7 2  0 . 2 5
635-9  48 .41  10 .66  0 .21

6 3 5 - 1 0  4 6 . 9 3  1 2 . 1 8  0 . 2 6

0 . 2 2  3 8 . 9 7  6 2 . 4 8  3 5 . 5 8  1 . 6 0  0 . 3 5
0 . 1 8  3 9  1 2  6 0 . 2 5  3 7 . 8 9  

' , I . 5 8  
0 . 2 9

0  2 4  3 8 . 6 6  6 7 . 2 1  3 0 . 7 9  1 . 6 2  0 . 3 9
0 . 3 2  3 8 . 8 3  7 0 . 9 4  2 6 . 7 0  1 . 8 7  0 . 5 1

2 . 0 8  4 0 . 9 2
1 . 2 1  3 8 . 5 7
0 . 7 2  3 8 . 4 5
2 . 5 1  3 9 . 1 2
4 . 4 0  4 0 . 8 4
2 . 4 1  4 0 . 8 5

2 . 5 2  3 9 .  5 5
0 . 2 4  3 8 .  l 8
0 .  2 1  3 8 . 4 1

0 . 2 4  3 9 - 6 6
0 . 2 4  3 9 . 9 1
0 . 2 5  3 9  7 9
0 . 2 3  3 9 . 7 5
0 . 2 2  3 9 . 8 0
0 . 2 4  4 0 . O 9

1 . 5 0  4 1 . 5 0
1 . 5 5  4 1 . 3 2
t . 5 6  4 1 . 5 5
1 . 6 0  4 1 . 3 0
1 . 6 4  4 1 . 3 7
t . 7 t  4 1 . 2 6
l . 4 t  4 1 . 1 3
1 . 8 5  4 1 . 7 3

1 . 3 7  4 0 . 5 3
1  . 6 7  4 1 . 6 2
1 . 3 9  4 0 . 4 2
2 . 0 8  4 t . 0 0
1  . 7 r  4 l  . 0 5' I  

.90  4 t  .74
I  . 7 4  4 t  . 0 3
1 . 5 4  4 0 . 8 1
t . 6 t  4 t  l 2

1 . 1 3  4 0 . 7 0
1  . 6 7  4 1 . 2 3
] . 6 8  4 t . 0 1
l  65  4 t  50
L 3 C  4 0 . 4 7
1  . 7 7  4 1 . 3 2
1 . 7 9  4 1 . 3 5
1  . 9 9  4 t  . 6 9

0 . 2 9  3 9 . 6 r
0 . 1  6  3 9 .  9 8
0 . 1  3  3 9 .  7 8
0 .  r  6  3 9 . 8 9
0 . 1  6  3 9 .  9 4
0 . 1  7  3 9 . 7 8
0 .  0 0  3 9 .  8 6
0 . 1 9  3 9 . 6 0

0 . 0 6  3 9 . 8 1
0 . 1 9  3 9 . 1 6
0 . 1 8  3 9 . r 7
0 . r 8  3 9 . 4 7
0 . ' 1 8  3 8 . 8 8
0 .  1  5  3 9 . 0 8
0 . 1 8  3 8 . 7 8
0 .  I  4  3 8 . 7 8
0 . 1 2  3 9 . 0 0

4 0 . 4 2  4 9 . 2 9  4 4 . 8 5  4 . 1 4  l . 7 l
3 9 . 9 1  5 4 . 0 9  3 9 . 9 7  4 . 0 3  1 . 9 2
3 9 . 6 3  5 8 . 0 3  3 7 . 5 9  3 . 5 0  0 . 8 8
4 0 . 2 2  4 7 . 9 5  4 6 . 0 6  4 . 8 1  1 . 1 8
3 9 . 4 ?  6 8 . 7 4  2 5 . 0 t  4 . 8 9  

' , l  
. 3 5

3 9 . 6 2  6 2 . 2 4  3 2 . 7 2  3 . 8 7  ' , |  . 1 8

2 4 . 1 9  6 0 . 3 6  2 . 3 4  3 . l l
8 9 . 1 0  7 . 2 6  1 . 7 2  1 . 9 1
9 1 . 2 5  6 . 6 5  0 . 9 5  I  . 1 5
8 7 . 0 6  6 . 8 2  2 . 1 9  3 . 9 3
4 8 . 6 1  3 9 . 8 4  4 . 9 5  6 . 6 0
4 1 . 4 1  5 2 . 0 5  2 . 8 4  3 . 7 0

3 8  .  9 6  5 2  . 7 5  4 . 3 9  3  .  9 0
6 4  2 t  3 3 . 8 9  1 . 5 2  0 . 3 8
6 4 . 1 7  3 3 . 9 2  l . s 8  0 . 8 4

4 9 . 5 0  4 8 . 9 6  1 . 1 7  0 . 3 6
5 0  0 t  4 8 . 4 9  t . l 3  0 . 3 6
4 9 . 8 4  4 8 . 7 0  1 . 0 7  0 . 3 9
5 0 . 1 7  4 8 . 4 2  1 . 0 5  0 . 3 6
4 9 . 7 5  4 8 . 7 6  l . l 5  0 . 3 4
4 9 . 4 6  4 9 . 1 4  1 . 0 4  0 . 3 7

2 0 . 9 3  7 3 . 2 9  3 . 5 6  2 . 2 2
2 3  6 2  7 1 . 0 8  3 . 0 0  2 . 2 9
2 1 . 2 2  7 3 . O 9  3 . 3 8  2 . 3 0
2 2  6 6  7 1 . 8 6  3 . t I  2 . 3 7
3 2 . 3 1  7 1  . 3 4  2 . 9 2  2  . 4 3
2 2 . 5 6  7 1 . 6 2  3 . 2 8  2 . 5 3
2 2 - 9 6  7 1 . 8 2  3 . 1 3  2 . 0 9
2 2 . 5 8  7 1 . 3 4  3 . 3 5  2 . 7 2

4 1 . 3 1  5 2 . 5 8  4 . 0 4  2 . 0 7
3 8 . 8 9  5 4 . 3 5  4 . 3 0  2 , 4 6
6 6 .  t  8  2 7 . 8 3  3 . 8 8  2 . 1  I
3 6 .  9 1  5 5  . 2 5  4  . 7 4  3  . 1  1
3 7 . 5 6  5 5 . 8 6  4 . 0 3  2 . 5 4
3 7 . 4 3  5 5 . 5 6  4 . 2 1  2 . 7 9
3 7 . 4 9  5 5 . 5 3  4 . 3 8  2 . 6 0
3 6 . 6 5  5 7 . 2 4  3 . 8 0  2 . 3 1
3 8 . 7 6  5 4 . 6 6  4 . 2 0  2 . 3 9

3 8 . 7 5  5 4 . 3 6  4 . 3 0  2 . 6 0
3 6 . 4 6  5 8 . 2 6  3 . 8 0  2 . 4 8
3 9 . 8 5  5 3 . 0 9  4 . 5 5  2 . 5 ' , 1
3 6 . 7 2  5 7 . 2 2  3 . 6 3  2 . 4 3
4 4  6 7  4 9 . 6 6  3 . 7 0  1 . 9 6
3 8 . 6 9  5 4 . 7 3  3 . 9 5  2 . 6 2
3 8  .  5 4  5 4  . 6 7  4  . 1 3  2  . 6 5
3 6 . 8 2  5 5 . 9 2  4 . 3 4  2 . 9 2

5 8 . 9 5  3 9 . 9 5  0 . 6 5  0 . 4 5
5 8 . 9 9  4 0 . 1 7  0 . 5 9  0 . 2 4
5 1  . 2 4  4 7  . 9 1  0 .  6 4  0 . 2 1
5 3 . 9 7  4 s . 2 2  0 . 5 7  0 . 2 4
5 2 . 4 4  4 6 . 7 0  0 . 6 \  0 . 2 4
5 2 . 8 4  4 6 . 1 9  0 . 7 0  0 . ? 6
5 8 . 6 8  4 0 . 7 0  0 . 6 2  0 . 0 0
5 6 . 3 2  4 2 . 6 3  0 . 7 6  0 . 2 9

3 9 . 3 4  5 9 . 5 6  0 . 9 9  0 . 0 9
7 0 . 6 4  2 8 . 4 7  0 . 5 9  0 . 2 9
7 2 . 2 8  2 6 . 7 4  0 . 6 9  0 . 2 9
7 6 . 3 3  2 2 . 7 0  0 . 7 0  0 . 2 7
7 0 . 0 8  2 8 . 9 6  0 . 6 8  0 .  2 8
7 1  . 2 2  2 i . 1 5  0 . 1 9  0 . 2 4
7 1  . 3 4  2 1  . 6 1  0 . 1 0  0 . 2 9
7 7 . 4 7  2 1  . 5 5  0 . 7 6  0 . 2 2
7 4 . 6 0  2 4 . 5 0  0 . 7 2  0 . 1 8

4 - t  3 2 . 1 3  2 3 . l l
4 -2  34 .81  20 .33
4 - 4  2 7 . 0 8  1 8 . 9 9
4 - 7  3 t  . 1 0  2 3 . 6 2

4-10 43 .71  12 .57
4-12 39 .77  16 .53

5 3  I . 1 3
4 7  1 . 2 5
2 7  0 . 5 7
7 7  0 . 7 8
7 7  0 . 8 7
7 ' t  0 . 1 6

6-2

6-4

57
5 7
58
67

MqCq + ftCO3 Mn C03

Fig. l. Triangular composition diagram superimposed on the
phase diagram of the CaCO3-MgCO3-MnCO3 slstem, showing
the solvi at 500oC (after Goldsmith and Graf, 1960). Bald Knob
carbonate compositions are plotted. FeCO3 is combined with
MgCO3 in this plot. Dashed boundaries show the position of the
solvi at 600oC.

quartz-garnet-mica schists and hornblende-ande-
sine+cuqrmingtonitetmagnetite amphibolites, repre-
senting medium-grade amphibolite facies meta-
morphism. These assemblages suggest maximum
temperatures of about 550o-600oc during the meta-
morphism. The temperature during the metamorph-
ism of the Bald Knob deposit is estimated at
575+40"C.

Frondel and Bauer (1955) described kutnahorite,
CaMn(COr)r, the manganese analogue of dolomite,
from three localities. Carbonate analyses (Table 2)
show that carbonate close to this composition is pres-
ent at Bald Knob. Single-crystal Weissenberg X-ray
photographs were obtained from two samples close
to the kuthahorite composition to determine if order-
ing reflections could be observed. The results showed
no reflections of the type h0l, I : 2n + l, indicating
that the space group is R3c, as for calcite, and sug-
gesting no long-range order for Ca and Mn. Unpub-
lished studies cited by Goldsmith and Graf (1960) in-
dicate that disordering in the compound
CaMn(CO,), begins at approximately 450oC. Thus
material having the kutnahorite composition should
be disordered at temperatures of 550oC, the mini-
mum temperature indicated by the composition of
the Bald Klob carbonates. Nevertheless it is surpris-
ing that these carbonates close to kutnahorite compo-
sition did not attain long-range order upon sosling,
despite the relatively long cooling times following re-
gional metamorphism. *C0^  ca lcu la ted  f rom s to ichomet ry .
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Table 3. Analyses ofBald Knob rhodonites and pyroxmangites
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Sampl e BK- l 7  - 08-3 8 -9 8 - l  0 8-t  4 8- l  5 8 - t  6 8-17 8-20

s i  02
A l r u ?
Fe0*-
Mn0
M9o
Ca0
Zn0
t0 ta l

45  . 05
0  . 06
7  . 1 8

4 l  . 3 3
t . J t

3 . 6 0
* * *n .  a .

98 .59
* *1 rh  )

0 . 9 8
0 . 0 0
0 . 1  3
0 . 7 6
0 .04
0 .08

* * *n .a .

Samp le  BK-  l 7 - l

S i 02  46 .21
A l  rOa  0 .06
Feb*-  I  0.55
MnO 35 .67
MgO 4 .31
CaO 2 ,87
ZnO ***n.  a.
Total  99.67

* * (pm)

s i  0 . 9 8
A l  0 .00
F e *  0 . ]  9
Mn  0 .64
Mg  0 . , l 4
Ca  0 .06
Zn  * * *n .a .

44  . 75  44  .  55  44 .56
0 .  07  0 .  06  0  . 07
2 . 5 4  2 . 6 5  1 . 3 2

4 9 . 6 8  4 9 . 2 6  5 ] . 4 9
0 . 5 0  0 . 5 4  0 . 3 4
1 . 3 2  I  . 3 5  1 . 0 6
n . a ,  n , a .  n . a .

98 .86  98 .41  98 .84
( r h )  ( r h )  ( r h )

0 . 9 8  0 . 9 8  0 . 9 8
0 . 0 0  0 . 0 0  0 . 0 0
0 . 0 5  0 . 0 5  0 . 0 2
0 . 9 2  0 . 9 2  0 . 9 6
0 . 0 2  0 . 0 ?  0 . 0 1
0 ,  03  0 .  03  0  . 02
n . a .  n . a .  n . a .

4 5 . 5 3  4 5 . 6 0  4 7 . 8 5
0 . 0 6  0 . 0 6  0 . 0 5

1 0 . 5 3  r 0 . 3 5  7 . 4 6
36 .49  37 .00  40 .26
3 . 2 9  3 . 1  7  3 . 3 6
2 . 7 3  2 . 7 2  1 . 8 4
n . a .  n , a .  0 . l l

9 8 . 6 3  9 8 . 9 0  1 0 0 . 9 3
(pm)  (pm)  (pm)

44 .77  44 .99  44 .73
0 .  0 6  0 . 0 7  0 . 0 7
2 . 7 7  2 . 7 1  3 . 4 4

49 .  83  49 .  56  48 .  83
0 . 5 0  0 . 5 . l  0 . 7 3
1 , 2 5  1 . 6 0  1 . 4 4
n . a ,  n . a .  n . a .

99 .1  8  99 .44  99 .24
( r h )  ( r h )  ( r h )

r . 0 r  1 . 0 0  
. l . 0 1

0 .  00  0 .  00  0 .  00
0 . 1 3  0 . 1 2  0 . 1 2
0 . 7 1  0 . 7 3  0 . 7 4
0 . 1 0  0 . 1 0  0 . 0 9
0 . 0 4  0 . 0 s  0 . 0 4
0 . 0 0  0 . 0 0  0 . 0 0

0 . 9 8  0 . 9 8  0 . 9 8
0 . 0 0  0 . 0 0  0 . 0 0
0 . 0 5  0 . 0 5  0 . 0 6
0 . 9 2  0 . 9 1  0 . 9 0
0 . 0 2  0 . 0 2  0 . 0 2
0 .  0 3  0 .  0 4  0 . 0 3
n . a ,  n . a .  n . a .

I  8 -5  I  8 -6  I  8 -8

47 .77  47  . 58  47  . 41
0 . 0 6  0 . 0 5  0 . 0 7
7 . 5 0  6 . 8 8  6 . 6 9

3 9 . 7 9  4 0 . 6 6  4 ] . 0 5
3 . 3 4  3 . 1 5  2 . 9 4
t : 8 3  2 . 1 2  1 . 8 4
0 . 0 0  0 . l l  0 . 0 8

1 00.  29 1 00.  55 
' l  
00.08

(pm)  (pm)  (pm)

45 .27  45 .36  45 .86
0  . 07  0 .  05  0  . 06
3 . 6 6  l l . 6 1  1 ' ] . 9 5

48 .34  37 .77  36 .42
0 . 7 9  2 . 7 2  2 . 8 6
1 . 8 3  

. l . 3 6  
2 . 0 7

n . a .  n . a .  n . a .
99 .96  98 .87  99 ,22

( rh )  ( pm)  ( pm)

0 . 9 9  0 . 9 9  0 .  9 9
0 . 0 0  0 . 0 0  0 . 0 0
0 . 0 7  0 . 2 1  0  . 2 ' l
0 . 8 9  0 . 6 9  0 . 6 6
0 . 0 3  0 . 0 9  0 . 0 9
0 . 0 4  0 . 0 3  0 . 0 5
n . a .  n , a .  n . a .

t 8 - 9  l 8 - - 1 0  l 8 - ] 2

47 .45  47 .55  47  . 56
0 . 0 5  0 . 0 6  0 . 0 7
5 . 1 2  6 . 8 4  6 , 7 8

41  . 50  40  . 79  40  , 62
1 . 7 8  3 . 0 7  3 . 0 4
4 . 1 7  

. l . 8 3  ' l . 8 9

0 . 0 7  0 . 1 5  0 . 0 6
1 00 .1 7 

' l  
00.29 

' l  
00 .02

( rh )  ( pm)  ( pm)

t . 0 r  l . 0 l  I  . 0 ]
0 . 0 0  0 . 0 0  0 . 0 0
0 . 0 9  0 . ] 2  0 . 1 2
0 . 7 5  0 .  7 3  0 .  7 3
0 . 0 6  0 . ] 0  0 . 1 0
0 . 0 9  0 . 0 4  0 . 0 4
0 . 0 0  0 . 0 0  0 . 0 0

45 .22  46 .36
0 . 0 4  0 . 0 6
9 . 2 \  9 . 7 7

40 .37  37 .02
2 . 1 9  3 . 9 6
1 . 7 8  2 . 7 7
n . a .  n . a .

98 .81  99 .94
(pm)  (pm)

0 . 9 9  0 . 9 8
0 . 0 0  0 . 0 0
0 . , l 7  0 . 1 7
0 . 7 5  0 . 6 5
0 . 0 7  0 . 1 2
0 .04  0 ,06
n , a .  n . a .

I  8 -14  I  8 -1  6

47 .06  47  . 43
0 . 0 9  0 . 0 7
5 . 6 0  8 . 0 7

40.94 38.27
2  . 1 0  3 . 6 ]
3 .  58  I  . 87
0 . 1  3  0 . , l  7

9 9 . 5 0  9 9 . 4 9
( rh )  ( pm)

t . 0 t  1 . 0 ]
0 . 0 0  0 . 0 0
0 . ' l 0  0 . ' l 4
0 . 7 4  0 . 6 9
0 . 0 7  0 . l l
0 . 08  0 .04
0 . 0 0  0 . 0 0

44 .71
0 . 0 6
2 . 5 9

4 9 . 1 4
0 . 5 2
1  . 4 7

98 .49
( r h )

0  . 98
0 .  00
0  . 0 5
0 . 9 2
0 . 0 2
0 .  0 3
n . a ,

1 7  - 5  1 7  - 8  1 7  - 9  I  8 - 3

Cat jons re lat jve to 3 oxygens

5 I

AI
Fe*
Mn
Mg
Ca
Zn

45 .  39
0 . 0 4

I  0 . 2 3
3 6 . 7 8

2 . 7 8
n . a .

98 .  53
( pm)

0 . 9 8
0  . 00
0 . ' l  8
0 . 6 8
0 . l t
0 . 0 6
n .  a .

Cat ions re lat ive to 3 oxygens

0 . 9 9  0 . 9 9  1 . 0 0
0 . 0 0  0 . 0 0  0 . 0 0
0 . 1 9  0 . 1 9  0 . 1 3
0 . 6 7  0 . 6 8  0 . 7 1
0 . l l  0 . 1 0  0 . 1 0
0 . 0 6  0 . 0 6  0 . 0 4
n . a .  n . a .  0 . 0 0

xAl l  Fe assumed to be Fe2+, **(rh)  = rhodoni te,  (pm) = pyroxmangi te,  ***n.a.  = not  analyzed.

Pressure estimate for the Bald Knqb deposit

A reasonable estimate of the metamorphic pres-
sure which prevailed during the metamorphism of
the Bald Knob rocks can be made by utilizing kya-
nite and sillimanite occurrences in North Carolina
(Stuckey, 1965). Kyanite and sillimanite are found in
separate occumences south and southwest of Alle-
ghany County, and they occur in a trend which, if ex-
tended, would pass very near the Bald Krrob deposit.
Applyng the temperature data extracted from the
carbonates to the kyanite-sillimanite phase boundary
of Holdaway (1971) yields a pressure of 5 kbar, con-
sistent with the metamorphic assemblages found in
the enclosing mica schists and amphibolites. Urlcer-
tainties in this pressure estimate are estimated at f 1
kbar when erors in the experimental determination
of the kyanite-sillimanite curve are combined with
uncertainties in our thermometrv.

The pyroxenoids

Microprobe analyses of 26 pyroxenoids from 3
samples are given in Table 3 and are plotted on a
MnSiO,-CaSiOr-(Mg,Fe)SiO3 ternary diagram in
Figure 2. The compositions fall into the fields for py-
roxmangite and rhodonite respectively. Single-crystal
X-ray study of sample BK-18 confirmed the presence
of rhodonite and pyroxmangite in separate grains.
Universal-stage optical data on anLalyzed crystals
f1e6 s.amples BK-8, BK-17 and BK-18 fell within
two groups, corresponding to rhodonite and py-
roxmangite, respectively. Averaged optical data val-
ues for the two phases are given in Table 4. Grains
with relatively low 2V (40-50') corresponded in
every case to pyroxmangites, and grains with high 2V
(60-70') to rhodonites, and these values allow a
rapid distinction between rhodonite and pyroxman-
gite. Subsequent identification of a particular pyrox-
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lvn Mn

Fig. 2. Compositions of rhodonite (circles) and pyroxmangites
(squares). Open circles and squares are data from the literature
(Deer et al., 1978;' Mason, 1973; Hodgson, 1975; Dickson, 1975;
Ohashi and Finger, 1975; Peters et al., 1978; Wall, personal
communication, 1978; Tracy et al., 1980;Brown et al., 1980). Solid
symbols are from Bald Knob.

enoid was made by optical measurements and by
noting in which field its analysis plotted on the ter-
nary diagram. These fields are well defined by plot-
ting natural rhodonite and pyroxmangite composi-
tions on the ternary diagram (Peacor et al.,1978).

The low Ca content of the pyroxenoids is surpris-
ing in view of the high Ca content of coexisting car-
bonates (Fig. 3). Most of the carbonates coexisting
with pyroxenoid contain more than 50 mole 7o
CaCO, component, and yet the large Ca site in
rhodonite is less than 50Vo fil7ed by Ca. The two Ca
sites in pyroxmangite are less than 2OVo occupied by
Ca. Considering that one in five sites for rhodonite
(Peacor and Niizeki, 1963) and two in seven for py-
roxmangite (Burnham, l97l) prefer to accommodate
the large Ca ion, one might expect the carbonate

Table 4. Optical data for analyzed pyroxenoid grains from
samples BK-8, BK-17, and BK-18

Rhodon i  te Pyroxma ng i te

Y ^ 1 ( l l o )

y ^ r ( l l 0 )

Fig. 3. Compositions of coexisting pyroxenoids (dots) and
carbonates (circles). The diagram represents MnSiO3-CaSiO3-
(Mg+Fe)SiO3 for the pyroxenoids, and MnCO3-CaCO3-
(Mg+Fe)CO, for the carbonates.

(with over 50Vo CaCOt comFonent) to exchange some
Ca for some Mn, Mg, or Fe of the coexisting pyroxe-
noid. However, our data clearly show that the car-
bonate strongly partitions the Ca over the coexisting
rhodonite or pyromangite at Bald Knob P-Z condi-
tions. Data of Peters et al. (1977) show a similar frac-
tionation of Ca between coexisting pyroxenoiil and
carbonate, and this may be a general effect at moder-
ate grades of metamorphism.

When natural pyroxenoids are found in the system
(Mn,Ca,Mg,Fe)SiOr, the coexisting pyroxmangite
and rhodonite pairs represent the mutual solubility
limits of elements in the two phases, and the width of
the miscibility gap will depend on P-Zconditions, as
well as the pyroxenoid compositions. Although a
miscibility gap must occur between rhodonite and
pyroxmangite (Sundius, l93l; Momoi, 1968; Ohashi
et al., 1975; Peacor et al., 1978} few reports of co-
existing pairs are available in the literature. Ohashi
and Finger (1975) give analyses of pyroxmangite and
rhodonite, and Ohashi (personal communication,
1977) informed us that one sample (AKl8) contained
both phases. Wall (personal communication, 1978)
has analyzed two pyroxmangite-rhodonite pairs
from Broken Hill, Australia. Peters et al. (1978) gave
analyses of two pairs from the Alps. Tracy et al.
(1980) report on a pair from Massachusetts. A num-
ber of an4lyses of coexisting pyroxnangite and
rhodonite from Bald Knob are given in Table 3. The
pyroxmangite-rhodonite miscibility gap appears to
widen somewhat with increasing (Mg,Fe)SiOr. Some
overlap may occur between pyroxmangite and
rhodonite compositions, presumably due to forma-

2vz

cAZ

4 6 0

400

?no

900

660

400

500

6 5 0
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tion at diferent P-Z conditions. Higher-temperature
rhodonites appear to approach the MnSiOr-
(Mg,Fe)SiO, tieline more closely, overlapping in part
with the compositions of more calcic, lower-temper-
ature pyroxmangites. More analyses of pyroxman-
gite-rhodonite pairs are needed from metamorphic
rocks at a variety of P-T conditions to fully explore
the relative effects ofP and 7.

Maresch and Mottana (1976) published a phase
diagram for the rhodonite-pyroxnangite transforma-
tion in the system MnSiOr, using a combination of
their experimental reaction reversals and those of
Akimslo and Syono (1972). With reasonable temper-
ature and pressure estimates for the metamorphism
of the Bald Knob deposit, we calculated the dis-
placement of the transformation curve due to solid
solutions in the pyroxenoids at Bald Knob, in order
to test the applicability of the curve for extracting
useful pressure data from natural rhodonite-py-
roxnangite pairs. The equation of interest is:

LqP2,T,) - AG(P',T,): - [' A^Sdf
t r r

f , ,
+ I LVd,P + RZln(K,/K,) (l)

Holding , 
"orr.,"rr, 

and assumi nE LV?nr: LW,
equation I reduces to:

4.p: (-RZlnK)/w (2)

where AG:0 both at P, with K, : 1 (the experimen-
tal equilibrium point in pure MnSiO, system) and at
P, (for equilibrium with impure pyroxmangite +
rhodonite in the rock). The molar volumes of rhodo-
nite and pyroxmangite were taken from lto (1972).a
For the end-member reaction:

MnSiO.: MnSiO, (3)
pyroxmangite : rhodonite

the calculated LV :0.23 + 0.1 cc and P"q,u : 12 kbar
(Maresch and Mottana,1976). The pressure shift was
calculated at 575"C (848 K), but a shift of even
+l00oc in the temperature will not materially afect
the conclusions. Two quite different activity models
were employed in these calculations: the first essen-
tially neglects the partitioning of cations within the

4 Narita et al. (1977) also obtained unit-cell data on synthetic
MnSiO3 rhodonite and pyroxmangite. Calculated unit-cell vol-
umes are 34.93 cc/mole for rhodonite and 34.95 for pyroxmangite,
yielding Lft : -9.92 cclmole. This A Z has the wrong sign com-
pared to the experiments, and these data will be ignored below.

Table 5. Calculated shifts in the rhodonite-pyroxmangite
eouilibrium

Sampl  e
' 18 -8  

18 -9
Pm Rh

t8 - l  0
Pm

l 8 - 1 2 , 1 4  l 8 - 1 6
Rh Pm

u t l n s i o r ( d i s ) . t u u

^ P  ( k b )  - 4 . i

P  ( k b )  + 7 . 9

- 2 0 . 9

-8 .  9

XMn in  Ml

M2

"3

M,

"5

M7

a r . . r n  ( o r d )
' -  -  - 3

^ P  ( k b )

P  ( k b )

-8.2

+ 3 . 8

- 2 1 . O

- 8 .  9

two structures in assuming that a(MnSiOr) :
X(MnSiO,). This model may be realistic if the cat-
ions become disordered in the pyroxenoids at high
temperature. Some support for this, simple model
comes from Schwerdtfeger and Muan's (1966) exper-
iments, consistent with ideal mixing of Mn and Fe
for the simple system MnSiO.-FeSiO, at ll50'C.
Pressure estimates from this calculation for the Bald
Knob rhodonite-pyroxmangite pairs are given in
Table 5.

The second model considers cation distributions
consistent with room-temperature structure refine-
ments in these structures (Peacor and Niizeki, 1963;
Burnham, l97l; Ohashi and Finger,1975;Peacor et
al., 1978). For rhodonite all Ca was placed in the
M(5) site with Mn alone filling the remaining por-
tion. For M(l)-M(3), Mn and Mg + Fe were parti-
tioned such that Mg * Fe : x where Mg * Fe : 2x
in M(a) and : 0 in M(5). For pyroxmangite Ca is
distributed equally between M(5) and M(7) and the
remainder filled with Mn. The sites M(l)-M(4) have
Mg + Fe : x where Mg + Fe :2x in M(6) and : 0
in M(5) and M(7). The activity is then calculated site
by site and is taken as the product of the mole fr4c-
tion MnSiO, on each site. The activity of MnSiO. in
rhodonite is:

dilo.sio, (ord) : (Xs5. .Xff;. XMI' XMI' XMI)'" (4)

. 7 5-74. 7 6

+ 7  . 9+3 .8

. 8 5  . 7 4 3  . 8 3

. 8 5  . 7 4 3  . 8 3

. 8 5  . 7 4 3  . 8 3

. 7 0  . 7  4 3  . 6 6

. 5 5  . 8 6  .  6 0

- .487

-  . 8 6

. 7 5 5

. 7 5 5

. 7  5 5

. 7 5 5

. 8 6

. 5',1

. 8 6

.7 08

.708

.7C8

.708

.86

. 4 1 6

.86

.694. 7 2 9. 7 4 9
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and in pyroxmangite is:

cPr,frsio, (ord) : (XMl. XME. )ff1. XMI' &y ffiy W)',

(5)

Acc6rding to this model the activity of MnSiO, ap-
proaches zero as CaSiO, reaches l/5 n rhodonite
and 2/7 in pyroxmangite, the presumed limits of Ca
in these phases. Similarly the activity of MnSiO, ap-
proaches zero as (Mg,Fe)SiO3 goes to l/2 in rhodo-
nite and 3/7 n pyroxmangite. While these estimates
cannot be expected to be exact since activity coeffi-
cients have been ignored and because cation distribu-
tions are unknown in pyroxenoids at high temper-
atures, they may be more realistic than assuming
random distribution of Mn on all sites as in the first
model. The ordered model reduces to the simpler dis-
ordered model for random distribution and ideal be-
havior of Mn on each pyroxenoid site. It attempts to
take into account the nonrandom distribution of Mn
among the various octahedral sites but must consider
ideal mixing on each site because of lack of more
complete mixing data.

For the Bald Knob pyroxmangite-rhodonite pairs
the two thermodynamic models yield similar pres-
sure estimates of +8 to -9 kbar. Even small analyti-
cal errors cause a large shift in estimated pressures.
In addition, even small deviations from ideality se-
verely affect the pressures derived-for instance an
activity coefficient of l.l instead of I for one phase
will change the pressure shift by some 30 kbar. Even
the +0.1 cc eror in the AZwill cause a 50Vo change
in AP. These are effects expected for any reaction
with a small AZ(<lcc), and it is unlikely that this re-
aotion will ever be useful for barometry. As Maresch
and Mottana caution, the application of their curve
to natural rhodonite-pyroxmangite pairs is pre-
mature until the influence of Ca, Mg, and Fe on the
relative stabitties of rhodonite and pyroxmangite is
better understood.

T-X equilibria and fluid composition

The equilibrium curve for the reaction:

MnCO, + SiOr: MnSiOr + CO, (6)

was determined at 2kbar and variable HrO-CO, ra-
tios by Peters (1971). Wall and Essene, (1972) calcu-
lated it at various pressures from the starting point,
using the program EQUILI. Solid solutions in the Bald
Knob carbonates and pyroxenoids generally shift
these curves to higher temperatures. A knowledge of
the temperature and pressure during the metamorph-

> Xcoz

Fig. 4. Perers'curve at 2 kbar for the reaction MnCO3 + SiO2 :

MnSiO3 + CO2 compared wittr the calculated curve using thc
program EeUILI (Wall and Essene, 1972) fron an equilibrium
point at T : 494oC and X(CO) : 0.55. The solid line is Peters'
curvb and the dots and circles represent half reversals. The 5 kbar
boundary was calculated.

ism of the deposit allows an estimation of X(HrO)
and X(CO,). Peters' (1971) curve for reaction 6 at 2
kbar is shown in Figure 4 compared with the calcu-
lated curve. A large discrepancy is noted in the slopes
of the experimental vs. the calculated curves. The
EQUILI computer runs were generated using ther-
modynamic data for rhodonite, since data for py-
roxmangite were lacking. However, applying the re-
lation

AP/AT: AS,/LV, (7)

to the rhodonite-pyroxmangite transformation curve
of Maresch and Mottana (1976) gives a small AS. :

+0.28 cal/moloK for reaction 3. This correction re-
sults in a shift of less than 2o for reaction 6 toward
lower temperature (assuning AZis constant over the
P and T range of interest). If one assumes AS": 45o
then AS is 23.87 callmoloK at 500oC for reaction 6.
Applying the entropy correction (+0.28 callmol'K)
and writing reaction 6 for pyroxmangite gives
AS..noio. : 23.59 cal/moloK. Inserting this value of
AS, into the equation for the slope in Z-X space
(Kerrick, 1974):

dT/dX: RZAS.[X(CO)] (8)

gives a slope consistent with the curve calculated us-

T " C

+
I
I

lzT.
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ing nquu. However, Peters' curve has a T/ X slope
of approximately 18o/0.625 at X(CO): 1.0, which
yields a AS, of about 54 callmoloK, implying the un-
reasonable entropy diference between rhodonite and
pyroxmangite of 79 callmoloK. This discrepancy
could not be resolved, and there appear to be serious
errors in Peters' experimental data or in assumptions
of mixing of HrO and COr. The following procedure
was used to estimate X(HrO) for the deposit, assum-
ing that Peters' location of the equilibria is approxi-
mately correct even though the slope of his experi-
ments seems to be wrong.
Q) f-X equilibria for reaction 6 were calculated us-

ing the equilibrium point at 494"C and X(HrO)
: 0.45 from Peters' data.

(2) The identical temperature shift with pressure was
applied to Peters' curve as was observed for the
calculated curves.

(3) The curves were corrected for solid solution us-
ing equation l.

At constant P and T, and X(COr) : l, equation I re-
duces to:

AQ*.6oo: RTInK (9)

Again, K must be modeled from chemical analyses
for rhodonite or pyroxmangite in equilibrium with
carbonate and quartz:

MnCO. + SiO,: MnSiOr + CO, (10)

An ionic ideal model is again used to estimate the ac-
tivity of MnSiO, in the pyroxenoid and MnCO, in
the carbonate. Given an experimental P-T-X(H,O)
point where AG : 0, the eqUU program calculates
AG, at all P-T-X(HrO) within a specified array.
Temperature in equation l0 is taken as the temper-
ature at which the reaction curve, at chosen pressure,
intersects the vertical axis of the T-X diagram for
X(COt : l. The AG, derived from equation l0 is
then added to the AG. at that point (:0), and the
temperature shift is calculated from the EeUILI out-
put array. The same temperature correction is then
applied to the whole reaction curve. Even though the
ideal site by site ionic model is only an approxima-
tion for the rhodonite-pyroxmangite reaction, it is
thought to be reasonable for decarbonation reactions
where most of the free energy change is involved in
the fluid.

Calculations based on the Bald Knob pyroxenoid
I quartz + carbonate assemblages yielded two limit-
ing cases. The assemblage of sample BK-8-4 yields a
AG of 0.04 kcal at 5 kbar, resulting in a negligible
temperature shift of the curve (-2o). The assemblage

of sample BK- l7-5 gives a AG. of -2 kcal at 5 kbar,
resulting in a temperature correction of - l00oC (Fig.
5). A shift of +l kbar produces a change of t30'C in
temperature. While the exact X(HrO/X(CO') ob-
tained depends on the exact P-T conditions and
choice of experimental or calculated curves, it is evi-
dent that high X(HrO) may generally be inferred for
the Bald Knob assemblage pyroxenoid + carbonate
l quartz.

Metamorphism of the carbonate lenses in the Bald
Knob deposit was evidently accompanied by water-
rich fluids (X(HrO) > 0.5), even though the deposit
was initially composed largely of carbonate + quartz.
This suggests that through-going water penetrated
the deposit during metamorphism. This may have
applied during the metamorphism of manganese de-
posits elsewhere, and can explain the occurrence of
pyroxenoids and other manganese silicates which
have been reported at relatively low grades of meta-
morphism (Huebner, 1967; Peters, l97l;Peters et al.,
1973; Peters et al.,1978).

Oxygen and sulfur fugacity

Holland (1959, 1965) has shown the usefulness of
calculating oxygen fugacity (/Or) and sulfur fugacity
(/Sr) for a variety of ore deposits and metamorphic
rocks. Similar calculations have been made for
phases in the systems Mn-Ti-Si-Oz-S, and Co-Ti-
Or-S, to identify the conditions of metamorphism at
Bald Knob. Free energy data for the pertinent phases
were obtained from several sources and are surnma-
rized in Table 6. Many of the data were taken di-
rectly from Robie et al. (1978). Data for MnTiOr,
MnrTiOo, CoTiOr, and CorTiO4 were calculated
from data of Evans and Muan (1971) and Brezny
and Muan (1969), based on the free energy of forma-
tion of these phases from their constituent oxides at
higher temperatures combined with oxide and ele-
ment entropy data. Given the free energy of forma-
tion of a phase at one temperature from the constitu-
e,nt oxides, the free energy of formation of the phase
from the elements at other temperatures was ob-
tained by integrating the entropy change of the phase
from the elements between the two temperatures.
Free energies for cobalt sulfides and for MnS, were
calculated from data of Mills (1974, p.223-231) and.
data for MnSOn were obtained from Mah (1960).
Volume data were taken from Robie et al. (1978) or
calculated from unit-cell data from Strunz (1970) or
the esru file.

The various equilibria were calculated n fS,/fO.,
space (Fig. 5), using the equation:
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-22

Log f S,

Fig. 5. Log (/O2)-log (/S) phase diagram calculated at 575oC and 5 kbar. The stippled area represents the range ofoxygen and sulfur
fugacities which prevailed during the metamorphism ofthe Bald Knob deposit" and the shaded area represents conditions close to those
required for pyroxmangite/rhodonite * alabandite + quartz and pyroxmangite/rhodonite + tephroite + alabandite. Reactions l-10
couldnotbeconvenientlylabel ledonthediagramandare:( l)6CoO+4S2:2Co3Sa+3Oz;Q)6Co2TiOo+4S2=2Co3S4+6CoTiO3
+ 3O2; (3) 6CoTiO' + 4S2:2Co3So + 6TiO2 + 3Oz Q) 6CoSOa * Sr:2gor5o + l2Ozi (5) 2CoTiO3 + 252:2CoS2 + 2TiO2 + Ot (6)
2MnSiO3+52+3O2:2MnSO++2SiOr ; (7 )2Mn2SiOa+52+3O2=2MnSOc+2MnSiOr ; (8 )2MnTiO3+2S2:2MnS2+2TiO2+
Or; (9) 2MnSOa * 52 = 2MtrS2 + 4O2; (10) Co2TiOa + 52 + 2O2 : 2CoSO+ + TiO2.

N

o

oll
o

-J

+ l- 3- F- 7

AGi(kcal) : R 7ln[(/O,)" / (f S,)-l

+ av"aP14t 84 + R71nK. (ll)

where Z = 848oK (575oC), R : 0.001987 kcal/
moloK, V. in cc, AP : 5 kbar, and n and m are the
fluid coefficients as in the following generalized reac-
tion:

m .  S z + X + Y  I  Z :  n .  o . 2 + A +  B  +  C  ( 1 2 )

The equilibrium constant for the solids in equation
I I must be evaluated if there are significant inpu-
rities in the solid phases. The standard state is taken
to be the pure phase (for the solids) and the ideal gas
(for O, and Sr) at I bar and T. Qualitative data ob-
tained with a solid-state energy-dispersive multi-
channel analyzet indicate that the sulfide and tita-
nate phases in Bald Knob rocks are more than 90Vo
end-member, and the shift in the oxide-su1fide-sul-
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fate equilibria is negligible for solid solutions in these
phases at Bald Knob. For rhodonite and tephroite
the effect of the solid solutions was again modeled as
in Table 6. For example, holding sulfur fugacity con-
stant, the efect of the RZInK term for an average
Bald Knob rhodonite composition is to shift the
rhodonite reaction curve in the shaded region of Fig-
ure 5 by not more thanO.2log (/O) units. These er-
rors are similar in magnitude to those generated by
errors in free energy data. The calculated phase dia-
gram (Fig. 5) is consistent with all observed assem-
blages at Bald Knob. While it is expressly for 848oK
and 5 kbar, the relations will qualitatively apply to
other crustal metamorphic manganese deposits. Un-
fortunately few careful descriptions of accessory tita-
nates and sulfides coexisting with manganese silicates
and oxides are available in the literature. One appar-
ent exception to the calculated phase diagram is re-
ported by Peters et al. (1977), who record the assem-
blage alabandite-tephroite-pyroxmangite with
hausmannite. Our calculations indicate that haus-
mannite is incompatible with alabandite and py-
roxmangite, but hausmannite may possibly have
been confused with jacobsite.

The stability fields of CoSOo and MnSOo appear to
interrupt reactions of the higher oxides of Co and
Mn from the fully sulfidized CoS, and the mono-
sulfide MnS. The sulfates are not known in nature.
presumably because they are too soluble in aqueous
fluids at the relatively high SO, pressure they will re-

Table 6. Thermodynamic data used in calculating Fig. 5

Formula  -AG[46( fm)  re f .  V igg  re f .
k j / m o l . K  C c l m o 1

quire. The conditions under which the sulfates are
stable may not be reached in Co- and Mn-rich rocks,
or if they are obtained may simply cause leaching of
Co and Mn from sulfides, silicates, oxides, and tita-
nates, leaving behind materials impoverished in Co
and Mn. Indeed, the solution of CoSOo or MnSOo in
an aqueous fluid may yield values of a(CoSOo) or
a(MnSOo) considerably reduced from unity, con-
tracting the stability of the oxides and sulfides still
further. The high /S,-/O, part of the diagram may
then represent the conditions for ore transportation
as opposed to the two windows for deposition or
stasis at oxidizing and sulfur-poor conditions on the
one hand, or reducing sulfur-rich conditions on the
other. The highly oxidized manganese deposits in-
volving hausmannite (MnrOo) and other oxidized Mn
minerals such as braunite require quite different f Or/
/S, conditions than those at Bald Krob.

Bald Knob f OJf S, conditions are quite diferent
than those in adjacent rocks and must have been
maintained as distinctly different throughout meta-
morphism. Adjacent amphibolites carry accessory .
pyrrhotite and magnetite, and require /O, several or-'
ders of magnitude higher and /S, orders of magni-
tude lower than the manganese deposit at peak meta-
morphic P-7. lf a through-going water-rich fluid
interacted with the carbonate deposit as concluded
above, the /O, and /S, must have been locally buf-
fered at quite diflerent levels within the manganese
deposit. Presumably this condition would have been
maintained throughout metamorphism, creating a
sulfur-rich and oxygen-poor halo around the manga-
nese deposit as long as the sulfides persisted. To a
first approximation it would appear that the Bald
Knob protolith was a sulfide- and carbonate-rich
body poor in Mn oxides, particularly Mn3* oxides.
The consistency of all the phase equilibria supports
the contention that it last equilibrated during meta-
morphism. We have found no evidence inconsistent
with a premetamorphic sedimentary origin for the
Bald Knob manganese deposit.

Appendix

Microprobe procedure

Element analyses were obtained with an ARL-EMx
electron microprobe analyzer with rrr, pET, and TAp
wavelength-dispersive crystal spectrometers. An ac-
celerating potential of 15 kV and an emission current
of 150 ;rA were standard operating conditions. A
sample current of 0.01 pA was used on Mn silicates
and carbonates; the beam current was digitized with

P h a s e

c o b a l  t  o x i d e
m a n g a n o s i t e
hausmann i te
pa r t r i  dge i  te
pyro l  us i te
qua r tz
ru t i  l  e

c o b d l t  p e n t l ! n d i t e
l i n n a e i t e
c a t t i e r i t e
a l  a b a n d i t e
haueri te
coba l  t  su l  fa te
manganese su l fa te

coO 172 .8  ( l  )  
' l  

l . 64
Mno  3?2 .8  ( 1  )  13 .2?
M n 3 0 4  

' 1 , 0 9 3 . 3  ( r )  4 6 . 9 5
Mn203  740 .0  ( l  )  3 t . 37
M n 0 2  3 6 5 . 4  ( r )  1 6 . 6 1
s io ,  757  . 0  ( r  )  22 .6s
r i 02  789 .0  ( 1 )  ' , t 8 . 82

CogSg  778 .4  ( 4 )  147 .44
Co3S4  320 .1  ( 4 )  62 .55
CoS2  1?5 .7  ( 4 )  25 .52
Mns  2?2 .5  ( r  )  21  . 46
MnS2  222 .0  ( 4 )  34 .20
CoS04  588 .3  ( 8 )  39 .94
MnS04  756 .6  ( 5 )  43 .62

( 1 )
( l  )
( t  )
( l  )( r  )
( l  )( r  )

(2 ' , )
( ? )
( l  )( r  )
f ? \

( r  )
coba l t  o r t ho t i t ana te  Co2T i04  1 ,166 .2  ( 6 )  45 .38  (? )
coba l t  me ta t ' i t ana te  CoT iO3  982 .8  ( 6 )  31 .05  (Z )
py rophan i t e  MnT iO3  1 ,148 .7  ( i )  32 .76  (? \
t eph ro i t e  Mn2S i04  1 ,450 .3  ( r  )  48 .61  ( r  )
r h o d o n i t e  M n S i o r  ] r ] 0 4 . 0  ( f  )  3 5 . 1 6  ( l  )

( l )  R o b i e  g t  a ] .  ( 1 9 7 8 ) ;  ( 2 )  A s r M ;  ( 3 )  s t r u n z  ( ' t 9 7 0 ) ;  ( 4 )  M i l l s
( 1 9 7 4 ) ;  ( 5 )  M a h  ( 1 9 6 0 ) ;  ( 6 )  B r e z n y  a n d  M u a n  ( 1 9 6 9 ) ;  ( 7 )  E v a n s
a n d  M u a n  ( l 9 7 1 ) i  ( 8 )  t l e ' l l e r  ( 1 9 6 5 )
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counting times of 20-30 seconds on each of 5-10
areas of each grain analyzed. The presence of minor
elements was checked with an energy-dispersive Li-
silicon crystal with multichannel analyzer. Spectrom-
eter data were reduced with the Fortran program EM-
PADR VII written by Rucklidge and Gasparrini
(le6e).

Carbonates

A natural rhodochrosite from Alma, Colorado, a
dolomite from Delight, Maryland, and siderite from
Westfalia, Germany were used as standards for all
analyses. The compositions of these standards are
given in Table 7. Because the specimens were
banded, grains from several areas of each sample
were analyzed. The data were reduced with the fixed
stoichiometry mode with C : Mn + Ca + Mg * Fe
(Rucklidge and Gasparrini, 1969).

Pyroxenoids

Synthetic tephroite (provided by Huebner), sphene
(provided by Kerrick), and sphalerite (provided by
Scott), as well as natural rhodonite (Broken Hill,

Table 7. Compositions ofstandards used for microprobe analyses
cited in the t€xt. The synthetic sphene and sphalerite used for the

pyroxenoid analyses are stoichiometric

Al ma
rhodochrosi te

ANU) and kaersutite (Irving) were used as stan-
dards. Analyses of the rhodonite and kaersutite are
given in Table 7. Pyroxenoid intergrowths observed
on the microscope, as well as discrete grains, were
analyzed. Zn and Ti were analyzed for some speci-
mens, and were not found in amounts greater than
0.05 weight percent. Zn and Ti were not included in
subsequent analyses.
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