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Abstract 23 

Coal-seam fires are not uncommon and occur in coal deposits of all ages. Coal-seam fires have 24 

been noted in Alaska, but this paper is the first to describe the mineralogy and petrology of a 25 
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coal-seam fire in the Mystic Creek coal basin in the remote eastern part of the Nenana Coal 26 

Basin, Alaska Range. The coal is Miocene and part of the Healy Creek Formation of the Usibelli 27 

Group. The coal-fire products were studied optically and analyzed using XRF, XRD, and 28 

electron microprobe. The host rock is a silty sandstone consisting mainly of quartz, feldspar, and 29 

minor hematite and clay. The coal-seam fire fused and melted the country rock producing a 30 

metasediment-clinker and paralava. Sekaninaite, plagioclase, and fayalite are the main minerals 31 

that formed along with titanomagnetite, mullite, augite and an unidentified Al-Fe-Ti oxide 32 

mineral. Petrographic analysis shows there are at least three distinct lithologies in the paralava at 33 

thin section scale: a vesicular, holocrystalline sekaninaite-plagioclase + olivine bearing area; 34 

holocrystalline areas dominated by plagioclase and quartz + minor sekaninaite; glassy bodies; 35 

and a bulbous, lenticular body of course sekaninaite and lesser olivine. The paralava is an 36 

andesite with rhyolitic residual glass. Oxidation and fusion of the sediment was the first phase of 37 

pyrometamorphism where the sediment becomes brown-red and sekaninaite begins to form. The 38 

metasediment melts forming vesicles in a black glass; sekaninaite formation is well underway. 39 

The melt separates from the host and coalesces to form the paralava. As the paralava cools, 40 

fayalite and sekaninaite precipitate accompanied by plagioclase, quartz, titanomagnetite and an 41 

Al-Fe-Ti oxide. Proximity to the surface allowed quenching of the remaining liquid to rhyolitic 42 

glass. Numerical modeling was employed to calculate the liquidus temperature (1140o to 1200oC) 43 

and understand the crystallization pathway to the rhyolitic glass. In all models, sekaninaite 44 

precipitation is the most important mineral leading to the rhyolitic glass. 45 

Keywords: Sekaninaite, Nenana Coal Basin, Alaska Range 46 

 47 

 48 
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Introduction 49 

Coal-seam fires have occurred world-wide throughout geologic time (e.g. Sen, 1957; Wahrhaftig 50 

et al., 1969; Foit et al., 1987; Cosca et al., 1989; Sharygin et al., 1999, 2009, 2014; Grapes, 2011; 51 

Grapes et al. 2009, 2011; Thiéry et al., 2018,; Guy et al. 2020). There is abundant evidence for 52 

fires that have since burned out and others that have burned for decades and even thousands of 53 

years (Sharygin et al., 2014). In this study we investigate a prehistoric coal-seam fire in the 54 

Nenana coal basin in the Alaska Range (Fig. 1). Although coal-seams in the western part of the 55 

basin near the Alaska Railroad and Richardson Highway have been mined and studied, the 56 

eastern part is remote and relatively inaccessible except by helicopter. The Mystic Creek coal 57 

basin in the remote eastern part, is the subject of our study.  58 

 59 

Geologic Setting and Background  60 

The coal-bearing rocks of the Nenana Coal Basin occur in a series of faulted synclines in an 61 

extensional basin in the northern foothills of the central Alaska Range (Fig. 1) (e.g. Wahrhafrig, 62 

1970a, b, c, d, e, f, g, h). The basin lies north of the Farewell-Denali Fault and within the Tintina 63 

Gold Province. The stratigraphy consists of pre-Cenozoic metamorphic rocks overlain by Eocene 64 

to Pleistocene sedimentary rocks that were folded and faulted as the Alaska Range began 65 

growing in the Miocene.  The Usibelli Group comprise Cenozoic sediments that make up the 66 

coal field; they rest on an eroded complex of Paleozoic to Cretaceous greenschist grade 67 

metavolcanic and metasedimentary rocks (Wahrhaftig et al. 1969; Kirschner, 1994; Ducel-Bacon 68 

et al., 2007; Wartes et al. 2013). Cretaceous plutonic and Precambrian rocks lie farther south in 69 

the heart of the Alaska Range. Pliocene and Pleistocene gravels and alluvium overlie parts of the 70 

coal field.  71 
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 72 

The Usbelli Group (Fig. 2) consists of five formations: the Healy Creek, Sanctuary, Suntrana, 73 

Lignite Creek and Grubstake Formations. Prior to uplift of the Alaska Range, sediments were 74 

deposited by a southward flowing drainage system (Wahrhaftig et al. 1969). The growth of the 75 

Alaska Range diverted the drainage system westward, much like it is today. 76 

 77 

The Healy Creek Formation is probably the most widely distributed formation of the lower coal-78 

bearing formations of Wahrhaftig et al., (1951). It lies unconformably on mainly Paleozoic 79 

metamorphic rocks of the Yukon-Tanana terrane (Wahrhaftig, 1987; Wilson and others, 1998) 80 

and consists of interbedded poorly consolidated sandstone, conglomerate, claystone and coal 81 

beds. Although these rock units are mainly Miocene in age, Leopold and Lui (1994) suggest the 82 

lower part may be late Oligocene. Wolfe and Tania (1987) suggest that the sediment of the Rex 83 

Creek area may be as old as Eocene.  84 

 85 

The Sanctuary Formation lies conformably on the Healy Creek Formation (Fig. 2) and consists 86 

of gray shale that weathers to a chocolate brown or yellow brown; the upper part is silty with fine 87 

sand beds that probably accumulated in a shallow lake (Wahrhaftig et al. 1969). Coal beds are 88 

abundant throughout the unit. 89 

 90 

The Suntrana Formation conformably overlies the Sanctuary Formation and is estimated to 91 

contain the bulk of the coal reserves (Wahrhaftig et al. (1969). It consists of a series of repeated 92 

coarse pebbly sandstones grading upward into fine sands and claystone and coal, suggesting that 93 

it formed in a basin that alternated between a coal-forming basin and periods when a braided 94 
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fluvial system flowed from the north (Wahrhaftig et al. 1969). Based on paleobotany, Wolfe and 95 

Tanai (1980) dated the Suntranta Formation as Middle Miocene Seldovian floristic stage (Fig. 2). 96 

Triplehorn et al. (1999) obtained an40Ar/39Ar date of 32 Ma on a kaolinitic clay layer in coal 97 

layer #6 near the top of the uppermost unit.  However, based on inconsistency of the data and 98 

low radiogenic content of most samples, they considered the date to be unreliable.  99 

 100 

The Lignite Creek Formation conformably overlies the Suntrana Formation and includes 101 

interbedded sandstone, claystone, and thin coal beds. It comprises two facies: a coal-bearing 102 

facies in the southern basin and a noncoal-bearing facies in the northern basin. The coal beds are 103 

mostly thin and discontinuous.  104 

 105 

The Grubstake Formation rests conformably on the Lignite Creek Formation and is overlain by 106 

the Nenana gravels of Pliocene to early Pleistocene (Sortor et al., 2021). The Grubstake 107 

Formation consists of interbedded claystones, sandstones, and fine conglomerates. Coal occurs 108 

locally and is typically thin bedded. Two thick ash beds occur in the formation (Fig. 2). 109 

Wahrhaftig et al. (1969) obtained an 8.1 Ma K/Ar radiometric date on glass from the lower ash. 110 

Triplehorn et al. (1999) reanalyzed the ash using 40Ar/39Ar dating techniquesand got an age of 111 

8.3 Ma, but they considered this to be in error due to excess Ar in the glass. Minerals from the 112 

glass were also age-dated by Triplehorn et al. (1999) which gave apreferred age of 6.7 Ma.  113 

 114 

Coal of the Nenana Basin 115 

The coal of the Healy Creek area has been classified as subbituminous B and C (Cooper et al. 116 

1946).  Coal in the Lignite Creek Formation is classified as subbituminous C and lignite (Martin, 117 
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1919). These classifications were made for the active coal mining areas in the accessible western 118 

part of the basin.  The coal is typically black to dark brown with a dull luster. Fossil twigs are 119 

found locally at the tops of many layers. Coal near the base of the base Healy Creek Formation is 120 

higher in heating values than that near the top (Wahrhaftig et al. 1969). Most of the coal has an 121 

ash content estimated to be between 10% and 20%. 122 

 123 

Wahrhaftig et al. (1969) reported that during his field work (1940s), there were several active 124 

coal-seam fires. The most prominent prehistoric and widespread burnt coal seam within the 125 

Nenana coal basin is in the C&D layers of the Healy Creek Formation (Fig.3). Warters et al. 126 

(2013, Fig. 3) also identified a burned coal in the Suntrana Formation. A large but 127 

indeterminable amount of coal had been lost there due to coal-seam fires. Burning coal has baked 128 

overlying sediments, especially the clay and shale layers.  129 

 130 

Coal-seam fires in the Nenana basin are not unusual today. One fire in 2009 was responsible for 131 

the Rex Creek wildfire; four coal-seam fires were reported in 2016 (Hollander, 2016); two coal-132 

seam fires in the Healy Creek area merged in 2018 to form the Healy Creek wildfire that covered 133 

over 1,800 acres (Ellis, 2018). No coal-seam fires have been reported from the remote eastern 134 

part of the basin but field work as part of this study showed evidence of past fires. 135 

 136 

Methods 137 

We sampled a burnt coal seam in the largely inaccessible Mystic Creek coal basin that is over 50 138 

km east of Healy. The basin lies in a synclinal trough near the Wood River (Fig. 1) and is a small 139 

eroded remanent in the Nenana basin.  The sampling sites are about 2 m above the Mystic Creek 140 
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stream bed. Wahrhaftig et al. (1969) states that the Healy Creek Formation forms the base of 141 

Mystic Creek where itis approximately 330 m thick. Based on Wahrhaftig’s (1969) description, 142 

we interpret our sampling site to be in the Healy Creek Formation and possibly equivalent to coal 143 

beds C&D (Fig. 3) although we cannot show a direct correlation because the basin is isolated and 144 

the stratigraphy there has not been refined. 145 

 146 

Based on our samples (Fig. 4), the authors originally thought the locality was a lava flow that 147 

invaded wet sediment and baked the sediment into a clinker, like invasive Columbia River Basalt 148 

Group (CRBG) flows (e.g. Ross, 1989; Reidel et al. 2013). Invasive CRBG flows are common 149 

where the basalts are erupted onto thick, unconsolidated sediments. The flows burrow into the 150 

sediments and can bake the sediment in contact resembling our sample sites. We now recognize 151 

that these sites resulted from a coal-seam fire. The sample in Figure 4 resembles paralavas and 152 

clinker in Figures. 2 and 3 of Guy et al. (2020). A paralava is a pyrometamorphic rock that is 153 

vesicular, aphanitic, often pahoehoe like and with clear flow structures. We define the clinker as 154 

a mixture of the stony residual and baked sediment that is slightly metamorphosed. We analyzed 155 

both the paralava (RR21-1) and the intercalated metasediment-clinker (RR1SED-1).  156 

 157 

 158 

Petrography 159 

Paralava 160 

Overall, the paralava is a very fine-grained to glassy rock. Petrographic analysis shows there are 161 

at least three distinct lithologies (Fig. 5) present in the Mystic Creek coal basin paralava on a thin 162 

section scale : a vesicular, holocrystalline sekaninaite-plagioclase + olivine bearing area (SP 163 



8 
 

domains), holocrystalline areas (PQ domains) dominated by plagioclase and quartz + minor 164 

sekaninaite, and lenticular shaped glassy bodies (G domains). A bulbous, lenticular body of 165 

coarse sekaninaite + lesser olivine (CS on Fig. 5) may represent a fourth domain or may be just a 166 

minor phase of the SP domain. 167 

 168 

Vesicular SP domains consist of sekaninaite, plagioclase, titanomagnetite, an Al-Fe-Ti oxide 169 

mineral that we are unable to identify, and lesser olivine and make up the dominant lithology 170 

forming the matrix surrounding the glassy, lenticular G domains, and the SQ domains. The 171 

sekaninaite (Figs. 6a, 6b. and 6d) occurs as subhedral to anhedral, equant to elongate grains with 172 

good cleavage (100) and 001 parting. It is biaxial negative with 2V~60o to 65o, inclined 173 

extinction, 90o prismatic cleavage, moderate birefringence, and is pale greenish with reddish-174 

brown alteration (hematite?) on cleavages.  A bulbous, lenticular body (CS on Fig. 5) of coarse 175 

sekaninaite occurs within a much finer-grained, vesicular body of plagioclase, opaque oxides, 176 

and sekaninaite (Fig. 6g). The sekaninaite in the lenticular body has hematite on cleavages and 177 

occurs with abundant tiny opaque oxide grains.  178 

 179 

Olivine (Fig. 6a) has a higher birefringence than the sekaninaite and is biaxial negative with a 180 

2V>70o. It is anhedral with slightly curved partings resembling cleavage.  It is typically pale 181 

green to pale yellow-brown with brown alteration (hematite?) on partings. 182 

 183 

The PQ domains form as patches and border zones along the margins of the glassy bodies and as 184 

veins and lobes invading them (Figs. 6c, 6d and 6h). The PQ domains consist of plagioclase 185 

(59.4%), quartz (9.7%), titanomagnetite and the unidentified Al-Fe-Ti oxide mineral (together = 186 



9 
 

30.9%), and possibly sekaninaite as grains too small for positive identification (Table 1). The 187 

plagioclase forms tiny slender lath-shaped microlites and less commonly occurs as clusters of 188 

larger grains up to 0.4mm in diameter along the margins of the glassy bodies (Fig. 6e). Scattered 189 

alkali feldspar grains have slightly higher birefringence (1st order yellow) than the plagioclase, 190 

are biaxial negative and have an estimated 2Vgreater than 60o. Opaque grains are abundant as 191 

small, square euhedral grains. The PQ domains generally coarsen along the margins of the glassy 192 

bodies. They appear to be derived from a sekaninaite-bearing lithology by reaction with glassy 193 

bodies. Evidence for this transition occurs where a vein extending from the SP domain abruptly 194 

becomes a PQ domain where it enters a glassy body (Fig. 6c). Two larger augite grains within 195 

the felsic areas are present (Fig.6f).  196 

 197 

The three irregular to lenticular glassy bodies forming the G domains (Fig. 5) consist of yellow-198 

brown vesicular rhyolitic glass containing lath-shaped plagioclase (15.1%), sharp, angular 199 

fragments of quartz (10.3%), opaque oxides (2.0%), and a trace of brownish sekaninaite. The 200 

bodies are invaded by veins and lobes of the PQ domain which also borders them (Figs. 6c and 201 

6d). The lenticular shapes of the glassy bodies (Fig. 5) and their invasion by the PQ domain 202 

suggests both were mobile which is supported by the physical flow structure of the sample (Fig. 203 

5). The glassy bodies resemble magma pillows formed when mafic magma invades a granitic 204 

magma or crystal mush and are separated into rounded to lenticular segments and invaded by 205 

veins and lobes of the granitic liquid (Ross, 2009, 2014).  206 

 207 

Clinker-Metasediment 208 
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The clinker consists of reddish-brown areas intimately intertonguing with black areas (Figs. 7 209 

and 8c).  We interpret the red-brown areas as oxidized parts of the original sediment that has 210 

undergone slight metamorphism. The black areas are the initial melting of the clinker and 211 

typically are vesicular, containing abundant anhedral quartz grains, a feldspar (biaxial negative, 212 

2V>60), titanomagnetite and possibly rare, tiny grains of sekaninaite set in a black, glassy matrix 213 

(Fig. 8a).  Elongate vesicles and strings of small vesicles produce a flow or flattening fabric (Fig. 214 

8b).  The black areas closely resemble the glassy domains in the paralava. The red oxidized areas 215 

lack vesicles and contain less quartz than the black areas.  The matrix consists of tiny, elongate 216 

original sediment fragments producing a distinct layering or bedding that is absent in the black 217 

areas.   218 

 219 

Mineral chemistry 220 

The mineralogy of the paralava sample was examined optically, by electron microprobe 221 

analyses, and Xray diffraction (XRD). Photomicrographs of many of the stations probed for 222 

chemical composition are shown in Figure 9. The dominant minerals present in the paralava are 223 

sekaninaite, olivine, feldspar, magnetite, an unidentified Al-Fe-Ti opaque oxide and quartz 224 

accompanied by glass. The mineral identifications were verified by XRD (Fig. 10) and 225 

microprobe analysis (Online Material Table OM1). 226 

 227 

Plagioclase is the dominant mineral in the paralava from the Mystic Creek basin coal fire. 228 

Optically, it comprises 15 to 56.7 volume percent of the paralava (Table 1) and occurs as lath-229 

shaped to irregular microlites.  Albite twinning is rarely visible. Microprobe analyses indicate a 230 



11 
 

consistent anorthite content of An96 to 98 and an absence of minor elements Ba, Ni and Mn.  231 

There is no noticeable zoning. X-ray diffraction patterns show a low intensity. 232 

 233 

Sekaninaite is a rare mineral but is diagnostic in very high temperature pyrometamorphic rocks 234 

and is typically associated with tridymite, olivine, orthopyroxene, mullite, Fe-Ti oxides and 235 

occasionally cristobalite, feldspar, clinopyroxene and corundum. (Grapes et al., 2011; Sharygin, 236 

et al., 2014). In the Mystic Creek coal basin, sekaninaite accounts for 13.4 volume % of the SP 237 

domain (Table 1) and has SiO2, FeO and Al2O3 compositions like those described by Grapes et 238 

al. (2011) and Sharygin et al. (2009) but higher MgO compositions. Analyses show Si lies within 239 

the low normal range (4.79-4.97 atoms per formula unit [apfu]) but with excess of Al (4.03-4.15 240 

apfu). The MgO content of both Grapes et al. (2011) clinkers and the Mystic Creek coal basin 241 

metasediment/clinker are similar (~1-1.5 wt.%). 242 

 243 

Olivine comprises approximately 12.3 volume percent of the SP domain in the Mystic Creek 244 

basin paralava. Analyzed olivines are iron-rich fayalites with contents consistently Fa90 (Online 245 

Material Table OM1). 246 

 247 

Opaque minerals account for 17.6 to 30.9 volume percent of the Mystic Creek basin paralava 248 

(Table 1). We recognize titanomagnetite and an unidentified Al-Fe-Ti opaque oxide variety 249 

(Online Material Table OM1). The titanomagnetite typically contains as much as 50-57 wt.% 250 

TiO2 and less than 8 wt.% Al2O3.  The Al-Fe-Ti opaque oxide typically contains greater than 13 251 

wt.% Al2O3 and less than 8 wt.% TiO2. Microprobe analyses (Fig. 9; Online Material Table 252 
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OM1) have recognized numerous small grains but we have not established the mineral name. An 253 

X-ray diffraction pattern for the mineral is not apparent nor are the optic properties unique. 254 

 255 

All glass analyses fall into the rhyolite field on the alkali-silica diagram of Lebas et al. (1986) 256 

(Online Material Table OM1; Fig. 11). 257 

 258 

Whole Rock Chemistry  259 

Both the paralava and enclosing metasediment host rock were analyzed for whole-rock 260 

compositions (Table 2). The country rock is a poorly consolidated silty sandstone with 261 

interbedded coal. The paralava and brown-red portion of the metasedimenthost rock were 262 

carefully sampled (Fig. 4) to ensure that chips of the paralava and host metasediment were 263 

analyzed separately.  The bulk compositions of paralava and metasediment are similar and plot 264 

within the andesite field (Fig. 11). Both samples are moderate in SiO2 high in Al2O3, K2O, and 265 

low in Na2O, CaO and MgO (Table 2).  266 

 267 

Paragenesis 268 

Analyses of the metasediment-clinker and paralava show the sequence of mineral formation as 269 

the country rock heated, began to melt and then crystallization as the paralava melt cooled.   270 

 271 

The first phase of the pyrometamorphism is oxidation of the sediment (Figs. 4 and 7). The host 272 

sediment is poorly consolidated and white to beige but the sediment becomes brown-red (Fig. 7) 273 

from oxidation and begins to fuse. Thin sections and hand specimens show remnants of bedding 274 

and original quartz and feldspar. X-ray diffraction patterns (Fig. 10) show that sekaninaite is 275 
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present suggesting that the temperature of formation of the metasediment was sufficiently high 276 

prior to fusion to form sekaninaite. 277 

 278 

In the next phase, the brown-red metasediment begins to melt (black of Fig. 7) forming vesicles 279 

in a black glass. Vesicles probably formed as water in the sediment vaporized. Sekaninaite 280 

formation is well underway, but the dominant mineralogy is the original quartz, feldspar and 281 

titanomagnetite. Figures 7 and 8d show that the melt begins to separate from the host and 282 

coalesce to form veins of the paralava. The original bedding is destroyed by melting and the melt 283 

begins to flow like a normal lava (Fig. 4). 284 

 285 

As the paralava begins to cool, which appears to be soon after formation, fayalite is the first 286 

mineral to precipitate accompanied by sekaninaite. Sekaninaite appears to continue to crystallize 287 

as the paralava cools.  Plagioclase followed along with titanomagnetite, the Al-Fe-Ti oxide and 288 

quartz, The proximity to the surface allowed rapid cooling of the remaining liquid to form glass 289 

containing many microlites. However, we saw no evidence of roof collapse or opening of large 290 

cracks to the surface which is common for underground coal fires (Sharygn et al. 2014)  resulting 291 

in rapid quenching of the paralava. This suggests that cooling and solidification proceeded at 292 

shower rate. 293 

 294 

In the melt, the early forming holocrystalline minerals (SP domain) enclose the residual glassy 295 

domain (G domain) but initially remain mobile enough to invade the glassy area (Fig. 6c). 296 

Sekaninaite abruptly ceases forming where the holocrystalline vein enters the glassy domain. 297 

Veins from the plagioclase-quartz bearing domains (PQ domain) that formed as zones within the 298 
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holocrystalline domain also invade the glassy zone (Fig. 6d). The plagioclase-quartz (PQ) 299 

domain minerals appear to begin crystallizing after the initial crystallization of the 300 

holocrystalline minerals. This suggests that water vapor may have allowed the earlier 301 

crystallization of the minerals in the holocrystalline domain. Upon elimination of water vapor, 302 

minerals within the plagioclase-quartz domain began forming. 303 

 304 

Discussion  305 

Coal-seam fires are not uncommon, occurring in coal deposits of any age. Coal-seam fires have 306 

been noted in Alaska, but this paper is the first to describe the mineralogy and petrology of a 307 

coal-seam fire in the Nenana coal basin. 308 

 309 

The mineralogy of the Mystic Creek coal-seam fire is dominated by plagioclase and sekaninaite 310 

with lesser fayalitic olivine and two opaque minerals, titanomagnetite and an unidentified opaque 311 

Al-Fe-Ti oxide. 312 

 313 

Temperature and Pressure 314 

The Mystic Creek coal seam occurs approximately 300 m below the surface at ~1 atm pressure. 315 

The liquidus temperature can be estimated two ways.  First, the occurrence of fayalite suggests 316 

that the temperature could be as high as 1200oC (Deer, Howie and zussman,1963, p.14) but 317 

undoubtly this is the lowest temperature reached in the coal fire. In the FeO-SiO2 system of 318 

Bowen and Schairer (1932) and Schairer and Yagi (1952) (Fig. 12)as interpreted by Grapes et al. 319 

(2011), sekaninaite can first appear at 1210oC suggesting that the liquidus is approximately 320 

1200oC. Fayalite forms a eutectic with tridymite and sekaninaite at 1083oC (Fig. 12). The 321 
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fayalite-tridymite-albite eutectic is much lower at 980oC and approximates the composition of 322 

fayalite rhyolites.  323 

 324 

A second method is to calculate the liquidus using MELTs with a QFM buffer (Ghiorso, 325 

and Sack,1995). Using this method, an equilibrium liquidus occurs at 1141oC. Considering both 326 

methods we estimate the liquidus temperature to lie between 1140- and 1200oC but much closer 327 

to 1200oC indicated by the presence of fayalite. These estimates are similar to that suggested by 328 

Sharygin et al. (2014) for the Ravat coal fire in Tajikistan where sekaninaite and fayalite also 329 

occur. This range represents the minimum high temperature reached by the Mystic Creek coal 330 

fire. 331 

 332 

Bulk Paralava Composition. 333 

The major, minor and trace element compositions of the paralava and the metasediment country 334 

rock are identical (Table 3) and plot in the andesite field (Fig.11) indicating that the paralava 335 

resulted from complete melting of the host sediment. All six microprobe analyses of the glass 336 

plot in the rhyolite field (Fig. 11). To compare the trace elements of the paralava and host 337 

sediment to estimates of the ‘Bulk Earth,’ we plott both on bulk Earth diagrams of Rudnick and 338 

Fountain (1995) and Hickley et al. (1986) (Fig.13). This also suggests that complete melting of 339 

the host sediment formed the paralava as both fit within the normal Bulk Earth except to lower 340 

Sr. 341 

 342 

Modelling.  343 
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The coal-seam fire is effectively a closed system with complete melting of the host sediment. 344 

This provides a natural laboratory to model the evolution of the melt compositional from its 345 

initial composition to its residual glass under atmospheric conditions.  The initial sediment and 346 

paralava compositions are identical and provide the starting composition, and the paralava glass 347 

composition provides the final liquid composition. We do not observe any residual sediment in 348 

the paralava supporting the conclusion that the melting of the sediment was complete. Our 349 

approach included several models: MELTs (Ghiorso and Sack, 1995), Magma Chamber 350 

Simulation (MCS, Boreson et al., 2020), and the least squares linear regression programs in Igpet 351 

(Carr and Gazel, 2017). 352 

 353 

Magma Chamber Simulator (Boreson et al., 2020) was used to examine the possible 354 

fractionation path from parent (bulk host rock) to glass composition at1 atm. We calculated the 355 

equilibrium liquidus temperature (above) using MELTs and for use in MCS. After many runs, 356 

we could not successfully produce the rhyolite glass composition.  In every case the final glass 357 

composition in MCS was a dacite. We concluded that MCS was not the appropriate model 358 

because we were trying to reproduce conditions at 1 atm when MCS was designed for much 359 

higher pressures.  In addition, an important mineral, sekaninaite (Fe-Cordierite) was not one of 360 

the possible minerals in MCS.   361 

 362 

The least squares linear regression model of Igpet (Carr and Gazel, 2017) was used in both the 363 

fractional crystallization mode and magma mixing mode (Tables 4 and 5).  In the fractional 364 

crystallization mode, mineral compositions determined by electron microprobe analysis were 365 

fractionated from the parent composition (host rock – paralava) to produce the rhyolite daughter 366 
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composition.  In the magma mixing mode, the mineral compositions with the rhyolite glass 367 

compositions were ‘mixed’ to reproduce the bulk host metasediment-paralava composition 368 

(Table 3). To assess the residuals (differences between observed and calculated) we use one 369 

standard deviation of the rhyolite glass compositions.  We chose this because the analyses for 370 

each mineral composition are similar but there are some differences in the microprobe analyses 371 

of the glass compositions. We concluded that this would be a better way to evaluate a model.  372 

The F value for the magma mixing equations is typically less than 1 and for the fractional 373 

crystallization mode, it is approximately 1. In the tables the residuals are typically less than the 374 

one standard deviation for the rhyolite glass.   375 

 376 

The results of the least square-linear regression models were consistent in that sekaninaite is a 377 

dominant phase in both magma mixing and fractional crystallization modes. This may also 378 

explain why the MCS models were unsuccessful. In the fractional crystallization model (Table 379 

4), sekaninaite is the main phase fractionated.  In the mixing mode modes (Table 3), sekaninaite 380 

is mixed with the rhyolite glass in nearly equal proportions to represent nearly 95% of the 381 

equation. Although plagioclase is the dominant mineral determined optically, the glass contains 382 

microlites that are too small to recognize optically.  The modeling suggests that the small 383 

microlites in the glass are mainly sekaninaite with some plagioclase, fayalite and the opaques as 384 

minor constituents.  This appears to be supported by the X-ray diffraction patterns where 385 

sekaninaite forms prominent peaks compared to fayalite and plagioclase. 386 

 387 

Implications: 388 
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Coal-seam fires represent an unusual and relatively unexplored natural environment of mineral 389 

formation in pyrometamorphic rocks. Although they are not uncommon, especially in the 390 

western USA, ones like the Mystic Creek coals that burned with an extremely high temperature 391 

(>1200oC) and produce sekaninaite with fayalite are relatively rare.  In addition, they provide a 392 

natural laboratory for understanding low pressure, high temperature fractional crystallization 393 

paths in magmas. Pyrometamorphic rocks often contain new minerals (e.g. Foit et al., 1987; 394 

Online Material Table OM1).  It is not surprising that new mineral compositions previously 395 

unreported in nature have been discovered. Thus, pyrometamorphic rocks like the Mystic Creek 396 

coal basin provide a valuable natural laboratory for exploring magmatic processes and new 397 

minerals for future mineralogical studies. 398 

 399 
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 550 

Figure 1. Geologic map of the Nenana Coal Basin, central Alaska Range. Inset map shows the 551 

location of the Mystic Creek coal basin portion of the Nenana Coal Basin. Map is based on 552 

Wahrhaftig (1970a,b,c,d,e,f,g,h). 553 

Figure 2. Stratigraphy of the central Alaska Range. Modified from Figure 3 of Triplehorn et al. 554 

(2000). 555 

Figure 3. Stratigraphy of a portion of the Nenana Coal field area with emphasis on the 556 

stratigraphy representative of the Mystic Creek coal basin.  The paralava (RR21-1) probably is 557 

from the burned coal seam (C & D coal bed). Modified from Figure 3 of Wahrhaftig et al. 558 

(1969). 559 

Figure 4. Photograph of hand specimen from the Mystic Creek coal-seam fire. Shown are the 560 

sampling locations of XRF samples and thin sections of paralava (RR21-1) and clinker-561 

metasediment (RR21SED1). 562 

Figure 5. Photograph of thin section RR21-1 showing the distribution of the three lithologic 563 

domains: sekaninaite-olivine-bearing domain (SP; CS = coarser area), plagioclase-quartz-bearing 564 

domains (PQ), and glassy domains (G).  565 

Figure 6. Photomicrographs of selected parts of Paralava (RR21-1) thin section. 6a) sekaninaite-566 

plagioclase domain showing sekaninaite (Sk) microlites exhibiting good (001) cleavage, olivine 567 

(Ol), plagioclase, and titanomagnetite.  6b) Photomicrograph of 0.4 mm sekaninaite grain (Sk) 568 

exhibiting good (001) cleavage on which red hematite alteration is present. 6c) Photomicrograph 569 

of veins extending into a glassy body (G) from the plagioclase-quartz-bearing domain (PQ) 570 

bordering it. Titanomagnetite and minor glass are also present. 6d) Photomicrograph showing 571 

plagioclase-quartz-bearing vein (PQ) extending into a glassy body (G) from the sekaninaite-572 

plagioclase domain (SP). Note the abrupt loss of sekaninaite (higher birefringent grains) at point 573 

vein enters the glassy domain.  6e). Photomicrograph of a cluster of larger plagioclase grains (Pl) 574 

in the plagioclase-quartz-bearing domain bordering a glassy body (G).  6f). Photomicrograph of 575 

two biaxial positive augite grains (Ag) within the SP domain near the margin of the PQ domain.  576 

6g). Photomicrograph (plane light) of an oval area consisting of an outer zone rich in 577 

titanomagnetite (Mg) around a core of sekaninaite (Sk) and euhedral olivine (Ol).  6h). 578 

Photomicrograph of a possible sekaninaite microlite (Sk, arrow) in the PQ domain in which its 579 

occurrence is minor. 580 

Figure 7. Photograph of a thin section of the metasediment-clinker showing the interfingering of 581 

an oxidized red area with the melting black area.   582 

Figure 8. Photomicrograph of the metasediment-clinker (RR21SED1). 8a). Quartz forms the 583 

abundant angular grains with low birefringence in the metasediment. The arrow points to a 584 

moderately birefringent grain that is possibly sekaninaite. The thin elongate grains are too small 585 

to identify. 8b). Photomicrograph of flow structure in black clinker produced by aligned flattened 586 

vesicles and prismatic grains. 8c). Photomicrograph (plain light) of lobe of black clinker within 587 
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red oxidized portion. 8d.) Photomicrograph (plain light) showing a vein of PQ domain in black 588 

clinker. 589 

Figure 9. Photomicrographs showing locations of grains analyzed by micropobe. 9a). 590 

Sekaninaite-Plagioclase (SP) domain; 9b). Glass domain; 9c). Plagioclase-Quartz (PQ) domain. 591 

SK- Sekaninaite; Ol-Olivine; FS-Feldspar; Tm-Titanomagnetite; G-Glass; MC-minor 592 

crystallites; Si-Silica. MM-Unidentified Ti-AL-Fe opaque mineral. Numbers following mineral 593 

identification refer to On-Line Data Table 1.  594 

Figure 10. XRD mineral analyses of paralava and host sediment. 11a). Paralava; 11b). 595 

Metasediment-clinker. 596 

Figure 11. XRF analyses of paralava and metasediment-clinker plotted on the alkali-silica 597 

diagram of LeBas et al (1986). G1 and G2 are identified in Figure 10 and Table 2.  The number’s 598 

locations are identified in On-Line Table 1. 599 

 600 

Figure 12. Mystic coal subbasin paralava and metasediment-clinker compositions and 601 

crystallization paths plotted in the system FeO–Al2O3–SiO2 of Schairer and Yagi (1952) and 602 

with Fe-cordierite renamed as sekaninaite. Arrows indicate direction of falling temperature, and 603 

relevant invariant and reaction points are listed. Modified from Grapes et al. (2011). 604 

Figure 13. Paralava and host sediment rare earth data plotted on the on bulk Earth diagrams of 605 

Rudnick and Fountain (1995) 14a) and Hickley et al. (1986) 14b). showing the complete melting 606 

of the host sediment to form the paralava. 607 

 608 

 609 

Table 1. Modal analyses of the paralava* 610 

Phase                   Sekaninait
e 

Plagioclas
e 

Quartz  Olivine Opaques  Glass  total 

SP domains*  13.4  56.7    ‐  12.3  17.6    ‐  100.0 

PQ domains*   trace  59.4  9.7    ‐  30.9   5.5  100.0 

Glassy 
domains 

 trace  15.1  10.3    ‐  2.0    
72.6 

100.0 

*SP = Sekaninaite and plagioclase rich domains; PQ = plagioclase and quartz rich domains;  611 

Due to small size of areas, modal analyses based on counts of 700 points, 217 points, and 252  612 

points for the SP domains, PQ domains, and glassy domains respectively.   613 

 614 

 615 

Table 2. XRF analyses for the Paralava and Clinker-metasediment 

Sample 
RR1SED-
1 

RR21-
1 

Clinker-metasediment Paralava 
Major elements (wt % SiO2 59.67 SiO2 58.44
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oxides) 
TiO2 0.956 TiO2 0.923

Al2O3 23.94 Al2O3 23.00
FeO* 7.62 FeO* 10.31
MnO 0.122 MnO 0.154
MgO 1.45 MgO 1.55
CaO 0.51 CaO 1.15

Na2O 0.30 Na2O 0.26
K2O 3.46 K2O 2.86

P2O5 0.112 P2O5 0.541
LOI (%) 0.88 LOI (%) 0.00

sumMaj+LOI 99.00 sumMaj+LOI 99.16
sumAll 99.25 sumAll 99.52

Volatiles (wt %) F >= 0.00 F >= 0.08
Cl >= 0.00 Cl >= 0.00

SO3 >= 0.00 SO3 >= 0.00
Volatiles (ppm) Br >= 1 Br >= 0

As >= 6 As >= 9

Trace elements (ppm) Ni 41 Ni 52
Cr 108 Cr 109
V 134 V 144

Sc 20 Sc 20
Cu 38 Cu 20
Zn 156 Zn 374
Ga 31 Ga 32
Ba 1041 Ba 1066
Rb 170 Rb 153
Cs 6 Cs 6
Sr 64 Sr 70
Y 44 Y 47

Zr 273 Zr 261
Hf 9.0 Hf 8.2
Nb 24.8 Nb 24
Ta 1 Ta 1

Mo 0 Mo 2
La 62 La 65
Ce 118 Ce 122
Nd 50 Nd 53
Sm 10.5 Sm 10.8
Dy 5.6 Dy 7.2
Yb 3.2 Yb 4.6
Th 32 Th 30
U 6 U 6
Tl 2 Tl 1

Pb 24 Pb 93
Sn 4 Sn 12
Bi 0 Bi 0
Sb 1 Sb 2
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Analyses by Hamiltion 
Labs

 616 

 617 

 618 

Table 3a. Mixing Run 1  The Hybrid magma is  RR21‐1    Paralava  

Coef  Solid  Magma 

0.040   0.4%  Al‐Ti‐Fe Oxide 

0.031     3.1%  Plagioclase Feldspar 

0.502   50.2%  Glass 

0.426     42.6%)  Sekaninate 

 619 

    SiO2  TiO2  Al2O3  FeO  MnO  MgO  CaO    Na2O  K2O    P2O5 

Obs  58.92  0.93  23.19  10.39  0.16  1.56  1.16  0.26  2.88  0.55 

Calc          59.01  0.71  23.24  10.46  0.10  1.84  1.27  0.07  3.21  0.05 

Diff*Wt     ‐0.04  0.23  ‐0.03  ‐0.07  0.06  ‐0.27  ‐0.1  0.20  ‐0.33  0.49 

1 Sigma  2.504  0.209  2.81  1.587  0.081  0.041  0.674  0.054  0.841  0.704 

Sum of squares of residuals= 0.539 

    620 

Table 3b. Mixing Run 2  The Hybrid magma is  RR21‐1    Paralava  

Coef  Solid  Magma 

0.058   5.8%  Al‐Ti‐Fe Oxide 

0.028     2.8%  Plagioclase Feldspar 

‐0.020  ‐2.0%  Fayalite Olivine 

0.513   51.3%  Glass 

0.421   42.1%  Sekaninaite 

 621 

    SiO2  TiO2  Al2O3  FeO  MnO  MgO  CaO    Na2O  K2O    P2O5 

Obs  58.92  0.93  23.19  10.39  0.16  1.56  1.16  0.26  2.88  0.55 

Calc          58.87  0.86  23.35  10.43  0.08  1.75  1.22  0.07  3.28  0.05 

Diff*Wt     0.02  0.07  ‐0.08  ‐0.03  0.08  ‐0.18  ‐0.06  0.20  ‐0.39  0.49 

1 Sigma  2.504  0.209  2.81  1.587  0.081  0.041  0.674  0.054  0.841  0.704 

Sum of squares of residuals= 0.492 

 622 

Table 3c. Mixing Run 3  The Hybrid magma is  RR21‐1    Paralava  

Coef  Solid  Magma 

0.005   0.5%  Ilmenite 

0.036  3.6%  Al‐Ti‐Fe Oxide 

0.029     2.9%  Plagioclase Feldspar 

0.499   49.9%  Glass 

0.430   43.0%  Sekaninaite 

 623 
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    SiO2  TiO2  Al2O3  FeO  MnO  MgO  CaO    Na2O  K2O    P2O5 

Obs  58.92  0.93  23.19  10.39 0.16  1.56  1.16  0.26  2.88  0.55 

Calc          58.89  0.94  23.23  10.41 0.10  1.85  1.24  0.07  3.20  0.05 

Diff*Wt     0.01  ‐0.01  ‐0.02  ‐0.02  0.06  ‐0.29  ‐0.08  ‐0.31  0.50  0.05 

1 Sigma  2.504  0.209  2.81  1.587 0.081 0.041 0.674 0.054 0.841  0.704 

Sum of squares of residuals= 0.478 

 

 624 

 625 

Table 4. Fractional 
Crystallization  

The Parent magma is RR21‐1    Paralava  

Coef  Solid  Magma 

0.012   2.2%  Ilmenite 

0.016  2.9%  Fayalite Olivine 

0.048     9.1%  Plagioclase Feldspar 

0.456   85.8%  Sekaninate 

0.470     Daughter (Glass) 

 626 

    SiO2  TiO2  Al2O3  FeO  MnO  MgO  CaO    Na2O  K2O    P2O5 

Obs  58.92  0.93  23.19  10.39  0.16  1.56  1.16  0.26  2.88  0.55 

Calc          58.66  0.74  23.10  10.26  0.16  1.95  1.12  0.01  3.70  0.45 

Diff*Wt     0.26  0.18  0.09  0.13  0  ‐0.39  0.04  0.26  ‐0.81  0.10 

1 Sigma  2.504  0.209  2.81  1.587  0.081  0.041  0.674  0.054  0.841  0.704 

Sum of squares of residuals= 1.014 

 627 
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Figure 6 (a-d) 
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