














the deeper coal seams. It is also at the margins of the basin where erosion
and downcutting remain active and continue to expose near—-surface coal seams
facilitating combustion. 1In the areas of the basin margins where clinker is
abundant, the resistant clinker beds are likely the controlling feature of
landform evolution. The areal extent of clinker in the basin is estimated at
between 10,000 and 20,000 km2, with thickness ranging from a few to 100 m and
averaging perhaps about 30 m. The average thickness of coal seam that has
burned is estimated as 10 m, therefore approximately 1011 m3, or about 200
billion tons, of coal has burned in the Powder River Basin.

Mineralogy of the thermally altered rock (clinker) indicates the extreme
temperatures to which the rocks have been heated. In rocks heated to medium
temperatures typical mineral assemblages include silica polymorphs (quartz,
cristobalite, and tridymite), anorthite (An > 95%), iron-rich clinopyroxene
(Cosca and others, 1985), and oxides of iron. Extreme temperatures produce
highly altered rocks that contain high-temperature minerals such as hercynite
and indialite, a high-temperature dimorph of cordierite. In the most extreme
cases of heating, mullite has been formed by a process wherein the common
rock-forming cations have been volatilized, leaving behind a crystalline
residue of silicon-aluminum oxide. 1In addition, extremely high temperatures
have produced interesting textural features, such as exsolution lamellae of
unusual composition in the iron oxides.

Rocks subjected to the highest temperatures produce an iron-rich melt as
a slag that segregates from the host rock. The material appears to have had
low viscosity compared to most lavas, and it flows readily under gravitational
influence. Where sufficient slag occurs, the material runs together in
rivulets, which combine and form drip or flow structures (Figure 2) in the
cracks and cavities produced by shrinkage of the host rock upon heating. The
slag is dark, usually vesicular, and resembles a basalt in appearance and
composition. However, a principal difference from ordinary basalt is that the
slag has been heated to temperatures at least 100°C higher than normal
temperatures of lava extrusion, which seldom exceeds 1200°C (Carmichael and
others, 1974). 1In some cases the temperature may have been considerably
higher. It is these high-temperature, iron-rich slags that are the focus of
interest in this paper.



COMBUSTION CONDITIONS AND ENVIRONMENT

Coal ignition can occur from a variety of causes. The clinker used in
this study was collected from the Powder River Basin, Wyoming, a region
containing coal known for its tendency to spontaneously ignite (Herring and
Rich, 1983). Direct ignition of the coal by lightning is probably rare; more
likely is the symbiotic relationship between lightning-ignited, grass or brush
fires, which ignite coal seams at the outcrop. The coal seam fires can burn
or smolder for years and then become an ignition source for subsequent grass
fires, which further can ignite additional coal seam fires.

The temperatures attained in natural combustion of coal, while high for
surface geologic processes, are not particularly high compared to those in
industrial combustion of coal. A typical combustion temperature in pulverized
coal electrical power plants 1s around 16009C, but this is attained using
finely pulverized coal injected into the burner with an optimum,
stoichiometric amount of oxygen in order to sustain and produce total
combustion (Ceely and Daman, 1981). In natural, in-situ coal combustion the
burning conditions are far less ideal and the temperatures perhaps lower;
nevertheless, temperatures of natural coal burns are still remarkably high
compared to common geologic processes at the Earth's surface.

Thick coal seams (as thick as 70 m in parts of the Powder River Basin
prior to burning) leave structures in the altered rock after burning that
provide some idea of combustion conditions. The intensity of heating is
indicated by the formation of slag with associated flow structures, while
slickensides and chaotic orientation of blocks of shale heated to form buchite
reveal the collapse of the rocks into rubble-filled voids left behind by the
burning of the underlying coal. Chimneys in the clinker show that the hottest
exhaust gases were confined to localized areas.

Fire can consume the entire thickness of the coal seam or only part of
the seam, usually the top, leaving behind unburned coal. A single locality
may show that coal has burned over an areal extent hundreds of square
kilometers, but it is unlikely that the entire area was on fire at one time.
The burn more likely occurred as several local, perhaps unconnected, fires
that moved on the order of a few meters per year. Fires might extinguish only
to rekindle later when proper conditions again exist for ignition.

As the coal burns, it reduces in size to an ash of approximately one-
tenth of the original volume of the coal. The ash comprises mostly the inert
mineral matter originally in the coal. This volume reduction over the
thickness of the coal seam removes the support of rocks overlying the seam and
allows them to subside. Cavities left from the coal combustion fill with
fragments of the collapsed, overlying rocks.

During the most intense combustion, cavities in the burn reach
temperatures exceeding 1300°C as indicated by the altered minerals (discussed
later), and by our heating experiments on naturally produced slag, indicating
temperatures of 1267°C+. Field measurements confirm these hot temperatures.
We measured a combusting coal seam at an abandoned, underground coal mine at
1140°C, using optical pyrometery. This temperature was measured in a
subsidence cavity only 2 m below the ground surface; in the actual coal seam,
approximately 20 m underground, temperatures undoubtedly were much higher.
Burning coal seams are stoked by drafts of air rushing into the combustion
cavity to replace air that is combusted or removed upward by convecting gases
and heat from the burn. Cracks in the rocks above the burn, produced by
failure and subsidence of overlying rock into the void left by the burning



coal, become the exhaust vent (chimney) for heat and combustion gases. After
passage of the burn front, these subsidence cracks in the now cooled, highly
fractured rock serve as an excellent intake manifold, which the air can enter
to support further combustion. Jet-like convection cells are established,
with intense velocities in the combustion-supporting air and the upward-
convecting exhaust gases. In analogy to bellows used on a fire, the rapid
convection furnishes abundant air to the burning coal and produces extremely
hot temperatures. It is in the chimneys of the clinker where the greatest
heat and consequent greatest thermal alteration of rock occur. When air
supply is limited, combustion temperatures are kept much cooler and produce
less thermal alteration of the overlying rock.

Gases emitted during burning reflect the combustion conditions. Abundant
air supply produces very hot burning, which usually leads to complete
combustion of the coal. The combustion product gases in this case would be
carbon dioxide along with any unused, residual oxygen from the air, as well as
the inert atmospheric gases. Limited air supply produces lower temperatures
with possible incomplete combustion of the coal and the product gases are
mixtures of carbon monoxide and dioxide (Herring, 1986). If large partial
pressures of carbon monoxide exist, the combustion environment will be highly
reducing and will greatly affect iron valence and mineralogy in the slag.

Rocks cool once the burn terminates. The burn can extinguish from
passage of the fire front, exhaustion of the fuel, inadequate air supply, or
suffocation resulting from collapse of overlying rock. Cooling in the case of
rocks heated from natural coal fires occurs much more quickly than in the
usual conduction-limited case for cooling of surficial igneous rock. In the
case of natural coal burns, the heat is quickly lost by advection through the
subsidence cracks that were created during burning. Rapid cooling results in
the coexistence of metastable mineral assemblages that otherwise would not
occur. An example of this is the relatively common co-occurrence in the slag
and associated rocks of the silica polymorphs: quartz, cristobalite, and
tridymite. Also, little glass occurs in these rocks. Hence, the cooling was
sufficiently rapid that an equilibrium mineral assemblage was not produced,
but not so rapid to quench the bulk of the slag to glass.

The age of combustion in Western United States coal seam fires is
geologically very young. Fission track dating of reset zircons in baked
sandstones commonly indicates burning ages of 1 to 2 million years or less for
localities in the Powder River Basin (Coates and Naeser, 1984). 1In the slag
from the Jacobs Ranch Coal Mine analyzed as a part of this study, there were
no fission tracks in zircons in overlying, baked sandstone, indicating a
combustion age of younger than 80,000 years. 1In many cases, the fires have
been active during the past 2 centuries: historical documents from settlers
mention the burns. Thus, the baked rocks discussed in this study can be
considered as extremely recent; resultant mineral assemblages produced from
the thermal alteration also can be considered to be fresh, with little or no
opportunity for subsequent alteration during weathering.



ANALYSIS OF THE TIRON-RICH SLAG

Most of the analyses of slags in this report are based on rocks collected
from the strip mine pit of the Jacobs Ranch Coal Mine, south of Gillette,
Wyoming. Extremely fresh exposure and accessible sections through the
clinker, as much as to 40 m thick, occur at this locality. Much of the
chemical and mineralogical analysis for this work has been done on slag
occurring as a single cluster of teardrop shapes (Figure 2), each droplet
about I-cm diameter, taken from a chimney at this locality. 1In order to
provide a homogeneous sample of what otherwise could be an extremely
heterogeneous rock, the droplets were scraped free of any surface oxidation
and ground-water deposits, then ground to less than 80 mesh and well mixed.
This allowed similar, uniform composition samples to be analyzed and then
compared using X-ray diffraction, Mossbauer spectrometery, and determinations
of bulk chemistry. 1In addition, whole droplets from the cluster were
sectioned and examined using electron microprobe analysis along with scanning
electron and optical microscopy. Analysis of the sectioned droplets permitted
observation of textural features and internal zoning. The teardrops vary in
porosity from 20 to 40 percent, visual estimate, due to numerous spherical
vesicles probably originating from gas bubbles when the drops were molten.
These small cavities of approximately 0.1 to 1 mm diameter occur throughout
the teardrops. In most droplets the vesicles are smaller and less abundant in
the interior, compared to the outer few millimeters, though some contain a
concentration of large vesicles near the center. Towards the exterior of the
droplet commonly there is a concentration of the largest vesicles, which
sometimes have coalesced to form hollow zones 2 to 10 mm long and about 1 mm
deep.

The mineralogy of the vesicular droplets comprises iron oxides, laths of
anorthite, about 50-100 um in length, and a fine-grained groundmass of
intergrown quartz and other silica polymorphs plus glass and possibly some
potassium feldspar. Some patches in the groundmass are composed of brownish,
partly devitrified or undevitrified glass. The iron oxides are dominantly
magnetite and hematite, in subhedral to euhedral crystals about 5 to 100 um in
size, with the two minerals commonly being intergrown. Magnetite is more
abundant in the interior of the droplets and hematite is the dominant iron
oxide toward the outside. The magnetite contains a notable amount of Al and
Mg, and commonly contains oriented exsolution lamellae of hercynite spinel,
(Fe,Mg)A1204. The hematite is titaniferous (0-8 weight percent TiO2) and also
contains up to 7 weight percent Al,04. The droplets have an iron oxide rim
about 20 to 100 pym thick composed ma%nly of hematite plus a subordinate amount
of magnesioferrite spinel that contains 1 to 15 weight percent ZnO.

The bulk mineralogy of the teardrops, determined by X-ray diffraction,
comprises quartz, cristobalite, tridymite, nearly pure anorthite (An > 95%),
hematite, and magnetite as major components (Figure 3). In the vugs of the
teardrops, these same minerals occur along with minor amounts of calcium
phosphate (apatite?) and clinopyroxene. The acicular crystals of
clinopyroxene occurring in the vugs would be inferred to have an atomic
composition of FegcMg;sCa3p, based on their optic angle of 49° using standard
determinative curves. This clinopyroxene normally would be classified as
ferroaugite; however, Cosca and others (1985) have shown that the pyroxenes in
similar slags may range in composition from CaMgSiZO to near end member
CaFet3A1510, and, because of this range, the standarg determinative curves may
not apply. Crystals in the matrix of the teardrop range in length from 5 to
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Figure 3. X-ray diffraction pattern of bulk mineralogy of crushed and ground

teardrops. Scan was run using nickel-filtered, iron Ko radiation
to minimize fluorescence of iron in the sample. The scan was run
at 2920 per minute. Minerals identified are: Qz-quartz, Hm-
hematite, Mt-magnetite and/or magnesioferrite, Hc-hercynite, An-
anorthite, Cpx-clinopyroxene, Or-orthoclase, Cr-cristobalite, and
Tr-tridymite. An X-ray scan of the highly baked shale showed most
of these same minerals along with readily identifiable cordierite

and mullite.
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100 ym, while the smaller crystals in the vugs usually are less than 1 mm.

Bulk chemical composition of the teardrops is shown in Table 1 and
compared with a representative basalt for which trace element data are
avallable. The CIPW normative compositions based on the bulk chemistry of the
slag and a representative basalt are given in Table 2. Preliminary analysis
of the iron valances in the ground teardrop composite using Mossbauer
spectroscopy showed apparently equal proportions of +2 and +3 states; however,
subsequent analysis using X-ray fluorescence and wet chemistry showed that the
actual ferric/ferrous ratio was closer to 10. Elemental iron was not detected
in this material, although it has been reported in rocks overlying artificial,
in-situ-gasification coal burns where the p0, was kept low in order to ensure
production of a burnable product gas (L. Burns, oral commun., 1986; and Craig
and others, 1982). The composition of the bulk teardroplets is quartz- and
corundum-normative. Much of the Al 0 and MgO, appearing in the normative
composition as corundum and hyperstﬁene, are in the actual droplet contained
in solid solution in the magnetite and hematite. 1In its composition of major
elements, the slag is richer in iron and poorer in Si, Mg, Ca, and Na relative
to average basalt. The normative composition of the slag reflects its
enrichment in Fe 03 relative to the basalt. The corundum—normative component
of the slag resu%ts from the low Ca0 content and reflects the origin of the
slag from aluminum-rich shale. The large amount of normative quartz in the
slag results from the relative paucity of Mg0O, Ca0O, and FeO. Higher
concentrations of these three oxides in the slag would otherwise be expressed
as pyroxenes, both in the actual mineralogy and the normative composition.

Table 3 lists the trace element composition of the slag along with a
representative basalt. Comparative trace element enrichment in the slag,
again relative to the basalt, exists for Pb, Y, P, and Zn; the slag is
somewhat depleted in Ni. Based on the abundance of La and Ce, there is some
suggestion that the lanthanide rare earth elements may be enriched in the
slag.

Representative microprobe analysis of major element composition of the
various iron oxide phases is given in Tables 4 to 9. The microprobe
conditions for the analyses are given in the Appendix to this report, along
with identification of the various point analyses and droplet
identification. Tables 4 and 5 list individual hematite analyses, as well as
averages representative of the different compositions of hematite present in
the droplets. The TiO, content of the hematite ranges from near 0 to 7.5
weight percent and Al 8 in the same minerals ranges from about 0.5 to 6.5
weight percent. The %ematite phases apparently are zoned within the droplet—-
the hematite that is low in Ti and Al occurs towards the droplet rim (Figure
4).

Representative analyses of the magnetite are given in Tables 6 and 7.
Magnetite in the outer part of a droplet is a homogeneous, single-phase
mineral, but towards the droplet center it contains an increasing abundance of
exsolution lamellae of hercynite-rich spinel. A typical structural formula
based on a total of three cations per formula unit and calculating Fet3 /Fe+2
to give four total oxygen atoms, for the homogeneous magnetite in the outer
part of the sample is (analysis MtX4H):

+3
(Mg 15Mng o1 Fe o 84)21.00 (Fe 7 63810.35711.98 %.00

Analysis of the hercynite lamellae was difficult because of the narrowness,
about 1 um maximum, of the lamellae; most of the analyses (given in Table 8)
probably include some overlap with the host magnetite. The structural formula
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Table l.--Percent oxide analysis of major and minor elements in
ground, homogenized teardrops compared with a representative basalt

[Analytical techniques are X-ray Fluorescence (XRF) and Inductively Coupled
Plasma spectrometry (ICP). Note: The Fe0O analysis listed in the XRF analysis
was performed by wet chemistry. Total Fe was determined using XRF, and Fe203
was calculated by difference. Oxide values from the ICP analyses, expressed
in weight percent are included for comparison with the X-ray fluorescence
analysis. The relatively low total iron value measured by ICP, compared to
that measured by XRF, is an artifact of the semiquantitative nature of the ICP
technique. The XRF analysis should be accepted as accurate for total iron as
well as the other major and minor elements. Total for the ICP technique is
not included because in the technique Si is not determined (n.d.). Analysis
of a basalt from the Talasea volcanic field, New Britain (Lowder and
Carmichael, 1970), for which trace element data also are available (see Table
3), is included for comparison]

XRF ICP Basalt
5102 O O Y A e n.d. 51.57
Al9g03 ceeevevsscsncscessesnsesal3.5 11.7 15.91
Fe203 I Y28 - 2.74
FeO eessseccsccccesscsscssssel2el’ - 7.04
Total Fe [as FegO3leseeeseeess[35.5] 16.7 [10.48]
MgO0 ceccesessscesssssssssevsnelel 1.8 6.73
Ca0 P 1Y ¢ 4.2 11.74
K90 ceccsssscsccssescessssssaslsl 0.8 0.44
Ti0, ceccseassesccacsasesccnseses.5 0.2 0.80
L S S PR ETEER TS P 1.0 0.11
MnO O PP 1K 0.3 0.17
Nag0  seeeeevsesescscnsscnsesesl0.2 0.2 2.41
Loss on ignitionesecescscecssess0:s55 - 0.45
TOtAl ceeecccccccccccossnsssessd9.9 - 100.11
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Table 2.—-CIPW normative composition of the iron-rich teardrop based
on the chemical analysis determined by XRF and wet chemistry (Table 1)

[The basalt, whose bulk composition is given in Table 1, is included for

comparison]
Slag Basalt
Q cevessee2b.17 2.24
Or veeeeeess5e90 2.62
ADececoccccccccssnnns - 20.40
An cecensselbe27 31.27
Hy eeseeseesD 48 16.06
1 —— 21.30
Mt R K & 3.98
Hm veseseee27.93 -
I1 vececesss0.96 1.52
Ap ceveessss3.09 0.27
C I TS -
Total veceeeesd9.40 99.66
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Table 3.--Semiquantitative analysis of trace elements in parts per million of
the crushed teardrops using inductively coupled plasma (ICP) emission
spectroscopy

[Element concentrations shown as less than, <, are present but below the
detection limit of the analytical technique, which appears following the <
symbol. The representative basalt is described in Table 1. Nb in the basalt
was looked for but not detected]

Element Iron-rich slag Basalt
/

Ba 510e000004150

Be 3

cd 10

Ce 64eeeece. 35

Co 3eeteesnnsns

Cr 27 ceeessa125

Cu 27 ceeeseal?5

Ga <20eeesese 15

La 35000000 15

Li 15

Mo 5

Nbeoeeseasaanaseeael20

Ni 15.¢.....100

Pb 45000000 1

Sc 8

Sn <20

Sr 150c60eeee355

Ta <50

Th <10.seeeee 15

U <200

\ 7heeeeesaa275
<10

Y 52

Zn 490cc000.. 80
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Table 4. Microprobe analyses of hematite associated with magnesioferrite near rim of teardrop

[Numbers in parentheses under the column headings are the number of points combined to produce the averages
in the table. Zeros in square brackets are analyses statistically insignificant from O. The microprobe
analysis measured total iron; Fe0 and Feio3 values are those calculated to give a stoichiometric formula

with 4 oxygen atoms and a total of 3 cations]

HmF2 HmX1 HmE1 HmF1 HmY2 HmC1 HmY3 HmX2 HmY1

(2) (3) (2) (2) (3) (2) (1) (2) (2)

Zn0.eveevssss [0] [0} (o] [0] (o] [0} (0] fo] [0]
Mg0.eeeesseaes 0416 0.16 [o] 0.10 ()] 0.16 0.11 0.06 0.07
Calueeeecesses 0.08 0.04 0.14 0.12 [o] 0.04 0.21 0.04 0.04
MnOuveeeseaoes 0.26 0.42 0.04 0.24 0.23 0.26 0.03 0.04 0.18
Aly0geeesessss 0.42 0.49 2,53 0.81 0.68 0.69 2.54 3.30 0.87
Ti0).eeeeeees 0.04 0.04 .04 0.05 0.05 0.10 0.13 0.18 0.28
810yeeevesese (0] [0} [0} [o] (o] ()] 0.11 0.12 (o]
Fey0geuevenss 97.86 98.73 96.71 98.78 97.88 98,93 93.44 96.23 98.35
Total.eeeess. 98.88 99.97 99.56 100.16 99.08 100.18 96.57 100.03 99,79
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Fe

HEMATITE
mol %

Feo 5705

Feo.5Alo5

Al Ti

Figure 4. Triangular Fe-Al-Ti plot, in mole fraction, of hematite
compositions, computed from microprobe analyses. Only the Fe-rich half of

the Fe-Al-Ti ternary diagram is shown. Points nearest the Fe vertex (rim)
are compositions of hematite associated with magnesioferrite and zincian
magnesioferrite near outer rim of teardrop. Points with about 85 to 90
mole percent Fe (interior) are hematite associated with magnetite in

interior of the teardrop.
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Table 6. Microprobe analyses of magnetite phases

[The analyses are of lamellae-free host magnetite within the host plus spinel
intergrowths, except for sample MtX5, which is an exsolution-free, single-
phase magnetite. Numbers in parentheses under the column headings are the
number of points combined to produce the averages in the table. Zeros in
square brackets are analyses statistically insignificant from 0. The
microprobe analysis measured total iron; FeO and Fe,0, values are those
calculated to give a stoichiometric formula with 4 oxygen atoms and a total of
3 cations]

MtK82  MtX4H MtK73 MtX3H MtL84 MtX5
(1) (2) (1) (1) (1) (3)
ZN0esseevanass 0.37 0.13 [o] 0.32 0.46 0.14
MEOeeessnsases 1.06 2.84 2.71 3.45 2.87 2.70
Calieeesseesss 0.07 0.04 0.08 0.07 0.16 [o]
MNOeeeeeaonass 0440 0.48 0.39 0.50 0.62 0.46
Al 0gessessnss 4obb 8.43 9.81 11.19 12.60 10.77
TiOpesssseeess 0.23 0.17 0.18 0.06 0.08 0.18
$1094esesesss [0] 0.10 [0] 0.11 [0] (0]
FeOuvveroooes 30.32 28.03 28.69 28.08 28.67 28.78
Fes03ueennses 65.24 60.59 59.52 59.69 57.81 58.38
Totalesessss 102.33  100.81 101.38 103.47 103.27 101.41
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Table 8. Analyses of predominantly spinel exsolution lamellae, principally
hercynite, plus a variable amount of overlap by host magnetite

[Numbers in parentheses under the column headings are the number of points
combined to produce the averages in the table. Zeros in square brackets are
analyses statistically insignificant from 0. The microprobe analysis measured
total iron; Fe0 and Fe, O, values are those calculated to give a stoichiometric
formula with 4 oxygen atoms and a total of 3 cations]

HcK83 HcK80 HcK79 HcLl HcX1

(D (1D (1) (1D (1D
ZN0eeseesesee [0] 0.48 0.34 0.98 0.70
MgOeeooensesnes 2441 1.61 8.65 5.72 11.56
Calesesossssse 0.06 [0] [0] 0.21 0.04
MnOeeeoesessee 0.53 0.47 0.55 0.26 0.54
AlyOgececenee 23.12 29.71 38.19 48.53 48.61
Ti0geeeveceess 0.24 0.35 0.21 0.25 0.06
§i0peessssesss 0.13 [0] [0] 0.25 0.21
Feleveooseess 33.31 36.11 23.80 31.72 22.00
Fey0geevanacs 47.09 40.70 28.42 17.94 19.92
Totaleeoeeoo 106.89 109.43 100.16  105.86 103.64

20



for the analysis of a hercynite spinel lamella showing the least Fe and
highest Mg and Al is (analysis HcX1):

+2 +3 .
Mgy 4727, 01M%.01F%0.51° 51.00 (Fe0.41211.575%0.01721.99 %4.00

A typical formula for the averaged composition of host magnetite plus
lamellae, obtained by broadening the microprobe beam to about 20 um diameter,
for the grains in the interior is (analysis MtGl):

+2 +3
(Feg 65M80, 32M10, 02200, 017£1.00 (Fe1.3380.677122.00 04.00

Spinel near the rim of the teardrops shows an unusual enrichment in
zinc. The oxide phase occurring in the outer 100 um of the droplet is a

magnesioferrite spinel, ideally MgFe 04, which contains up to 15 weight
percent Zn0O (Table 9). The Zn content of this spinel increases outward, from
about 0.5 weight percent ZnO at the inner portion of the rim to its maximum
value at the rim surface. This zinc-bearing spinel is intergrown with
hematite that is nearly pure FeyO3 (Table 4). The Zn is present throughout
the entire magnesioferrite grain and, hence, must be incorporated in the
lattice rather than simply adsorbed on the surface. The source of the Zn is
no doubt volatilization and removal from the coal and/or coal-associated
sediments, which have typical Zn concentrations of 30 and 100 ppm,
respectively. The Zn was transported in the combustion gases and incorporated
into the teardrops probably as temperature began decreasing.

A calculated stoichiometric formula of the low-zinc magnesioferrite
(analysis MfC2) is:

+3
Mg 05sM9.062%0.017z1.12 (Fe1.76A%0.117£1.87 ©3.94

The formula can be improved by expressing part of the Mn as +3 to account for
the small deficiency in oxygen; this gives the formula

+3

+3
Mgy 0527 .01711.06 (F1.76

Aly 11M%.06751.93 ©3.97

An average formula for the high-zinc magnesioferrite (analysis MfFl) is:

)

+3
£1.03 ‘Fe1.78 £1.97 93.99

Magnesioferrite spinel containing these large amounts of Zn is an unusual
composition and, to our knowledge, has not been observed in any other natural
rocks.

Compositions of spinel phases, in mole percent, are plotted in the spinel
quadrilateral MgAl204-FeAl204-FeFe20,4-MgFey0 in Figure 5 for rim
(magnesioferrite), host (magnetite free of lamellae), exsolution lamellae, and
averaged magnetite plus lamellae analyses. Figure 6 is a plot of the divalent
cation content of the spinels, plotted in the system Mg0O-Fe0O-ZnO for rim
(magnesioferrite) and interior (both homogeneous magnetite and magnetite plus
hercynite lamellae) compositions.

Other volatile metals present in the Powder River Basin's coal, with
concentrations in ppm given for the whole coal (Hobbs, 1980), include As (5),
Hg (0.1), Sb (0.5), Se (1), cd (0.1), F (70), and Pb (4). These and other
volatile metals, such as Sn, are known to occur in condensate minerals
associated with coal mine fires in the Eastern (Lapham and others, 1980) and
Western (Herring, 1986) United States. It is likely that, upon further

+3)

(F 0.12™0.07

Mg, 62°20.01%%0. 40 Al
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MgF6204 FeFe204

rim host

Mesle

5 - -

L]

exsol. lamellae

MgAl;04 FeAl,0,

Figure 5. Plot of compositions, in mole fractions, of spinels, from
structural formulae computed from microprobe analyses, within the
spinel quadrilateral MgAl,O,-FeAl,0,-Fe;0,-MgFe,0,. Solid circles
near MgFe,0, vertex (rim) are magnesioferrite spinels from rim of
teardrop. Squares in lower part of diagram (exsolution lamellae)
are analyses of hercynite lamellae within magnetite. Open circles
toward the Feq0, vertex are averaged analyses (broadened
microprobe beam) of host magnetite plus lamellae. Triangles near
the Feq0, vertex (host) are homogeneous magnetite and host
magnetite between exsolution lamellae. The single point toward
left center of the diagram is one unusually Mg-rich composition of
host magnetite plus spinel lamellae (analysis MtH1).
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Zn0O

SPINELS

mol %

interior

MgO FeO

Figure 6. Triangular Mg0-Zn0O-FeO plot, in mole fractions, of divalent cation
compositions of spinels, from structural formulae computed from
microprobe analyses. Solid circles represent compositions of
analyzed spinels, including homogeneous single-phase spinels, and
averaged host plus lamellae compositions. Points along FeO-MgO
join near FeO vertex (interior) are compositions of magnetite
within teardrop interior, including both homogeneous magnetite and
averaged host plus lamellae compositions. Points near Mg0O vertex
and along Mg0-Zn0 join (rim) are compositions of magnesioferrite
near teardrop rim. Single point along MgO-Fe0 join near MgO
vertex is one analysis (MtH1) of host magnetite with spinel
lamellae which, because of high MgO content in the lamellae,
actually plots closest to magnesioferrite end-member composition.
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search, some or all of these metals also may be discovered to be incorporated
into minerals of the slag. None of these volatile elements occurred in
apparent excess in the trace element analysis (Table 3) or in energy
dispersive X-ray analysis of the teardrop; however, in both of these
analytical techniques the zinc-rich minerals also did not stand out because of
their localized occurrence in a minor portion of the teardrop.

Table 10 is a summary of selected data on the compositions of intergrown
or adjacent oxide mineral pairs: magnesioferrite plus hematite, and magnetite
plus hematite. Element distribution between coexisting mineral phases
generally showed little systematic variation. Most elements analyzed were
either present at only trace levels in both phases (for example, Ca and Si),
or were abundant in one phase but present at only minor or trace levels in the
other: for example, Mg, Mn, and Zn were concentrated in the spinels, and Ti
was concentrated in hematite. The only element aside from Fe that was present
in large amounts in both spinel and hematite phases was Al; and as shown in
Table 2, the only significant variation observed appears to be an increased Al
content in two analyses (Y3 and El) of hematite associated with Al-enriched
magnesioferrite. The relatively constant distribution of Mg, Al, Mn, and Ti
between the apparently coexisting oxides is a potential source of information
on the average temperature and oxygen fugacity at which the minerals
crystallized, and this can be explored in future work.
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Table 10. Microprobe analyses of coexisting mineral crystals

[The first tabulation of coexisting mineral pairs is for magnesioferrite and
hematite pairs (see Tables 4 and 9) towards the rim of the teardrop. The
second set of analyses is for pairs of coexisting magnetite and hematite (see
Table 5). The magnetite in analysis X5 was homogeneous and free of hercynite
exsolution (see Table 6); all other magnetite analyses listed are of averaged
magnetite plus contained hercynite spinel lamellae (see Table 7). Analysis
pairs are identified by the analysis labels of spinel followed by hematite;
for example, F1,Fl is spinel analysis MfFl and hematite analysis HmF1]

Analysis Mg0, wt. 7% A1203, wte % Tioz, wt. %
Pairs
spinel hematite spinel hematite spinel hematite
F1,F1 11.94 0.10 2.96 0.81 0.04 0.05
F1,Yl 11.94 0.07 2.96 0.87 0.04 0.28
Y1,Y2 12.52 0.05 2.04 0.68 0.00 0.05
F2,F2 12.62 0.16 2.70 0.42 0.00 0.04
X1,X1 17.75 0.16 2.03 0.49 0.01 0.04
5Y,Y3 19.26 0.11 10.34 2.54 0.00 0.13
El,El 21.49 0.02 12.19 2.53 0.01 0.04
Ccl1,Cl 21.72 0.16 2.40 0.69 0.00 0.10
Analysis  MgO, wt. 7% Al,03, wt. % TiO2, wt. %
Pairs
magnetite hematite magnetite hematite magnetite hematite

X5,X5 2.70 0.49 10.77 3.89 0.18 7.56
X4 ,X4 3.50 0.40 11.67 4.22 0.21 5.56
X3,X3 4.15 0.25 14.73 5.31 0.07 1.62
Al,Al 4.43 0.62 14.78 4.18 0.21 7.47
B1,B2 4.75 0.50 13.92 3.93 0.17 6.44
K1,K1 4.80 0.38 17.29 3.94 0.34 6.06
D2,D2 4.92 0.28 12.41 5.06 0.00 2.82
D1,D1 5.72 0.48 15.03 5.04 0.01 4.62
I1,I1 6.00 0.56 16.72 4.07 0.06 5.50
Y4,Y4 6.15 0.29 20.71 4.54 0.08 3.08
J1,J1 6.23 0.58 17.65 4.22 0.12 4.51
G1,Gl1 6.48 0.54 16.97 4.53 0.05 3.70
G1,G2 6.48 0.60 16.97 6.59 0.05 4.83
D3,D3 7.36 0.53 16.90 5.20 0.04 4.17
H1,H1 16.73 0.23 21.72 3.88 0.02 0.55
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