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Iron silicide minerals (Fe-Si group) are found in terrestrial and solar system samples. These minerals tend to be

more common in extraterrestrial rocks such as meteorites, and their existence in terrestrial rocks is limited due to a

requirement of extremely reducing conditions to promote their formation. Such extremely reducing conditions can

be found in fulgurites, which are glasses formed as cloud-to-ground lightning heats and fuses sand, soil, or rock. 

iron silicides  fulgurites

1. An Overview on Fulgurites and Prebiotic Chemistry

Fulgurites are glassy rocks that are formed when an electric discharge flows through materials such as rock, soil,

and sand . The electric discharge in nature is lightning , but sometimes, a man-made powerline also can be

an electric discharge source that produces a fulgurite . As a fulgurite forms, a high-energy electric discharge

(peak currents as much as 200 kA) quickly (about 100 μs) travels through sand, soil, and clay . This tremendous

electric current causes rapid melting of the target material and forms an amorphous, tubular glassy mixture, which

traces the path the current traveled through the target.

Fulgurites are categorized as a type of pyrometamorphic natural glass , where pyrometamorphism is a form

of low-pressure, high-temperature metamorphism. Pyrometamorphism is usually surficial, and may be analogous

to impact metamorphism, especially given recent discoveries of shock quartz within fulgurites . Fulgurites can

be partitioned based on differing spark sources and different target minerals : natural fulgurites are those

fulgurites formed by lightning hitting materials such as soil, sand, and rock, whereas artificial fulgurites are formed

by man-made electrical power structures or sources such as downed powerlines that discharge into natural

materials. Anthropogenic fulgurites are formed by natural lightning that strikes artificial substances, such as asphalt

or concrete. A fulgurite can be both artificial and anthropogenic if an artificial discharge travels through man-made

target material. The major differences between lightning-formed fulgurites and electrical powerline-formed

fulgurites are the power and total reaction time. Natural lightning provides a huge, powerful discharge of energy

(10  J per flash) , extreme high temperatures (range of 10 –10  K)  but limited duration (100 μs) . On the

contrary, man-made discharge sources have significantly less power than a lightning strike but may stay in contact

with a target material for a much longer reaction time (hours). The net result is that it can be difficult to differentiate

between artificial and natural sources as both form fulgurites, though glass morphology and composition can

provide clues as to what energy source formed them .
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Fulgurites form when a substantially powerful electrical current strikes and flows through a target mineral. The

process requires the creation of an electric arc, which occurs when the electrical voltage surpasses the target

material breakdown strength. This electrical arc provides a high-energy, high-temperature, and high-reduction

environment that heats the target materials . Furthermore, the high-energy, charged plasma generated by the

electric current may heat and expand the tube channel, which may then transfer thermal and kinetic energy into the

target material and its surrounding area . The tube size and morphology of the fulgurite depend on the target

mineral composition  and physical characteristics, as well as the energy and duration of the discharge event 

. The mineralogy of fulgurites reflects their unusual formation conditions and is characterized by highly reduced

phases such as iron silicide minerals and iron phosphides (schreibersite), as well as high-temperature minerals

such as cristobalite and baddeleyite, and high-pressure minerals such as shocked quartz and cubic ZrO  

.

2. The Occurrences of Iron Silicides in Fulgurites

During fulgurite-forming lightning strikes, an extremely high-energy and high-temperature environment is generated

over the course of a second (the lightning strike timescale), which persists for a few seconds to minutes after the

initial strike and cessation of current (the timescale for heat dissipation). These uncommon conditions enable the

reduction of oxide minerals into oxygen-poor compounds, such as phosphate minerals transforming into

schreibersite (Fe, Ni) P and phosphite ; silicate minerals changing into reduced iron silicides and

elemental silicon ; and carbon sources reduced to carbide minerals .

The iron silicide minerals are like iron phosphides and are a group of rare minerals that formed in reducing

environmental conditions. Major natural iron silicide minerals include gupeiite (Fe Si) , suessite ((Fe, Ni) Si) ,

hapkeite (Fe Si) , xifengite (Fe Si ) , naquite (FeSi) , linzhiite (FeSi )  and luobusaite (Fe . Si ) .

Iron silicide minerals are common to a variety of fulgurites and can be found globally. Iron silicides in fulgurites may

also be a possible source of the strange occurrences of Fe-Si that are found in unusual locations. We discuss

these below, with the caveat that some of these occurrences are within fulgurites with artificial electric discharge

sources, or with sources that are ambiguous (where details of the formation event were not recorded, or lost by the

observers). Nonetheless, the occurrences of FeSi minerals within fulgurites spans both artificial and natural

sources, and indicates the formation of these minerals is not a rare occurrence.

The first occurrence of silicides in fulgurites was reported by Essene and Fisher , who discussed the presence of

opaque, metallic spherules inside the glassy matrix of the Winans Lake fulgurite, which was formed by a natural

lightning strike, and which showed no evidence of mixing with the much more oxidized matrix glass. This

occurrence showed that metal and oxide liquids emerged unmixed at the time of fulgurite formation. Therefore, it

was reasoned that the reduced iron silicide minerals, such as FeSi, FeTiSi , and Fe Si , were formed associated

with the fulgurite when these two separate liquids cooled down. Additionally, Essene and Fisher  proposed that

the reduction of silicates to silicides (and elemental silicon) was coupled to an oxidation of carbon (in the form of

graphite, with its precursor likely being a tree root) inside the Winans Lake fulgurite, though the authors suggested

oxidation of atmospheric nitrogen may have contributed to the reduction environment.
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However, Sheffer  argued that this oxidation of carbon or nitrogen provides a fraction of the reducing power

needed for the conversion of iron oxide and silica into metal silicides. Sheffer  and Roberts et al.  investigated

several lightning-formed fulgurites and compared the glasses to their organic-poor, starting target materials. They

demonstrated that in most fulgurites, iron is reduced compared to the original minerals (averaging 66% reduction of

Fe  to Fe ). Phases more reduced than Fe  were reported in two fulgurites in the study by Sheffer . In one

fulgurite from a sandstone in West Virginia, iron silicide minerals (FeSi, FeTiSi , and FeSi )  were

identified. Sheffer  argued that reductants are not necessary for the formation of these reduced minerals, and

instead, the separation of oxygen from oxides by an isentropic, high-temperature heat pulse is sufficient to

contribute to the reduced mineralogy of fulgurites. Furthermore, a lightning strike shockwave that hits the target

materials, and its prolongation can similarity contribute to the reducing environment of fulgurites. Target mineral

grain size and density can directly influence the shock wave propagation and the reduction of fulgurites .

3. The Formation of Iron Silicide in Fulgurites

The formation of iron silicides is contingent on a reducing environment that provides the necessary conditions for

formation of these minerals. Given the strongly oxidizing nature of most of Earth’s surface, such conditions are

generally rare. The reduction of iron oxide to iron, silica to silicon, TiO  to Ti, and the FeSi redox mineral buffer are

shown as Figure 1.

Figure 1. Oxygen fugacity mineral redox buffers for materials relevant to iron silicide formation. IW: Iron-wüstite;

SS: Scheme 2; TT: Titanium-TiO ; FeSi: Iron-silicate to iron silicide (Fe + SiO  = FeSi + O ). Data were collected

[22]

[22] [35]

3+ 2+ 2+ [22]

2 2
[22][35][36]

[22]

[35]

2

2 2 2



Iron Silicides | Encyclopedia.pub

https://encyclopedia.pub/entry/18800 4/9

from HSC software (version 9.3.0.9), Oxygen Fugacity Buffer Calculator (Australian National

University, https://fo2.rses.anu.edu.au/fo2app/, accessed on 11 October 2021 and Hultgren et al. .

Generally, we can group iron silicide minerals in fulgurites into two major groups: silicon-rich and iron-rich. Silicon-

rich iron silicide minerals are more commonly found in fulgurites, which in general are much richer in Si vs. Fe 

. Iron-rich iron silicide minerals are more common in extraterrestrial materials, as iron metal is generally

more abundant . However, it is also plausible that fulgurites enriched in iron also contain iron-rich

iron silicide , and silicon-rich iron silicides can be formed in the solar system  (Figure 2).

Figure 2. Iron-silicon phase diagram. The iron silicides associated with fulgurites are highlighted, which include (1)

Winans Lake fulgurite (brown), (2) West Virginia fulgurite (red), (3) EI Rosario fulgurite (black), (4) Houghton Lake

fulgurite (purple), (5) Sahara fulgurite (yellow), (6) York fulgurite (pink), and (7) Zacatecas fulgurite (blue). L

represents liquid and Tc represents Curie temperature . Modified after: Kubaschewski .

There have been several formation mechanisms proposed for iron silicide in fulgurites (Table 1). One plausible

explanation is reduction with organic carbon. Carbon (such as cellulose from a tree root) can oxidize into carbon
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monoxide and carbon dioxide at high temperature, donating electrons to the surroundings. Thus, this interaction

can reduce silicates and iron oxide into iron silicide . Furthermore, it is possible that carbon reacts to form

carbide with metal, creating the carbides Cr C , Cr C, SiC, TaC, TiC, and WC , though these are not widespread

in fulgurites. However, Sheffer  argues that this assumption is unlikely for all fulgurites due to the difference

between the highly reducing environment required and stoichiometrically low amount of carbon available within

most fulgurite target materials (e.g., sand fulgurites bear little to no carbon). However, in environments with heavy

vegetation, iron reduction by a “smelting”-like process is likely the prevalent driver for silicide formation . In the

case of anthropogenic fulgurites, the presence of elemental aluminum (as the main material of some conducting

powerlines) may serve as a reducing agent and drive silicide formation.

Table 1. Previous research for reduction mechanisms for forming iron silicides in fulgurites.

Reduction Mechanism Reference

Organic Carbon Reduction

Galvanic Reduction

Shockwave Chemistry

Vapor deposition of Fe and Si

Alternatively, the galvanic reduction of target minerals could occur as the electrons flow from clouds to the ground

during a lightning strike. This route has been considered with respect to iron silicide formation . However,

Sheffer  challenged this hypothesis, as the electron flows associated with lightning is usually tiny (~30 Coulombs

) and it would be difficult to quantitatively promote the reducing conditions necessary to form silicides and

reduce iron (Fe ).

Parnell et al.  state that high-temperature (>2000 K) liquid vapor deposition and rapid cooling could induce iron

silicide formation. Reyes-Salas et al.  provide further evidence of vapor deposition in the microscopic

morphology of the Zacatecas fulgurite. Pasek and Block  propose that at such high temperature, other reduction

routes also become plausible, such as calcium phosphate reducing to calcium phosphite, which occurs in Type III

fulgurites that typically do not have a significant inner void suggesting that vaporization is not intrinsically required

for reduction, but may be important in silicide formation.

A shockwave associated with a lightning strike may also induce a reducing environment and support the formation

of iron silicide . However, Cardona et al.  argues that there is no evidence of shock that has

been found in natural fulgurites, which was true at the time. Previous studies show that most fulgurites are

characterized by the presence of α-quartz, which is not transformed into stishovite during a lightning strike, which

would be expected if the high-temperature excursion was accompanied by high-pressure conditions . Hence the

shockwave associated with fulgurite formation may not be up to same level of power as a meteorite impact. Pasek

et al.  provide the same conclusion that due to the lack of evidence for shock in York fulgurite, this shockwave
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reduction does not occur in the York fulgurite. However, recent findings suggest shock may be present in some

fulgurites .

References

1. Pasek, M.A.; Pasek, V.D. The forensics of fulgurite formation. Miner. Petrol. 2018, 112, 185–198.

2. Essene, E.J.; Fisher, D.C. Lightning strike fusion: Extreme reduction and metal-silicate liquid
immiscibility. Science 1986, 234, 189–193.

3. Pasek, M.A.; Block, K.; Pasek, V. Fulgurite morphology: A classification scheme and clues to
formation. Contrib. Miner. Petrol. 2012, 164, 477–492.

4. Martin Crespo, T.; Lozano Fernandez, R.P.; Gonzalez Laguna, R. The fulgurite of Torre de
Moncorvo (Portugal): Description and analysis of the glass. Eur. J. Mineral. 2009, 21, 783–794.

5. Feng, T.; Lang, C.; Pasek, M.A. The origin of blue coloration in a fulgurite from Marquette,
Michigan. Lithos 2019, 342, 288–294.

6. Rakov, V.A.; Uman, M.A. Lightning: Physics and Effects, 1st ed.; Cambridge University Press:
Cambridge, UK, 2003.

7. O’Keefe, J.A. Natural glass. J. Non-Cryst. Solids 1984, 67, 1–17.

8. McCloy, J.S. Frontiers in natural and un-natural glasses: An interdisciplinary dialogue and review.
J. Non-Cryst. Solids X 2019, 4, 100035.

9. Grapes, R. Pyrometamorphism, 2nd ed.; Springer Science & Business Media: Berlin, Germany,
2010.

10. Ende, M.; Schorr, S.; Kloess, G.; Franz, A.; Tovar, M. Shocked quartz in Sahara fulgurite. Eur. J.
Mineral. 2012, 24, 499–507.

11. Chen, J.; Elmi, C.; Goldsby, D.; Gieré, R. Generation of shock lamellae and melting in rocks by
lightning-induced shock waves and electrical heating. Geophys. Res. Lett. 2017, 44, 8757–8768.

12. Borucki, W.J.; Bar-Nun, A.; Scarf, F.L.; Cook II, A.F.; Hunt, G.E. Lightning activity on Jupiter.
Icarus 1982, 52, 492–502.

13. Uman, M.A.; Beasley, W.H.; Tiller, J.A.; Lin, Y.T.; Krider, E.P.; Weidmann, C.D.; Krehbiel, P.R.;
Brook, M.; Few, A.A., Jr.; Bohannon, J.L.; et al. An unusual lightning flash at Kennedy Space
Center. Science 1978, 201, 9–16.

14. Uman, M.A. The Art and Science of Lightning Protection, 1st ed.; Cambridge University Press:
Cambridge, UK, 2008.

[10][11][17]



Iron Silicides | Encyclopedia.pub

https://encyclopedia.pub/entry/18800 7/9

15. Pasek, M.A.; Hurst, M. A fossilized energy distribution of lightning. Sci. Rep. 2016, 6, 30586.

16. Gieré, R.; Wimmenauer, W.; Müller-Sigmund, H.; Wirth, R.; Lumpkin, G.R.; Smith, K.L. Lightning-
induced shock lamellae in quartz. Am. Mineral. 2015, 100, 1645–1648.

17. Carter, E.A.; Pasek, M.A.; Smith, T.; Kee, T.P.; Hines, P.; Edwards, H.G. Rapid Raman mapping of
a fulgurite. Anal. Bioanal. Chem. 2010, 397, 2647–2658.

18. Kenny, G.G.; Pasek, M.A. The response of zircon to the extreme pressures and temperatures of a
lightning strike. Sci. Rep. 2021, 11, 1560.

19. Pasek, M.; Block, K. Lightning-induced reduction of phosphorus oxidation state. Nat. Geosci.
2009, 2, 553–556.

20. Hess, B.L.; Piazolo, S.; Harvey, J. Lightning strikes as a major facilitator of prebiotic phosphorus
reduction on early Earth. Nat. Commun. 2021, 12, 1535.

21. Plyashkevich, A.A.; Minyuk, P.S.; Subbotnikova, T.V.; Alshevsky, A.V. Newly formed minerals of
the Fe–P–S system in Kolyma fulgurite. Dokl. Earth Sci. 2016, 467, 380–383.

22. Sheffer, A.A. Chemical Reduction of Silicates by Meteorite Impacts and Lightning Strikes. Ph.D.
Thesis, University of Arizona, Tucson, AZ, USA, 2007.

23. Sheffer, A.A.; Dyar, M.D. 57Fe Mössbauer spectroscopy of fulgurites: Implications for chemical
reduction. In Proceedings of the 35th Lunar and Planetary Science Conference, Woodlands, TX,
USA, 15–19 March 2004; p. 1372.

24. Sheffer, A.A.; Melosh, H.J.; Jarnot, B.M.; Lauretta, D.S. Reduction of silicates at high temperature:
Fulgurites and thermodynamic modeling. In Proceedings of the 34th Lunar and Planetary Science
Conference, Woodlands, TX, USA, 17–21 March 2003; p. 1467.

25. Cardona, M.R.; Castro, K.F.; García, P.P.C.; Hernandez, L.E.O. Mineralogical study of binary iron
silicides (Fe–Si system) in a fulgurite from Hidalgo, Mexico. Bol Minerol. 2006, 17, 69–76.

26. Miller, S.L.; Urey, H.C. Organic compound synthesis on the primitive earth. Science 1959, 130,
234–251.

27. Navarro-Gonzalez, R.; McKay, C.P.; Mvondo, D.N. A possible nitrogen crisis for Archaean life due
to reduced nitrogen fixation by lightning. Nature 2001, 412, 61–64.

28. Ballhaus, C.; Wirth, R.; Fonseca, R.O.C.; Blanchard, H.; Pröll, W.; Bragagni, A.; Nagel, T.;
Schreiber, A.; Dittrich, S.; Thome, V.; et al. Ultra-high pressure and ultra-reduced minerals in
ophiolites may form by lightning strikes. Geochem. Perspect. Lett. 2017, 5, 42–46.

29. Hiltl, M.; Bauer, F.; Ernstson, K.; Mayer, W.; Neumair, A.; Rappenglück, M.A. SEM and TEM
analyses of minerals xifengite, gupeiite, Fe2Si (hapkeite?), titanium carbide (TiC) and cubic
moissanite (SiC) from the subsoil in the alpine foreland: Are they cosmochemical? In Proceedings



Iron Silicides | Encyclopedia.pub

https://encyclopedia.pub/entry/18800 8/9

of the 42nd Lunar and Planetary Science Conference, Woodlands, TX, USA, 7–11 March 2011; p.
1391, No. 1608.

30. Keil, K.; Berkley, J.L.; Fuchs, L.H. Suessite, Fe3Si: A new mineral in the North Haig ureilite. Am.
Mineral. 1982, 67, 126–131.

31. Anand, M.; Taylor, L.A.; Nazarov, M.A.; Shu, J.; Mao, H.K.; Hemley, R.J. Space weathering on
airless planetary bodies: Clues from the lunar mineral hapkeite. Proc. Natl. Acad. Sci. USA 2004,
101, 6847–6851.

32. Shi, N.; Bai, W.; Li, G.; Xiong, M.; Yang, J.; Ma, Z.; Rong, H. Naquite, FeSi, a new mineral species
from Luobusha, Tibet, western China. Acta Geol. Sin.-Engl. Ed. 2012, 86, 533–538.

33. Li, G.; Bai, W.; Shi, N.; Fang, Q.; Xiong, M.; Yang, J.; Ma, Z.; Rong, H. Linzhiite, FeSi2, a
redefined and revalidated new mineral species from Luobusha, Tibet, China. Eur. J. Mineral.
2012, 24, 1047–1052.

34. Bai, W.; Shi, N.; Fang, Q.; Li, G.; Xiong, M.; Yang, J.; Rong, H. Luobusaite: A new mineral. Acta
Geol. Sin.-Engl. Ed. 2006, 80, 656–659.

35. Roberts, S.E.; Sheffer, A.A.; McCanta, M.C.; Dyar, M.D.; Sklute, E.C. Oxidation state of iron in
fulgurites and Trinitite: Implications for redox changes during abrupt high-temperature and
pressure events. Geochim. Cosmochim. Acta 2019, 266, 332–350.

36. Block, K.M. Fulgurite classification, petrology, and implications for planetary processes. Master’s
Thesis, University of Arizona, Tucson, AZ, USA, 2011.

37. Hultgren, R.; Desai, P.D.; Hawkins, D.T.; Gleiser, M.; Kelley, K.K. Selected Values of the
Thermodynamic Properties of the Binary Alloys, 1st ed.; American Society for Metals: Metal
Parks, OH, USA, 1973; p. 878.

38. Stefano, C.J.; Hackney, S.A.; Kampf, A.R. The occurrence of iron silicides in a fulgurite:
Implications for fulgurite genesis. Can. Mineral. 2020, 58, 115–123.

39. Rietmeijer, F.J.; Nakamura, T.; Tsuchiyama, A.; Uesugi, K.; Nakano, T.; Leroux, H. Origin and
formation of iron silicide phases in the aerogel of the Stardust mission. Meteorit. Planet. Sci.
2008, 43, 121–134.

40. Nazarov, M.A.; Demidova, S.I.; Anosova, M.O.; Kostitsyn, Y.A.; Ntaflos, T.; Brandstaetter, F.
Native silicon and iron silicides in the Dhofar 280 lunar meteorite. Petrology 2012, 20, 506–519.

41. Nazarov, M.A.; Shornikov, S.I.; Demidova, S.I. Origin of native silicon and iron silicides in the
Dhofar 280 lunar meteorite. Petrology 2015, 23, 168–175.

42. Ross, A.J.; Downes, H.; Herrin, J.S.; Mittlefehldt, D.W.; Humayun, M.; Smith, C. The origin of iron
silicides in ureilite meteorites. Geochemistry 2019, 79, 125539.



Iron Silicides | Encyclopedia.pub

https://encyclopedia.pub/entry/18800 9/9

43. Spicuzza, M.J.; Valley, J.W.; Fournelle, J.; Huberty, J.M.; Treiman, A. Native silicon and Fe-
silicides from the Apollo 16 lunar regolith: Extreme reduction, metal-silicate immiscibility, and
shock melting. In Proceedings of the 42nd Lunar and Planetary Science Conference, Woodlands,
TX, USA, 7–11 March 2011; p. 2231, No. 1608.

44. Reyes-Salas, A.M.; Macías-Romo, C.; Ortega-Gutiérrez, F.; Reyes-Salas, E.O.; Flores-Gutiérrez,
D.; Alba-Aldave, L.; Girón-García, P.; Robles-Camacho, J.; García-Martínez, J.L.; Cervantes-de la
Cruz, K.E. Petrographic, geochemical and mineralogical study of the San Jose de Lourdes
fulgurite, Zacatecas, Mexico. Rev. Mex. Cienc. Geol. 2017, 34, 170–181.

45. Parnell, J.; Thackrey, S.; Muirhead, D.K.; Wright, A.J. Transient high-temperature processing of
silicates in fulgurites as analogues for meteorite and impact melts. In Proceedings of the 39th
Lunar and Planetary Science Conference, Woodlands, TX, USA, 7–11 March 2008; No. 1391. p.
1286.

46. Kubaschewski, O. Iron—Binary Phase Diagrams, 1st ed.; Springer: Dusseldorf, Germany, 1982;
pp. 136–139.

47. Wasserman, A.A.; Melosh, H.J.; Lauretta, D.S. Fulgurites: A look at transient high temperature
processes in silicates. In Proceedings of the 33rd Lunar and Planetary Science Conference,
Woodlands, TX, USA, 11–15 March 2002; p. 1308.

48. Schaller, J.; Weiske, A.; Berger, F. Thunderbolt in biogeochemistry: Galvanic effects of lightning as
another source for metal remobilization. Sci. Rep. 2013, 3, 3122.

49. Rowan, L.R.; Ahrens, T.J. Observations of impact-induced molten metal-silicate partitioning. Earth
Planet. Sci. Lett. 1994, 122, 71–88.

50. Millot, M.; Dubrovinskaia, N.; Černok, A.; Blaha, S.; Dubrovinsky, L.; Braun, D.G.; Celliers, G.W.;
Collins, J.H.; Jeanloz, R. Shock compression of stishovite and melting of silica at planetary
interior conditions. Science 2015, 347, 418–420.

Retrieved from https://encyclopedia.pub/entry/history/show/44575


