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ABSTRACT

A suite of lightning strike glasses and unmelted starting materials has been

studied by electron microscope and Mössbauer spectroscopy to determine Fe oxidation

states.  Nine of eleven samples are reduced compared to the starting materials; four of the

glasses contain Fe0. Only one sample contained evidence of reduction by carbon, and the

results support the reduction of Fe as intrinsic to the rapid, high temperature processing

during lightning strikes.

A thermodynamic modeling code is used to model the formation of moldavite

tektites and the reduction of Fe from sediments around the Ries crater.  During isentropic

cooling from a strong shock, Fe3+ is reduced to Fe2+ at all modeled conditions. The best

matches to an average moldavite composition and the compositions of the Bohemian and

Bohemian:Radomilice sub-strewn fields occur with a mixture of surface and subsurface

sands along a 4500 J/kg-K isentropic cooling path, consistent with an asteroid impact.

The Lusatian and Moravian sub-strewn fields are better represented by starting materials

of entirely surface sands, consistent with the uppermost layers of surface material having

traveled the farthest from the impact.

The thermodynamic code is also used to investigate the formation of lunar

regolith agglutinates and reduction of Fe to Fe0. Forming Fe0 requires assuming Fe0 is

miscible in silicate liquid at elevated temperatures and pressures. When Fe0 is included in

the liquid solution, it is stable at modeled conditions. Simple separation of liquid from

vapor is not sufficient to reproduce agglutinate glass.  When the vapor phase is allowed to
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partially redeposit and some Fe0 is directly condensed from vapor, the resulting liquid

better reproduces mare agglutinate glasses. This model cannot reproduce highland

agglutinate glass, because the Al concentration remains too high in the liquid. The best

match to mare glass is produced using the <10 µm fraction of the mare soil along the

8000 J/kg-K cooling isentrope at 100 bars, 4370 K with 95% vapor redeposition and 50%

of the Fe(g) directly condensed as Fe0. The reduced fulgurite samples and the results of

the impact models suggest that Fe reduction is intrinsic to the rapid, high temperature

processing of silicates.
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CHAPTER 1 : INTRODUCTION AND BACKGROUND

1.1: Introduction

Chemical reduction occurs when an atom or molecule gains electrons, resulting in

a reduced oxidation state. Reduction commonly involves the loss of oxygen atoms. Iron

is often used as an indicator of reduction due to a relatively high abundance in silicate

rocks and its three oxidation states.  For example, in the mineral wustite, FeO, Fe is in a

2+ oxidation state and O is in a 2- oxidation state.  When the Fe is reduced to metal, the

Fe atoms gain two negatively charged electrons to reduce their oxidation states to zero,

and the oxygen atoms lose two electrons causing a corresponding increase of their

oxidation states to zero.

€ 

2Fe2+O2−  →  2Fe0 +O2
0 Iron oxide reduces to iron metal and oxygen gas.

Chemical reduction is an important process in the solar system. When silicates are

rapidly heated to high temperatures and quickly cooled, the resulting glassy products are

often reduced.  Tektites, formed by meteorite impacts, and fulgurites, formed by lightning

strikes, are some of the most reduced materials on the surface of the Earth.  Lunar

regolith agglutinates, formed by micrometeorite impacts into the lunar regolith, also

contain abundant reduced iron metal.  This work combines petrographic and

spectroscopic studies of reduced materials with chemical thermodynamic modeling to

investigate the mechanism of silicate reduction during rapid, high temperature events.

 In Chapter 1, I discuss past and current research on the tektites, fulgurites, and

lunar regolith agglutinates and the current state of research concerning them. In Chapter
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2, I present electron microprobe studies and 57Fe Mössbauer spectroscopy results for a

suite of fulgurites and atomic bomb glass as well as their unmelted starting materials. In

Chapter 3, I present a chemical thermodynamic model of the reduction of iron during the

formation of moldavite tektites using a modified Brinkley-NASA-Rand (BNR) Gibbs

energy minimization code. In Chapter 4, I use the BNR code to perform a similar

thermodynamic calculation for the formation of reduced iron in lunar regolith

agglutinates. In Chapter 5, I discuss overall conclusions and suggest directions for future

work.

1.2: Tektites

Tektites are centimeter-sized, usually rounded, natural glass bodies found in large

expanses of the Earth’s surface known as strewn fields.  The origin of tektites was hotly

debated for many years. Some authors claimed that the particular characteristics of

tektites could only have been produced on an airless body like the moon; however, most

researchers now believe that tektites are formed on Earth from surface sediments that

have been melted and vaporized by a meteorite or asteroid impact. They are unusual

because out of ~170 impact craters on the earth, only four tektite strewn fields are known

(Fig. 1.1, Fig. 1.2). The specifics of tektite formation remain an active controversy.
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Fig. 1.1: Geographical distribution of the tektites of the North American, Central
European, and Ivory Coast strewn fields (McCall, 2001).

Fig. 1.2: Geographical distribution of the Australasian tektite strewn field.  Squares
indicate locations of tektites found on the ocean floor (Koeberl, 1992).
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1.2.1: Central European Strewn Field

Moldavite tektites, named after the Moldau River, have been found in Germany,

the Czech Republic, and Austria (Fig. 1.3). They are a transparent, bright green color and

are generally a few cm in size (Fig. 1.4). The moldavites have radiometric ages identical

to the ages of the Ries and Steinheim impact craters in Germany, 14.3 Ma (Buchner et al.,

2003; Laurenci et al., 2003), indicating that they were formed during the same impact

event. The moldavites are distributed in a ~57° fan whose apex lies near the 24 km

diameter Ries crater, although the closest tektites are found no less than 200 km east to

northeast of the crater.  The total mass of glassy material is estimated to be 5-10

megatons. An oblique impact (30-50 degrees from the Earth’s surface) may explain the

asymmetric shape of the strewn field (Stöffler et al., 2002).

Moldavites are very silica-rich (Table 1.1).  Some moldavites contain amorphous,

almost pure silica glass known as lechatelierite (Knobloch and Kucera, 1996).  Also

common are alternating thin layers of silica-rich and silica-poor glass called schlieren that

represent flow patterns within the glass before quenching (Engelhardt et al., 1987).
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Fig. 1.3: Map of Central Europe showing the moldavite strewn field and the Ries and
Steinheim impact craters. Sub-strewn fields are shown as shaded areas (Stöffler et al.,
2002).
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Fig. 1.4:  Moldavite tektite exhibiting characteristic translucence and green coloring in
normal light (left) and backlight (right). Photo by Paul Harris, Meteorite-Times
Magazine.

1.2.2: Ivory Coast Strewn Field

A few hundred tektites have been recovered from an area of about 40 km radius in

the Ivory Coast, West Africa (Fig. 1.5).  The Ivory Coast tektites are generally olive-

green to black in color and are homogenous except for abundant lechatelierite particles (

Fig. 1.6).  40Ar-39Ar analyses date these tektites at 1.1 ± 0.05 Ma.  This age agrees

well with a fission track date of1.03 ± 0.11 Ma for impact glass from the 10.5 km

diameter Bosumtwi impact crater in Ghana, which is believed to be the source of the

Ivory Coast tektites (Koeberl et al., 1997; Koeberl et al., 1998).   Bosumtwi crater is

~300-350 km from the closest edge of the tektite strewn field, but the strewn field itself is

not well defined due to difficult terrain.
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Fig. 1.5: Location of the Bosumtwi impact crater, Ghana, and the Ivory Coast tektite
strewn field (Koeberl et al., 1998).

Fig. 1.6: Ivory Coast tektite. Photo by Paul Harris, Meteorite-Times Magazine.
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Fig. 1.7: Typical shapes of microtektites from the Ivory Coast strewn field. The largest
object (d) is 1.24 mm in length (Glass, 1968).

Also found in the Ivory Coast strewn field are microtektites (Fig. 1.7). These are

found in sediments from deep-sea cores off the West African coast. They are generally

aerodynamically shaped (over 90% are spherical) and smaller than 1 mm in diameter

(Glass, 1968). The small sample size prohibits direct measurements of the microtektites’

ages, but magnetostratigraphic ages of 1.06 Ma agree well with the Ivory Coast tektites

and impact glasses (Glass et al., 1991). The microtektites have a wider variation in

chemical composition than the larger Ivory Coast tektites, but the average composition is

very similar (within a factor of 1.2) (Koeberl et al., 1997). Koeberl, et al. (1997) suggest

that the chemical variability represents a more heterogeneous target rock mixture than
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that of the Ivory Coast tektites.  Another possibility is that the target rock is not more

heterogeneous, but the melt itself is not as well mixed as for the larger tektites.

1.2.3: North American Strewn Field

The North American strewn field is divided into two distinct populations – the

bediasites, named for the Bedias Indians of Grimes County, Texas, and the georgiaites

found in east-central Georgia. Tektite fragments have also been found in Barbados and in

drill cores off the coast of New Jersey as well as a single tektite found in Martha’s

Vineyard, Massachusetts (Fig. 1.1).  Although the Martha’s Vineyard tektite does belong

to the North American strewn field, it may have been carried to Massachusetts by human

activity.

The impact crater associated with this strewn field is the recently discovered

Chesapeake Bay structure (Albin et al., 2000; Deutsch and Koeberl, 2006; Koeberl et al.,

1996).  The current observed outer limit of deformation of the crater is 80-90 km;

however, hydrocode modeling suggests that the transient crater diameter may have been

smaller at the time of the impact, about 40 km (Collins and Wünnemann, 2005).  The age

of the Chesapeake Bay crater has been estimated using fossil stratigraphy and

magnetostratigraphy to be 35.5 Ma (Poag and Aubry, 1995).  The crater age is consistent

with 40Ar/39Ar age measurements of 35.3 ± 0.2 Ma for four North American tektites

(Horton and Izett, 2005).

The bediasites and georgiaites have noticeable chemical differences (Table 1.1).

The georgiaites are more silicic and have lower aluminum and iron contents than the
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bediasites.  The compositional differences also cause the two groups to differ in color –

the georgiaites are often green, and the bediasites are usually black (Fig. 1.8, Fig. 1.9).

Fig. 1.8: Top, sides, and bottom views of a 73.8 gram black bediasite tektite. Photo by
Paul Harris, Meteorite-Times Magazine.

Fig. 1.9: Georgiaite tektite. The lighter greenish-brown color of this tektite can be seen
along the bottom edge where the glass is thinner. Photo by Paul Harris, Meteorite-Times
Magazine.

Similar to the Ivory Coast strewn field, the North American strewn field also

contains microtektites found in ocean sediments in the Gulf of Mexico, the Caribbean

Sea, and in the Atlantic Ocean off the coast of New Jersey (Glass, 1990).  The

microtektites have been found in association with tektite fragments and shocked mineral
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and rock fragments, enhancing the link to the Chesapeake Bay impact crater and the

North American tektite strewn field (Glass and Wu, 1993).

1.2.4: Australasian Strewn Field

The Australasian strewn field is the largest of the four strewn fields, extending

from southern China to Australia with an area of ~5x107 km2 containing an estimated

total tektite mass of 2000 megatons (Fig. 1.1) (Koeberl, 1994). Subsections of tektites

from this strewn field are named for geographic locations and include australites,

indochinites, philippinites, and sometimes thailandites, malaysianites, tibetanites, or

rizalites.  The majorities of Australasian tektites are black in color and display a variety

of shapes including boat and canoe shapes, teardrops, dumbbells, buttons, and spheres

(Fig. 1.10).  Each tektite subgroup has little chemical variation within itself, but the

subgroups vary significantly from one another (Table 1.1).  Although the chemistries

differ, all of the subgroups have 40Ar/39Ar ages of 0.803 ± .003 Ma (Yamei et al., 2000),

signifying that the entire strewn field formed in a single impact event. However, the

impact crater and source of the Australasian strewn field is presently unknown.
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Fig. 1.10: Australite tektites showing dumbbell (top), flanged button (middle and bottom
left and right), and oval shapes (bottom middle). The dumbbell is 6 cm in length. Photo
by Paul Harris, Meteorite-Times Magazine.

Many authors have suggested locations for the missing Australasian tektite source

crater near the northern end of the strewn field in Vietnam or Thailand (Ma et al., 2004,

and references therein).  Because no circular structure has yet been a strong candidate,

three of the best indications for the crater location are the presence of Muong Nong-type

tektites, the variations in the Beryllium-10 concentrations throughout the strewn field,

and the geographical distribution of microtektites in the Australasian strewn field.

The Muong Nong-type tektites are large, blocky, and layered (Fig. 1.11). They are

more heterogeneous than typical Australasian tektites and sometimes contain relict

minerals. They are found in an 800 x 1100 km area centered on the southern end of Laos,

including parts of Vietnam, Cambodia, Thailand and China.  The Muong Nong-type

tektites have ages and major element compositions similar to the other Australasian
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tektites but they are more primitive and less altered (Koeberl, 1992; Schnetzler, 1992).

They were likely formed in the same event as the rest of the Australasian tektites, but

they were not heated to as high a temperature and likely traveled only a short distance

from the crater.

Fig. 1.11: Muong Nong-type Australasian tektite from Thailand weighing 344.5 grams
with 1cm square. Unlike the majority of Australasian tektites, this tektite is layered and
blocky. Photo by James Tobin, Meteorite-Times Magazine.

The concentrations of 10Be (T1/2 = 1.5 My) in the Australasian tektites are also

important clues to the location of the source crater. The 10Be concentrations increase with

distance from Southeast Asia, ranging from an average of 59 x 106 atoms/gm in Laos,

with especially low values for the Muong Nong-types, to an average of 136 x 106

atoms/gm in Australia (Ma et al., 2004).

Pal et al. (1982) concluded that the 10Be in tektites is derived from a terrestrial

source.  10Be is a decay product created when primary cosmic rays split the nuclei of

nitrogen and oxygen atoms in the atmosphere.  Precipitation carries the 10Be down to the
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surface where it clings to small silicate grains in soil.  The 10Be is trapped in the near

surface sediments, and the concentration decreases with depth. Ma et al., (2004) estimate

that the tektites formed from a sedimentary column 15 - 300 m thick.  The simplest

explanation for the variation in 10Be concentration with distance from the crater is that the

australites formed from a shallow, high 10Be layer ejected far from the crater.  The

layered, Muong Nong-type tektites formed from a deeper, low 10Be layer that landed

closer to the impact site.  A systematic horizontal variation in 10Be of the near surface

layer cannot be ruled out, but it would require a larger, very shallow tektite source region.

A shallow source region is not indicated by hydrocode modeling of the formation of the

moldavite tektites.  Stöffler et al. (2002) predict melting of 50 m of surface sand for an

impact that was probably less energetic than the impact that produced the Australasian

tektites.  The presence of Muong Nong-type tektites with low 10Be concentrations focuses

the search for a source crater on the northern end of the Australasian strewn field.

The geographical distribution of microtektites in this strewn field also suggests a

source crater in the northern regions of Vietnam or Thailand. Tens of thousands of

microtektites have been discovered in ocean sediment cores in the Indian Ocean, Pacific

Ocean, and nearby seas.  The microtektites are often found in association with unmelted,

shocked ejecta. Glass and Koeberl (2006) surmise that the cores with the greatest

concentrations of microtektites and ejecta should be closest to the crater. The authors

report the highest concentrations (~9800 microtektites/cm2) in a core from the South

China Sea off the northern coast of Vietnam.



26

1.2.5: The Earth Impact vs. Lunar Volcano Formation Controversy

Since the first scientific description of tektites as a type of obsidian by Mayer

(1788), many researchers have debated the origin of these unusual glasses.  The evidence

for an Earth impact origin (Glass, 1990; Koeberl, 1994, and numerous others) has almost

won over all the detractors; however, a few authors continue to argue for a lunar volcanic

origin (Futrell, 2000; O'Keefe, 1976; O'Keefe, 1994; Povenmire, 2003). John O’Keefe

went to his grave believing that tektites were from the moon, and he even had it engraved

on his headstone.

The low water content of tektites first led O’Keefe (1976) to believe that tektite

glass could not have been formed on Earth. Tektites average 0.002-0.02 wt% water.

Muong Nong-type tektites, believed to be more primitive, average 0.014±0.003 wt%

water (Koeberl, 1994).  In comparison, volcanic glasses contain 0.6-5.0 wt% water (Di

Muro et al., 2006). Based on glassmaking experience, O’Keefe (1976) argued that several

weight percent of water could not possibly have been driven out of the tektite glass in the

few minute timescale of their formation.  This led him to conclude that tektites must have

formed on a body already depleted in water: the Moon. However, lunar materials are six

orders of magnitude lower in water than tektite glass (Taylor, 1982), which would require

that the tektite glass actually gain water during formation.  Additionally, Melosh (1998)

reasoned that the rapid depletion of water from tektite glass is not unexpected given that

the thermodynamic history of shock-melted materials is very different from volcanic

glass and human-produced glass. The target silicates may be shocked to 100 GPa and an

instantaneous temperature of 50,000 K.  During the initial decompression, the material is



27

a single-phase supercritical fluid. As it continues to decompress, the pressure drops below

the critical point, and liquid and vapor phases appear. The vapor phase expands rapidly,

carrying the liquid with it.  The temperatures are still in excess of 5000 K, and the

viscosity of the liquid will be very low.  Bubbles containing volatiles such as water

rapidly boil to the surface of the liquid and burst, allowing the volatiles to escape to the

vapor.  This model of volatile depletion is supported by the observations of Glass et al.

(1988) of very dry atomic bomb glass (0.007 wt% water), that also forms from a rapid,

high temperature event.

Arguments for the Earth impact origin of tektites are many.  The geochemistry of

tektites is in general almost identical to the terrestrial upper crustal sedimentary rocks.

Rare earth element patterns are particularly useful for determining the history of tektite

source rocks, since the absolute abundances and chondrite-normalized abundance

patterns are characteristic for different rock types.  The abundance patterns of Muong

Nong-type tektites and australites agree well with shales or loess, types that are only

found on the Earth. None of the abundance patterns for tektites are at all similar to lunar

or other extraterrestrial values (Koeberl, 1994).  Also, the variety of igneous and

metamorphic relict crystals that are sorted by size found in Muong Nong-type tektites

indicates that the source rock was a sedimentary deposit (Glass, 1990).

As previously discussed, Pal et al. (1982) determined that the 10Be concentrations

found in Australasian tektites could only have been produced in Earth’s atmosphere. If

tektites were ever directly exposed to cosmic radiation, the 26Al /10Be ratio should be

between 2.7 and 5.4.  Instead, the 26Al concentration is very low in tektites and difficult to
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detect.  In measurements of several tektites, the 26Al /10Be ratio has an upper limit of 0.11

at the 95% confidence level (Middleton and Klein, 1987). The ages of the strewn fields

also contradict the lunar origin theory. The oldest tektites have an age of 40 Ma, but

volcanic activity on the Moon appears to have ceased at least 2 billion years ago (Glass,

2000).

A piece of meteoritic material found inside a tektite would absolutely rule out a

lunar volcanic origin.  However, only minute traces of an impactor have been found in

tektite glass.  Using Re and Os isotopes, Koeberl and Shirey (1993) identified a

meteoritic signature in Ivory Coast tektites.  During crust formation Re partitions into the

crust, and Os remains in the mantle. Therefore, crustal rocks have high concentrations of

187Re and its decay product 187Os but low concentrations of 188Os.  Bosumtwi target rocks

have 187Os/188Os ratios of 1.48 – 4.98.  Meteorites have high overall Os concentrations

and 187Os/188Os ratios of 0.11 – 0.18. Ivory Coast tektites would have high 187Os/188Os and

187Re/188Os ratios if the target rocks contributed significantly to the Re and Os contents of

the tektites.  This is not the case. Compared to Bosumtwi target rocks, the Ivory Coast

tektites have similar Os abundances but lower Re abundances. The tektites have very low

Re concentrations for any rock type, 0.004 – 0.016 ppb. The tektites have 187Os/188Os

ratios of 0.15 – 0.21 that overlap the meteoritic range but not the target rocks. Koeberl

and Shirey (1993) suggest that only 10% of the total Os in the Ivory Coast tektites derives

from the target rocks. Otherwise, the isotopic values would not be close to meteoritic.

The authors estimate that 0.05 - 0.1 wt% of a meteoritic component is mixed with the
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Bosumtwi crater target rocks. This evidence for a meteoritic component in the Ivory

Coast tektites helps to completely rule out the lunar volcanic theory.

1.2.6: Tektite Formation

Even though researchers have proven that tektites are formed by meteorite

impacts on Earth, the processes involved in their formation are not yet completely

understood.  Selective volatilization and vapor fractionation or incomplete mixing of

melted source materials are leading theories to explain the differences between tektites

and their starting materials and the variations in the tektite groups themselves.

Superheating of the melt may also be important to explain the reduction in tektite glasses.

Volatilization is likely to have affected tektite compositions, although some of the

data is conflicting. Muong Nong-type tektites are depleted in volatile elements compared

to suggested source materials for the Australasian tektites, and the common, more

homogenous tektite glasses are even more depleted (Koeberl, 1992; Schnetzler, 1992).

Albin et al. (2000) argue that the evidence from moldavites is more complicated.

Analyses of moldavites show evidence for volatile fractionation, but they also have

variations in non-volatile elements that cannot be explained by removal of only the

volatiles.  Meisel et al. (1997) suggest that the differences in non-volatile elements may

represent variations in the source regions. Volatiles are removed by subsequent

weathering of the tektites. They explain the chemistry of moldavites by melting and

mixing of heterogeneous surface sediments.
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Melting and mixing of sediments cannot easily explain the reduced state of Fe in

tektites. The oxygen fugacity of moldavites is between the FeO-Fe3O4 and Fe-FeO

buffers at 1173-1423 K (Kadik et al., 2003). Mössbauer measurements of the Fe3+ in

many different tektites all show extreme reduction, with Fe3+/Fe2+ ratios of 0.00-0.12

(Fudali et al., 1987; Rossano et al., 1999).  This is more reduced than almost any known

terrestrial rock.  Delano et al. (1987) use a correlation between Fe and Al to infer that the

tektite source materials are more oxidized than tektite glass.  Jakes et al. (1992) suggested

that superheating of the tektite material is important, and that superheated melt is

reduced. Engelhardt et al. (2005; 1987) explain moldavite variations by suggesting that

the starting material is vaporized to a plasma and recondensed.  However, vaporizing

everything to a plasma would remove the close correlations between tektites and their

source rocks and destroy any mineral inclusions (Koeberl, 1994).

A superheated melt cooling at constant entropy in an expanding vapor plume,

from Melosh (1998) as discussed above, is a good intermediate between simple mixing of

heterogeneous melts and plasma.  The tektite source material is shocked to a range of

entropies depending on proximity to the center of the impact. At higher entropy, the

tektite material reaches higher temperature, loses volatiles, and completely melts any

relict minerals.  At lower entropy, the tektite material remains at a lower temperature and

retains more volatiles and relict minerals such as in the Muong Nong-types.

In the 229 years since the first scientific report of a tektite, some of the tektite

mysteries have been solved.  Tektites are definitely formed by meteorite impacts, with

three of the strewn fields clearly connected to particular impact craters.  The location of
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the fourth crater remains a mystery.  The actual mechanism of tektite formation also

requires more study before it can be deciphered.



32

Table 1.1: Tektite compositions compared to upper continental crust
Wt% SiO2 TiO2 Al2O3 FeO Fe2O3 MgO CaO Na2O K2O Total
Moldavites1 76.88 -

83.35
0.20 - 0.50 8.07 - 11.75 1.08 –

2.25
- 1.14 - 2.62 1.05 - 4.13 0.00 - 1.07 2.44 -

3.75
98.55 -
100.36

Ivory Coast2 67.58 0.56 16.74 - 6.16 3.46 1.38 1.90 1.95 99.79
Ivory Coast
-microtektites3

41.80 - 82.1 0.15 - 1.13 6.00 - 26.87 1.29 - 10.8 - 0.95 - 39.6 0.30 - 9.67 0.40 - 4.00
0.02 -
4.15

99.16 -
101.63

N. American
–bediasites4

76.37 0.76 13.78 3.81 0.19 0.63 0.65 1.54 2.08 99.81
N. American
-georgiaites5 78.9 - 83.4 0.42 - 0.57 10.3 - 12.3

1.85 –
3.68 - 0.49 - 0.75 0.40 - 0.53 0.78 - 1.06

2.32 -
2.55 99.9 - 101.1

N. American
-microtektites6 64.4 -75.9 0.52 - 0.99 13.1 - 17.5

2.73 –
6.79 - 0.78 - 2.87 0.92 - 2.49 2.16 - 3.96

0.63 -
1.52 -

Australasian
-australites7 73.45 0.69 11.53 4.05 0.58 2.03 3.50 1.28 2.28 99.39
Australasian
-Muong Nong8

74.30 -
80.85 0.49 - 0.78 8.57 - 12.50

3.11 –
4.63 - 1.22 - 2.35 1.57 - 2.01 0.96 - 1.15

2.16-
2.47

98.19 -
99.90

Australasian
-indochinites9 72.7 0.78 13.37 4.85 - 2.14 1.98 1.05 2.62 99.57
Australasian
-philipinites10 70.8 0.79 13.85 4.30 0.70 2.60 3.09 1.38 2.40 99.91
Australasian
-microtektites11 49.6 - 77.0 0.5 - 1.0 7.5 - 22.1 3.0 – 8.1 - 1.9 - 17.1 1.0 - 5.8 0.2 - 2.8 0.1 - 3.7 -
Upper
continental12

crust 66.0 0.5 15.2 4.5 - 2.2 4.2 3.9 3.4 100.0
 Ranges are given where available; otherwise, all values are averages. 1(Engelhardt et al., 2005), 38 samples. 2(Dai et al., 2005). 3(Koeberl
et al., 1997), 111 samples. 4(Glass, 1990), 21 samples. 5(Albin et al., 2000), 24 samples. 6(Koeberl, 1990), 7(Glass,1990), 17 samples.
8(Amare and Koeberl, 2006), 6 samples.  9(Koeberl, 1992). 10(Glass, 1990), 4 samples. 11(Koeberl, 1990) 12(Taylor and McLennan, 1985)
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1.3: Lunar Regolith Agglutinates

The surface of the Moon is constantly being bombarded by tiny meteorites

(<1mm) that crush, melt, and vaporize small portions of the lunar regolith. The melt

produced by these micrometeorites is turbulent and frothy, and it scavenges unmelted or

partly melted soil grains to form aggregates of minerals, rocks, and glasses up to a few

millimeters in size called agglutinates (Fig. 1.12, Fig. 1.13).  The quenched melt is known

as agglutinate glass, and the glass contains abundant vesicles and flow lines.  The

agglutinates also contain abundant Fe0 metal, present as 3-12 nm droplets (nanophase

iron or npFe0) in rims around the grains and as larger globules (7-105 nm) inside the

agglutinate glass (Basu, 2005).

Fig. 1.12: Scanning electron image of a lunar agglutinate magnified 300x. Note the sharp
boundaries between the cementing glass and the mineral fragments The minerals have not
been melted by contact with the hot glass (Bouska et al., 1993).
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Fig. 1.13: Backscattered electron image of a lunar agglutinate thin section. Clasts are
marked as Px (pyroxene), Pl (plagioclase), Il (Ilmenite), and Bt (basalt). Vesicles are
marked V. Large internal Fe metal globules are marked with arrows, and nanoscale Fe0

globules are too small to be resolved at this scale. The mineral and rock boundaries with
the glass are not as sharp as in the previous figure, and clasts are rounded and partially
melted (Basu, 2005).

1.3.1: Agglutinate Glass and the Fusion of the Finest Fraction Model

Agglutinate glass makes up 31-61% by volume of the smallest grain sizes of lunar

soils (<45 µm) (Taylor et al., 2001b). The proportion of glass increases with decreasing

grain size. Taylor et al. (2001) observed that the composition of the agglutinate glass in

mare soils matched the composition of the very finest fraction of the soil (Table 1.3, Fig.

1.14).  The idea that the smallest soil grains melt more easily to preferentially form

agglutinates was originally proposed by Papike et al. (1981) and has come to be known as

the fusion of the finest fraction model (F3).

As the grain size of mare soils decreases, FeO, MgO, and TiO2 concentrations

decrease, and the concentrations of the plagioclase feldspar components, CaO, Na2O, and
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Al2O3, increase. Although agglutinitic glass is heterogeneous on the scale of a single

agglutinate, within the agglutinates of one soil sample, and in general (Basu et al., 2002),

the average composition of agglutinates in mare soils compares more closely to the finer

soil fractions than to bulk soil (Fig. 1.14).  The concentration of TiO2 in the agglutinates

is the only major anomaly, since the TiO2 concentration in the glass is much lower than

even the finest soil fraction.  Ilmenite (FeTiO3) is present in the finest soil fraction, but it

does not appear to have entered the agglutinate glass in proportion to its abundance.

Fig. 1.14:  Composition in wt % of FeO versus Al2O3 of the lunar mare soil size fractions
(20-45, 10-20, and <10 µm) and agglutinates determined by the Lunar Soil
Characterization Consortium. The agglutinates in mare soils have similar chemistry to the
smallest fractions of those soils. The numbers in brackets refer to a maturity parameter of
the soil; the larger the number, the more mature the soil (Pieters and Taylor, 2003).
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Recent in depth study of soils from lunar highland areas forced a reworking of the

F3 model (Pieters and Taylor, 2003). Highland soils have higher concentrations of Al2O3

and lower FeO than mare soils, and so do the agglutinate glasses in the highland soils.

However, the highland agglutinates do not match the composition of the finest fraction,

but instead are even higher in FeO and lower in Al2O3 (Fig. 1.15).  They also do not show

the depletion of TiO2, although the overall TiO2 concentration is much lower than in the

mare soils. A simple melting model of the finest fraction of the soil cannot explain

agglutinate formation since it is unlikely that the formation mechanism is different

between the mare and highland regions.
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Fig. 1.15: Composition in wt % of FeO versus Al2O3 of the lunar highland soil size
fractions (20-45, 10-20, and <10 µm) and agglutinates (black symbols with dotted lines)
determined by the Lunar Soil Characterization Consortium. The agglutinates in Apollo 16
highland soils are significantly higher in FeO and lower in Al2O3 than the any of the soil
size fractions (Pieters and Taylor, 2003). Therefore, the simple fusion of the finest
fraction model does not explain the compositions of the highland agglutinate glasses.

Some form of differential melting of soil minerals may be necessary to explain

the differences between agglutinate glass and host soil compositions. Impact experiments

(Hörz et al., 1991; Schaal et al., 1979) indicate that during high pressure melting,

feldspars melt before pyroxene and ilmenite. This helps to explain the depletion in TiO2

observed in the mare glasses, since the ilmenite grains are less likely to melt during the

short heating of a micrometeorite impact. The enrichment of FeO in the highland glasses
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is more difficult to explain, since it indicates that a mafic component enters the melt even

before the feldspars. Pieters and Taylor (2003) explain this difference by suggesting that

agglutinate glass from the mare is an essential component. The authors hypothesize large

scale mixing of glass between mare and highland areas either by electrostatic migration

of glass-rich dust particles (Sternovsky et al., 2002) or by the cumulative effects of

impacts ejecting glass-rich material.  Assuming the glass component of the soil melts

before the mineral components, the inclusion of transported mare glass could add the

extra FeO to the highland agglutinate glass.  The assumption that glass will melt first in a

micrometeorite impact is likely but has not been tested.  The opposite effect of a

depletion of mafic phases in the mare glasses from the inclusion of transported highland

glass has not been found.  Mare soils contain a higher fraction of agglutinate glass than

highland soils (Taylor et al., 2001a), thus the contribution from highland glasses is less

likely to be detected.

1.3.2: Metallic Iron Droplets

The majority of researchers agree that agglutinates form by melting caused by

micrometeorite impacts, and the fusion of the finest fraction model and subsequent

modifications have gained wide acceptance. On the other hand, researchers continue to

argue about the formation of the npFe0 droplets in soil grain rims and the larger Fe metal

droplets inside the agglutinate glass.

Nanophase iron droplets are commonly found inside amorphous rims on lunar soil

grains and around the edges of clasts inside agglutinates. The amorphous nature of the
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rims (Keller and McKay, 1997) and the observation of individual iron droplets formed on

the outside surfaces of soil grains (Fig. 1.16) strongly suggest an origin by vapor

deposition from micrometeorite impacts.  The rims are generally compositionally distinct

from the core grains, and silicate grain rims are often enriched in Fe and Si relative to the

cores. In some cases, elements are present in the rims that are not present in the core, e.g.,

sulfur present in a rim around an ilmenite grain (Table 1.2).

Fig. 1.16: Scanning electron photomicrograph of a glassy agglutinate surface from soil
sample 10084 showing vapor deposited clusters and trains of Fe metal droplets less than1
µm in size (McKay et al., 1991).
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Table 1.2: Transmission electron microscope analyses of lunar soil grains and rims
(Keller and McKay, 1997). 
Atomic percent O Mg Al Si S Ca Ti Fe
Core (Anorthite) 60.7 0.18 15.8 16.0 0.00 7.28 0.00 0.04
- inner rim 62.2 0.76 11.9 20.6 0.04 3.69 0.34 0.50
- outer rim 58.3 5.96 5.31 14.7 0.20 4.54 4.36 6.67
Core (Cristobalite) 65.3 0.04 0.40 34.2 0.00 0.00 0.00 0.00
 - inner rim 63.6 0.39 0.64 34.8 0.04 0.23 0.05 0.24
-outer rim 57.8 6.75 9.24 16.3 0.31 4.55 0.73 4.35
Core (Ilmenite) 62.9 0.80 0.00 0.40 0.00 0.00 18.9 17.0
- inner rim 61.8 1.60 0.30 2.00 0.21 0.10 30.3 3.50
- outer rim 56.2 1.50 1.70 14.3 0.33 0.90 17.3 7.80

Given a vapor deposition origin for the amorphous rims, two scenarios to explain

the reduction of the iron in silicates and oxides to Fe0 are currently debated.

1. Reduction in the melt by the 50-200 ppm of hydrogen or carbon implanted in the

soil grains by the solar wind (Anand et al., 2004). The reactions involving

hydrogen would be:

€ 

FeOvapor + H →  Fevapor
0 +OH↑

or
FeOvapor + 2H →  Fevapor

0 + H2O↑

In either case, the Fe0 vapor condenses on grain surfaces, and a H-O vapor is lost

(Basu, 2005). If carbon is the reducing element, the escaping vapor phase would be

CO or CO2.

2. Reduction by the high temperature dissociation of iron from iron-bearing phases

(Yakovlev et al., 2003).  These reactions would be:
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€ 

FeOmelt  →  Femelt
0 +

1
2
O2↑

Femelt
0  →  Fevapor

0

or

FeOmelt  →  Fevapor
0 +

1
2
O2↑

Yakovlev et al. (2003) explain that in the first dissociation case, the system

undergoes an intermediate stage where an immiscible melt of Fe metal forms inside a

silicate melt, and oxygen vapor escapes. The Fe then evaporates and recondenses. In the

second case, the Fe transforms directly into a vapor phase that recondenses on the

surfaces of soil grains.

Allen et al. (1993) heated synthetic glasses of lunar composition and multiple

natural minerals under a hydrogen atmosphere to produce detectable iron metal in each of

the samples.  Although the several hour durations and relatively low temperatures (1100

ºC) may not accurately represent micrometeorite impact, these experiments definitely

show that interactions with hydrogen can form Fe0.  On the other hand, multiple

laboratory experiments using laser pulses to simulate micrometeorite impacts have

abundantly proven that Fe metal can also form without the inclusion of solar wind

implanted hydrogen or carbon (Brunetto et al., 2006; Sasaki et al., 2002; Sasaki et al.,

2003; Sasaki et al., 2001; Yakovlev et al., 2003).  It is likely that both of these reduction

mechanisms are active on the lunar surface and contribute to the formation of npFe0 in

vapor-deposited rims on soil grains.   Many researchers have focused exclusively on the

formation of the npFe0 droplets in the rims of soil grains, because the droplets are directly

responsible for changes in the spectral properties of the lunar regolith.  These changes are
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part of the process known as space weathering, affecting the surfaces of all of the solar

system bodies without atmospheres.

The larger Fe0 droplets found inside the agglutinate glass have not been studied as

extensively as the vapor deposited rims. The larger droplets are often assumed to have

been formed by aggregation of the smaller vapor-deposited droplets, and the size and

concentration of these droplets is used as in indicator of soil maturity. With each

reprocessing of the soil by an impact, the internal droplets will grow larger.  Both the

reduction of Fe by carbon and hydrogen and the high temperature dissociation of oxides

should occur inside the agglutinate melt as well as in the vapor. The reactions are the

same as those listed above except that the reduced Fe remains in the melt phase as the

oxygen escapes as vapor. This eliminates the need for the complicated scenario where an

immiscible melt phase forms, evaporates, and is redeposited.
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Table 1.3: Compositions of bulk lunar soils and agglutinates. Mare soil 79221 is more mature than 71061 (Taylor et al.,
2001b). Highland soil 62231 is more mature than 14141 (Planetary Geosciences Institute, 2007). N/A = not analyzed.
Wt% SiO2 TiO2 Al2O3 Cr2O3 MgO CaO MnO FeO NiO Na2O K2O P2O5 SO3 Total
Mare soil 79221 <45 µm 41.7 6.39 13.5 0.37 10.3 10.8 0.21 14.0 <0.03 0.41 0.09 0.07 0.19 98.05
Mare soil 79221 20-45 µm 40.5 7.38 11.6 0.40 10.9 10.3 0.22 15.8 <0.03 0.38 0.09 0.06 0.17 97.85
Mare soil 79221 10-20 µm 40.9 7.21 12.9 0.40 10.4 10.4 0.20 15.0 <0.03 0.39 0.10 0.07 0.19 98.23
Mare soil 79221 <10 µm 42.3 5.83 15.9 0.35 9.59 11.7 0.17 11.3 <0.03 0.49 0.15 0.07 0.17 98.10
Aggl. Glass 79221 44.8 2.59 16.9 0.29 9.57 12.7 N/A 10.9 N/A 0.41 0.09 N/A N/A 98.4
Mare soil 71061 <45 µm 39.8 8.76 10.5 0.48 10.5 9.90 0.24 17.5 <0.03 0.41 0.09 0.06 0.15 98.39
Mare soil 71061 20-45 µm 39.2 9.48 9.33 0.48 10.8 9.58 0.23 18.5 <0.03 0.34 0.07 0.04 0.17 98.31
Mare soil 71061 10-20 µm 39.5 8.94 10.8 0.48 10.4 9.79 0.23 17.5 <0.03 0.40 0.09 0.06 0.20 98.25
Mare soil 71061 <10 µm 40.2 7.89 13.8 0.44 9.18 10.7 0.20 14.8 <0.03 0.46 0.11 0.05 0.25 98.19
Aggl. Glass 719061 44.3 3.25 14.6 0.37 10.1 13.6 N/A 11.8 N/A 0.34 0.07 N/A N/A 98.4
Highland soil 62231 <45 µm 45.0 0.60 26.3 0.11 6.20 15.4 0.09 4.87 N/A 0.43 0.12 0.07 0.09 99.32
Highland soil 62231 20-45 µm 44.5 0.58 25.7 0.11 6.59 15.3 0.09 5.31 N/A 0.42 0.09 0.07 0.08 98.87
Highland soil 62231 10-20 µm 44.7 0.61 26.3 0.13 6.38 15.5 0.07 4.86 N/A 0.41 0.10 0.05 0.08 99.22
Highland soil 62231 <10 µm 45.0 0.58 27.4 0.13 5.49 16.1 0.07 3.63 N/A 0.46 0.14 0.04 0.13 99.22
Aggl. Glass 62231 44.5 0.92 23.0 0.21 7.69 14.1 N/A 7.26 N/A 0.41 0.15 N/A N/A 98.20
Highland soil 14141 <45 µm 47.9 1.65 17.0 0.22 9.28 10.7 0.14 9.81 N/A 0.76 0.70 0.50 0.10 98.82
Highland soil 14141 20-45 µm 47.2 1.96 15.0 0.26 11.0 10.1 0.15 11.6 N/A 0.59 0.47 0.26 0.07 98.78
Highland soil 14141 10-20 µm 48.4 1.71 17.2 0.23 9.08 10.7 0.13 9.46 N/A 0.71 0.66 0.32 0.07 98.68
Highland soil 14141 <10 µm 49.2 1.51 19.2 0.21 6.99 11.3 0.10 7.66 N/A 0.91 0.96 0.40 0.10 98.61
Aggl Glass 14141 47.0 1.82 17.9 0.18 7.98 11.4 N/A 9.76 N/A 0.74 0.46 N/A N/A 97.24
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1.4: Fulgurites

Fulgurites (from the Latin fulgur, meaning lightning) are the glassy products of

lightning strikes into sand, soil, or rock.  Lightning usually occurs during thunderstorms,

but it has also been associated with snowstorms, volcanic ash clouds, nuclear explosions,

dust storms, and earthquakes.  It has been modeled as a chondrule-forming mechanism in

the solar nebula (Horányi et al., 1995), was directly imaged on Jupiter (Desch et al.,

2002), and is suggested on Venus from the detection of whistlers and from radio-

frequency noise (Taylor et al., 1985).

The most common theory for lightning production on Earth is that of a

precipitation origin.  Collisions between super-cooled water droplets or ice particles

result in the particles acquiring minute electrical charges.  If the oppositely charged

particles also have relative motions, grouping of charged particles become separated

inside thunderclouds. The separation of charge produces an electric field, which can grow

large enough to cause electrical breakdown in the ambient air molecules.  Stray electrons

collide with air molecules and ionize them to produce even more electrons.  An

avalanche of electrons may be produced that creates a conductive, ionized channel

between the charge centers.  When this channel forms between a negatively charged area

of a cloud and the positively charged ground surface, it produces cloud to ground

lightning (Desch et al., 2002).

Lightning strikes occur worldwide at a frequency of ~65 strikes per second, each

lasting a few tenths of a second. Instantaneous air temperatures around the lightning

channel can reach 10,000-30,000 K, and up to 230,000 J/m of energy is dissipated in an
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average cloud to ground flash (Krider and Dawson, 1968).  When the ground conditions

are right – most often with dry, sandy soil – the lightning strike will create a fulgurite.

Fulgurites in sand often form as hollow, tubular shapes that preserve the path of the

strike, sometimes branching in several directions (Fig. 1.17).  These fulgurites have a

smooth, glassy inner surface and a rough outer surface covered with partially melted and

unmelted sand grains.  Sand fulgurites consist largely of silica glass with SiO2 content

greater than 90% known as lechatelierite. The shape and color of the fulgurite depend

strongly on the character of the target soil. When lightning strikes a rock surface, it often

forms a glassy coating on the surface without penetrating into the rock. Rock fulgurites

can also form as irregularly melted, highly vesicular, and friable masses with only

rudimentary tubular structures.
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Fig. 1.17: (a) Excavation of the world record longest fulgurite in the sandy soil of
northern Florida. The longest branch is 16 feet long. (b) Section of the excavated sand
fulgurite (Wright, 1999).

The earliest record of a sand fulgurite was made by Pastor Herman of Massel,

Silesa, who thought it was a form of fossil (as cited in Fenner, 1949). Charles Darwin in

1833 took an interest in fulgurites as well, describing a 5’ length of 1.5” diameter tube of

siliceous glass with deep longitudinal furrows resembling “a shriveled vegetable stalk”

(Darwin, 1883 repr. 2001). More recent researchers have compared fulgurite glass to

tektites and impact glass in an effort to understand ultrahigh temperature melting (Essene

and Fisher, 1986; Feldman, 1987; Rietmeijer et al., 1999; Weeks et al., 1980).

(a) (b)
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Similar to tektites, some fulgurites formed under extremely reducing conditions.

Essene and Fisher (1986) reported the formation of an immiscible metallic liquid

composed of Fe metal and several iron silicides in a fulgurite formed from

unconsolidated glacial till (Fig. 1.18).  The fulgurite glass also contained crystals of

graphite, quartz and ZrO2. The authors suggested several possible reducing mechanisms:

oxidation of carbon from plant material found charred along the path of the lightning

strike, vaporization of oxygen during boiling with removal driven by the flow of

electrons through the melt as in electrolysis, and scavenging of oxygen to form nitrous

oxides from nitrogen in the ambient atmosphere.

Fig. 1.18: Backscattered electron photographs of metal droplets inside a silicate fulgurite
glass. (A) Spheroidal metallic globules inside the silicate glass. (B) Intergrowths of white
FeSi, dark gray Fe3Si7 and light gray FeTiSi2 (C) Metal globule with dark Si metal and
light Fe3Si7 (D) Silicon encasing submicrometer-sized blebs of gold surrounded by a
matrix of FeSi Fe3Si7 and TiP. The long scale bar is 100 µm (Essene and Fisher, 1986).
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Scavenging of oxygen by nitrogen gas is likely to have taken place during the

fulgurite formation. Spectral analysis of lightning strikes has shown that lightning

accounts for a significant amount of NOx production in the atmosphere (Desch et al.,

2002). However, the amount of nitrogen gas available in the upper soil layers is unlikely

to be enough by itself to reduce quartz grains to silicon metal.  The effect of electrolysis

cannot be ruled out, but it is difficult to quantify. If electrolysis is an active reduction

mechanism and has a large effect, most fulgurites would be extremely reduced, and this

has not been observed.

The oxidation of carbon almost certainly contributed to the extreme reduction in

the fulgurite described by Essene and Fisher (1986).  Abundant charred material was

found at the site, and graphite crystals were present inside the fulgurite glass.  Carbon has

also been found in other fulgurites.  In one of five fulgurites examined, Daly et al. (1993)

discovered C60 and C70 fullerenes. The authors concluded the carbon must have come

from organic material in the soil above the ash flow tuff in which the fulgurite formed.

Although the authors were not looking for metal formation, reduction of a similar degree

to that seen by Essene and Fisher (1986) should have been visible in the hand sample.

To investigate the necessity of carbon as a reducing agent, Jones et al. (2005) used

rocket-triggered lightning to form fulgurites from the pure oxides NiO and MnO. A

rocket trailing a thin copper wire was fired into a thunderstorm to trigger a lightning

strike. The other end of the wire was anchored to two PVC pipes each containing an

oxide. Both of the oxides melted to form fulgurites. In the NiO fulgurite, ~50% of the

oxide was reduced to Ni metal, thus confirming that lightning strikes can produce metal
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without carbon present. None of the MgO oxide was reduced, and the authors attribute

the difference to NiO becoming thermodynamically unstable at a lower temperature

(~2300 °C) than MnO (~5000 °C).

Similar to tektite formation, reduction may be intrinsic to the fulgurite formation

process. Although fulgurites are not subjected to the high pressures involved in meteorite

impacts, they also undergo adiabatic cooling from an ultrahigh temperature state. The

pressures involved in fulgurite formation are not well understood. The phase of silica

stable at the highest pressures, stishovite, (above ~8 GPa) is often used to prove the

existence of an impact structure, but it has never been observed in fulgurites. The next

highest pressure phase, coesite, (above ~2 GPa) has been reported in a few instances

(Dugun and Karamanderesi, 1985; Master and Karfunkel, 2001), but a systematic study is

needed to confirm the presence of coesite in fulgurites.

 Investigating the extremely common but often overlooked geologic phenomenon

of fulgurite formation may be very valuable for understanding the formation of a wide

variety of natural glasses. The chemical compositions of various fulgurites as compared

to their country rocks will be discussed in detail in Chapter 2.

1.5: Reduction of Silicates by Impacts and Lightning Strikes

It is abundantly clear that when silicates undergo rapid, high temperature

processing, the resulting glasses are often reduced.  The presence of reducing agents such

as carbon or hydrogen is common to tektites, lunar regolith agglutinates, and fulgurites;

however, laboratory experiments have shown that a reducing agent is not necessary to
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cause reduction.  Reduction is intrinsic to the rapid heating and cooling process.  For

tektites and lunar regolith agglutinates, the target materials undergo isentropic (adiabatic

and reversible) cooling from high pressures as well as temperatures, although over

different timescales and vastly different extents. For fulgurites, cooling is also adiabatic

but not from pressures as high as those induced by impacts.

An initial supercritical fluid cools and expands until it reaches the two-phase

region where liquid and vapor may coexist. Many fully oxidized phases (such as Fe2O3)

are thermodynamically unstable at these conditions and will be decomposed into

elemental vapors or into oxygen vapor and a more stable oxide (such as FeO). Since the

cooling is so rapid, the system will reach a blocking temperature where the vapor phase

can no longer equilibrate with the liquid phase. The oxygen vapor from the breakdown of

oxides remains in the vapor phase, and the liquid phase is thus reduced by the loss of

oxygen. The cooling liquid rapidly quenches to glass, preserving its reduced state.  This

paper explores the process of chemical reduction by examining the degree of reduction of

a suite of fulgurites and atomic bomb glass (described in Chapter 2) and by modeling

isentropic cooling paths of moldavite tektites and lunar regolith agglutinates using sample

chemistry as the primary constraint.
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CHAPTER 2 : A MÖSSBAUER SPECTROSCOPY STUDY OF THE REDUCTION
OF FULGURITES

2.1: Introduction

As discussed in chapter 1, the reduction of silicate material by impacts and

lightning strikes is an unusual but interesting process on planetary surfaces. Comparing

reduced samples to their unmelted starting materials is the best way to understand and

quantify the changes caused by high temperature processing. Unfortunately, it is difficult

to gather definite starting materials for tektites. The Australasian source crater is

unknown, and millions of years of erosion and weathering have removed or changed the

original surfaces near the other three craters. The surface areas of the source regions and

the resulting volumes of tektite material are large, and tektites may land far from their

craters. A definitive match of a particular tektite to an exact source is very difficult.

Fulgurites have none of these limitations. Fulgurite materials are geologically

very young, and sometimes can be collected within days of formation. They are found in

situ, and commonly have unmelted starting materials cemented into the fulgurite glass.

Fulgurites are numerous and occur in a variety of soil and rock types. They are ideal

samples for investigating the effects of high temperature processing.

Previous studies of fulgurites have included a wide range of techniques but few

total samples.  A scanning electron microscope study of Australian quartz sand fulgurites

observed a quartz glass with partially melted zircon and ilmenite grains (Pye, 1982).  The

authors also observed unmelted but fractured quartz grains inside the glass, and they

hypothesized that expanding bubbles of vapor insulated some quartz grains from the
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extreme temperatures, although thermal shock caused fracturing and fragmentation.

Reduced phases were not directly observed, but the authors suggested that dark linings of

some vesicles might be due to thin coatings of elemental Si.

Weeks et al. (1980) investigated sand dune fulgurites using electron magnetic

resonance spectroscopy.  The authors found that 90% of the Fe in the fulgurite glass is

concentrated in metallic spherules whereas the majority of the Fe in the desert sand is

oxidized to Fe2O3.  They also estimated a formation temperature of 3500 K assuming

atmospheric oxygen pressure of 0.2 atm.

The extremely reduced fulgurite described by Essene and Fisher (1986) was

found closely associated with burned carbonaceous material, and the authors suggested

that the oxidation of carbonaceous material is the main contributor to the reduction. Other

reduction mechanisms suggested by Essene and Fisher (1986) are the vaporization of

oxygen during boiling with removal driven by the flow of electrons through the melt, as

in electrolysis, and the scavenging of oxygen to form nitrous oxides from nitrogen in the

ambient atmosphere.

The oxidation of nitrogen in the atmosphere may contribute to reduction in

fulgurites, but the volume of atmosphere contained in the upper soil layers is smaller than

that needed to reduce a large volume of Fe and Si to metals.

€ 

N2 + 2O2 → 2NO2 Oxidation of nitrogen

For example, in the Black Rock, Utah, fulgurite (Section 2.3.5), the sand starting

material contains 80% Fe3+ and 20% Fe2+ (out of 0.14 wt% Fe total). In comparison, the

fulgurite glass contains 37% Fe3+, 15% Fe2+, and 48% Fe0 metal. In 1 cm3 of glass,
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8.7x10-4 moles of O2 have been removed. In comparison, 1cm3 of sand with 40% porosity

contains 1.4x10-6 moles of N2 at standard temperature and pressure. Assuming the upper

limit that all of the N2 is oxidized to NO2, 2.8x10-5 moles of O2 could be lost from the

starting material. The oxidation of atmospheric N2 can only account for ~3% of the

reduction of the Black Rock, Utah fulgurite as an upper limit.

The contribution to reduction by the electron flow of the lighting strike itself is

also small compared to the total amount of Fe reduction in the fulgurite melt. A sustained

lightning flash can transfer ~30 Coulombs of charge, or ~3.1x10-4 moles of electrons,

through the lightning channel (Uman, 1984). Again considering the Black Rock, Utah,

fulgurite, 8.7x10-4 moles of O2 removed from Fe in 1cm3 of material corresponds to

3.5x10-3 moles of electrons added to the Fe. The entire charge of a sustained lightning

strike concentrated in 1 cm3 only reduces ~10% of the Fe if every electron from the strike

is taken by an Fe atom. The glass coating the inside of the Black Rock fulgurite tube is

very thin, ~ 0.1 cm, but the reduction of 1 cm3 of material still only corresponds to ~5 cm

of length of the fulgurite as an upper limit. The Black Rock, Utah, sample shown in Fig.

2.17 is ~5 cm long; however, the entire fulgurite length is at least ten times the sample.

Oxidation of the carbonaceous plant material found charred near the fulgurite

certainly contributed to the reduction seen by Essene and Fisher (1986), but plant

material and graphite crystals were not observed in the reduced fulgurite examined by

Weeks et al. (1980).  Carbon was not included in the Jones et al. (2005) experiments that

produced Ni metal inside a fulgurite formed from NiO starting material.  A similar

experiment using MnO formed a fulgurite, but did not form Mn metal. The reduction
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mechanism that best explains all of these results is that oxides become

thermodynamically unstable at high temperatures. At 1 bar pressure, thermodynamic data

indicate that NiO decomposes into Ni meal and O2 gas at ~2575 K and MnO decomposes

at ~5275 K. A lightning temperature between these values would induce NiO but not

MnO to break down. Oxide decomposition temperatures are also dependent on the

ambient pressure.  The pressure may briefly be higher than 1 bar as the atmosphere and

molten material rapidly expand away from the heat of the strike. As the then superheated

material adiabatically expands and cools, the pressure in the wake of the strike will likely

be lower than 1 bar until the ambient atmosphere refills the void.

The current study presents the results of an electron microprobe and Mössbauer

spectroscopy study of ten fulgurites of varied compositions and source localities as well

as nuclear bomb glass.  A systematic study of multiple fulgurites and their country rock

will determine if reduction is intrinsic to the high temperature processing of silicates and

help to evaluate the various reduction mechanisms.  A previous Mössbauer spectroscopy

study of a single basalt rock fulgurite could not distinguish a difference between the

oxidation states of the fulgurite glass and the country rock (Ablesimov et al., 1986).

Those authors did not report the error of their technique; however, the resolution of

Mössbauer spectroscopy has greatly improved in the last 20 years and can now discern

much smaller differences between samples.
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2.2: Methods

 The samples were studied using a Cameca SX 50 electron microprobe to obtain

backscattered electron images, point analyses, and X-ray maps. An accelerating voltage

of 15 kV and a current of 20 nA with 20 sec peak count times were used for the analyses.

Totals are consistently low due to cation migrations under the electron beam and small-

scale compositional gradients for which the microprobe’s matrix corrections cannot

compensate.

Mössbauer spectra are acquired by using γ-rays emitted by a radioactive source to

excite the nucleus of the element being studied.  For Fe, the source is 57Co that decays by

electron capture to a nuclear excited state of 57Fe at 136.3 keV. The 57Fe decays by

gamma ray emission either directly to the ground state or by decay to the 14.4 keV state

and then to the ground state. The emitted 14.4 keV gamma rays are then targeted on a

sample, and a detector measures the transmitted gamma rays. To create a range of

energies to excite the nucleus of 57Fe atoms in different valence states and coordination

environments in the sample, the source is oscillated to Doppler shift the γ-ray energies.

For example, moving the source toward the sample at 1 mm/s increases the γ-ray energy

by 4.8x10-8 eV. Thus, a Mössbauer spectrum consists of energies on the x-axis given in

velocity versus the percentage of γ-rays absorbed by the sample.

It is important to note that Mössbauer spectroscopy of glasses is very

complicated.  Mössbauer spectra are sensitive to both the valence state and coordination

environment around the Fe atoms in a sample.  In glasses, Fe occupies a large range of

different coordination polyhedra, including 4-, 5-, 6-, and 8-fold sites, and no crystal
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chemistry constraints are imposed such as would be found in a regular crystal lattice.  In

addition, small metal blebs are present in this suite of samples, possibly at such small

scales that they cannot be seen when the glass is hand-separated from the metal under a

microscope.  Thus, in these samples it is possible that Fe exists as Fe0, Fe2+, and Fe3+, and

each of these will have its own range of coordination polyhedra.  Our spectra are likely to

be composed of multiple, overlapping contributions from all these different Fe atoms.

Typical Mössbauer spectra consist of sets of doublet and sextet peaks where each

set corresponds to a Fe nucleus in a specific environment depending on oxidation state,

coordination and symmetry, and the presence or absence of magnetic ordering. In the

simplest case where the source atoms and the sample atoms are in the same environment,

a transmission spectrum will be a single peak centered at zero velocity. When the local

environments differ in energy, the transmission spectrum shifts away from zero velocity,

called an isomer shift, IS or δ (left spectrum in Fig. 2.1).  When the nucleus is not

spherically symmetric, as is the case for all but the ground state of 57Fe0, the quadrupole

moment (the shape of the ellipsoid of nuclear charge distribution) interacts with the

gradient of the electric field produced by the other charges in the sample to split the

energy level of the nuclear excited state into two. This is called quadrupole splitting (QS

or Δ), and it creates a doublet in the spectrum (middle spectrum of Fig. 2.1). Fe2+ and Fe3+

exhibit quadrupole splitting. When a magnetic field is present at the nucleus, the energy

levels further split into a sextet (right spectrum of Fig. 2.1) (Dyar et al., 2006).
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Fig. 2.1:   Mössbauer transmission spectra of different nuclear energy environments. In
blue, the spectrum of a spherically symmetric nucleus in an excited state relative to the
source is shifted away from zero velocity, called an isomer shift. In red, a non-spherically
symmetric nucleus exhibits quadrupole splitting of nuclear energy levels, creating a
doublet that may also have an isomer shift.  In green, when a magnetic field is present,
the energy levels further split into a sextet. (Dyar et al., 2006)

In addition, Mössbauer doublets with  “averaged” parameters that lie between the

ranges for Fe2+ and Fe3+ may occur in Mössbauer spectra of glasses.  Glasses contain a

large variety of Fe coordination sites with varying parameters, and some of the resultant

doublets so closely overlap that they cannot be resolved individually. In order to estimate

a Fe3+/ΣFe ratio for such samples, the convention is to split the area of such doublets

evenly between Fe2+ and Fe3+ contributions.  The isomer shifts of Fe doublets can be used

to distinguish between combinations of oxidation states and coordination environments.

The rough range of isomer shift (δ) values for the different types of Fe in oxidation state

and coordination is as follows (Burns and Solberg, 1990):

[8]Fe2+ >1.20 mm/s
[6]Fe2+ 1.05-1.20 mm/s
[4]Fe2+ 0.80-1.05 mm/s
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Fe2.5+ 0.55-0.80 mm/s
[6]Fe3+ 0.35-0.55 mm/s
[4]Fe3+ 0.15-0.35 mm/s.

Glass samples that quench quickly will tend to have the widest range of Fe

coordination polyhedra, most closely resembling the structure of the original glass.

Glasses with longer quenching times will have distributions that begin to order into 4-

and 6-fold polyhedra in anticipation of crystallizing silicate minerals (Dyar, 1984; Dyar

and Birnie, 1984). Therefore, variations in the Mössbauer parameters of the glasses may

represent variations in cooling rates, which for fulgurites are most affected by the size of

the individual masses of glass. Small fulgurites with thin walls will cool faster than large

fulgurites containing glass several centimeters thick.

Mössbauer spectra were acquired at a temperature of 295K using a source of 100-

60 mCi 57Co in Rh on a WEB Research Co. model WT302 spectrometer (Mount Holyoke

College). Approximately 20-300 mg of each sample were gently crushed under acetone,

then mixed with a sugar-acetone solution designed to form sugar coatings around each

grain and prevent preferred orientation.  The amount of sample used was determined by

the amount of sample available and by their Fe contents, which were generally very low.

Grains were gently heaped in a sample holder confined by kapton tape. For each sample,

the fraction of the baseline due to the Compton scattering of 122 keV gammas by

electrons inside the detector was determined by measuring the count rate with and

without a 14.4-keV stop filter (~2 mm of Al foil) in the gamma beam.  Compton-

corrected absorption was calculated for each individual spectrum using the formulation

A/(1 - b), where b is the Compton fraction and A is the uncorrected absorption.   This



59

correction does not change the results of the fits per se but does allow accurate

determination of percent absorption in the spectra.  It is necessary because the range of

energy deposited in the detector by Compton events extends from 0 keV to 40 keV,

overlapping both the 14 keV and 2 keV energies deposited by the 14 keV gammas.

Run times were 1-7 days, and baseline counts ranged from ~1-40 million after the

Compton correction, as needed to obtain reasonable counting statistics.  Several samples

were so low in Fe that they did not yield sufficient peak to noise ratios for fittable spectra

to be obtained in less than a week.

Spectra were collected in 2048 channels and corrected for nonlinearity via

interpolation to a linear velocity scale, which is defined by the spectrum of the 25 µm Fe

foil used for calibration.  The WMOSS algorithm fits a straight line to the points defined

by the published values of the Fe metal peak positions (as y values) and the observed

positions in channels (x values).  Data were then folded before fitting, using the WMOSS

Auto-fold procedure that folds the spectrum about the channel value that produces the

minimum least squares sum difference between the first half of the spectrum and the

reflected second half of the spectrum.

To model the data, we used two in-house programs generously made available to

us by Eddy DeGrave and Toon VanAlboom at the University of Ghent, in Belgium

(Vandenberghe et al., 1994).  For all spectra except those from the Monahans, Texas,

samples, we used the Dist3e program.  It models spectra using model-independent

quadrupole splitting or hyperfine field distributions for which the subspectra are

constituted by Lorentzian shaped lines; it uses velocity approximations rather than
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solving the full Hamiltonian.  This program does not presume any particular shape of the

distribution (hence, model-independent), in contrast to other distribution programs (e.g.

Recoil).

For the Monahans Texas samples, we used the Mexfield program for the fulgurite

samples only because the spectra contained six heavily overlapped distributions;

satisfactory fits could not be obtained with Dist3e.  The Mexfield program was developed

for magnetic Fe2+ spectra in which the quadrupole interaction cannot be regarded as a

first-order perturbation on the magnetic interaction.  As a consequence, the magnetic Fe2+

spectrum is not a simple sextet with approximately 3:2:1:1:2:3 area ratios; in fact, up to

eight absorption lines may be observed. To fit such spectra, the full hyperfine-interaction

Hamiltonian must be set up (including not only the common hyperfine interaction

parameters but also the asymmetry parameter and direction of the electric field gradient).

It is then necessary to diagonalize this Hamiltonian to calculate the transition energies

(and hence the velocities of the absorption lines) and the transition probabilities for the

different nuclear energy levels in order to obtain the line intensities of the eight

Lorentzian absorption lines. The Mexfield program executes this procedure for a

superposition of a discrete number of subspectra (E. DeGrave, personal communication,

2007).  Although these spectra did not contain magnetic components, they did contain

four overlapped Fe3+ distributions that could not be modeled with Dist3e due to its

model-independent nature.  Mexfield was thus used to provide Lorentzian line shapes and

the capability of solving the full Hamiltonian.
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A variety of parameter constraints and models for varying numbers of doublets

and sextets were used to model the spectra.  In general, widths of peaks in pairs or sextets

were held constant. This assumes that each possible transition from the ground to excited

state in a particular Fe nucleus is equally likely. Quadrupole splittings, hyperfine fields,

and areas were allowed to vary freely, though constraints were used rarely to keep isomer

shift values realistic.

Errors on isomer shifts are estimated at ±0.04 mm/s because of high peak overlap

and low signal-to-noise ratios.  Quadrupole splitting values are ±0.05 mm/s.  The

distribution of area among multiple Fe2+ doublets/sextets or among multiple Fe3+

doublets/sextets is probably ±10-30% absolute (i.e. if the measurement is 50%, the actual

number may be 20-80%), but the summed areas of all Fe3+ components relative to the

total area are accurate to within ±1-3% absolute (i.e. a measurement of 50% has an error

range of 47-53%).  When multiple Fe2+ or Fe3+ doublets are present, it is difficult to

distinguish the overlap between them in the complicated environment of a glass.

Therefore, the measurement error of the area inside a particular doublet is high, but the

Fe3+ doublets do not overlap with the Fe2+ doublets. Thus, the error of the total area of

Fe3+ doublets relative to the total area of the entire spectrum is 1-3%. The same is true for

the errors of the combined Fe2+ doublets or the Fe0 sextets relative to the total Fe

spectrum.

 Total %Fe3+ as given in Table 2.1 represents the amount of Fe3+ in the glass or

silicate and does not include the magnetic components, which in many cases could not be

specifically assigned to any particular phase.  Areas of Fe3+ components were not
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corrected for differential recoil-free fractions because the appropriate correction factors

are unknown.

2.3: Results

The samples are presented in order from least to greatest amount of iron in the

fulgurite or Trinitite (atomic bomb glass) (Table 2.1). The fulgurites from quartz sands

have lower total iron contents than the fulgurites formed from basaltic material or

mixtures. The iron contents for the quartz sand fulgurites are near the lower limit of

resolution for the Mössbauer spectrometer. Samples with less than 0.1 wt% FeO usually

do not produce a clear spectrum unless the sample is large and is run for longer than a

week with a new 57Co source. Nine of the eleven fulgurite glass samples are chemically

reduced relative to their starting materials, either by a reduction of Fe3+ content or by an

increase in Fe0 content. The Starke, FL, fulgurite is identical to the starting material

within the error of the measurements (1-3% error), and the Cline Butte, OR, fulgurite

appears to be oxidized compared to its starting material. Table 2.2 lists the fulgurite

glasses and the grain sizes of the country rock in order of increasing reduction and

grouped by source material type. No correlation is obvious between grain size and

reduction considering all the fulgurite samples. A slight correlation between increasing

grain size and degree of reduction can be seen in the sand and sandstone fulgurites.

Details of individual samples are presented in the following sections.
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Table 2.1: Weight percent of Fe in fulgurite and Trinitite glasses and Fe oxidation state
percentages for glasses and starting materials in order of increasing iron content of the
glass. Seven of the samples are reduced from their starting materials, either by a
reduction of Fe3+ or by an increase of Fe0. The Starke, FL, glass is identical to the starting
material within the error of the measurements, and the Cline Butte, OR, glass appears to
be oxidized compared to the starting material. Nf – not able to be fit.

Wt % Fe in glass % Fe3+ % Fe2+ %Fe0

Pecos Plains, TX
- Quartz sand

0.04 46
100

54
0

0
0

Starke, FL
- Quartz sand

0.05 58
57

42
43

0
0

Sugarland, TX
- Quartz sand

0.08 56
82

44
18

0
0

West Virginia
- Sandstone

0.08 Nf
12

Nf
88

Nf
0

Black Rock, UT
- Quartz sand

0.14 37
80

15
20

48
0

Monahans, TX
- Quartz sand

0.18 60
100

40
0

0
0

Trinitite
- Quartz sand and soil

3.03 27
76

73
24

0
0

Farmington, CT
- Quartz sand and basalt gravel

3.13 12
16

88
84

0
0

Algeria
- Felsic igneous rock

3.47 19
49

38
51

43
0

Cline Butte, OR
- Basalt talus

3.61 30
18

70
82

0
0

Mt. Ararat, Turkey
-Basalt rock

5.06 45
66

55
34

0
0
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Table 2.2: Grain sizes of the fulgurite country rocks grouped by fulgurite type and
arranged in order of increasing reduction of the fulgurite glass.  Sizes are estimated from
backscattered electron images. The sand and sandstone fulgurites show some correlation
between increasing grain size and increasing reduction.

Grain Size (mm) Degree of Reduction in Glass
Igneous rock
Cline Butte, OR 0.2 – 0.4 Oxidized – 12% more Fe3+ than country rock
Mt. Ararat, Turkey 0.05 – 0.5 21% less Fe3+ than country rock
Algeria 0.15 – 0.2 30% less Fe 3+, 43% Fe0

 formed
Sand and
Sandstone
Starke, Fl ~ 0.2 No change from country rock
Sugarland, TX 0.2 – 0.4 26% less Fe3+

Monahans, TX ~ 0.2 40% less Fe3+

Pecos Plains, TX 0.1 – 0.2 54% less Fe3+

Black Rock, UT ~0.5 43% less Fe3+, 48% Fe0 formed
West Virginia ~1 Formed Fe silicides and Si metal
Mixtures
Trinitite 0.1 – 0.3 49% less Fe3+

Farmington, CT 0.1 – 0.25 4% less Fe3+ and formed Fe-Si-Al metals and Fe
silicides

2.3.1: Pecos Plains, Texas

The Pecos Plains, Texas, fulgurite is formed from quartz sand with traces of Fe-

rich clay. It is a hollow, uneven tube with one end partially blocked by a 1 cm diameter

pebble. The tube consists of a thin layer of glass inside and cemented sand grains outside.

The color ranges from white to gray or tan. The sample was obtained from the

Mineralogical Research Company.
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Fig. 2.2: Sand fulgurite from Pecos Plains, Texas.

Electron microprobe analyses reveal a predominantly silica background glass with

small areas of melt containing increased Al, K, and Fe (Table 2.3). The glass is vesicular

and contains some partially melted quartz crystals near the outer edge of the fulgurite

tube (Fig. 2.3).

Table 2.3: Electron microprobe point analyses of the Pecos Plains, TX, fulgurite. Values
are averages of 7-10 points. Lighter melt refers to the appearance of the melt in the
backscattered electron image where heavier elements appear brighter.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Background
glass

45.38 0.04 0.14 0.01 0.01 0.08 0.01 0.01 0.01 0.01 51.89 97.60

Lighter
melt

34.86 0.73 8.41 0.11 0.09 5.01 0.64 0.05 0.01 0.06 48.84 98.84

1 cm
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Fig. 2.3: Backscattered electron image of the Pecos Plains, Texas, fulgurite. The
background glass is high silica containing small areas of melt with higher Al, K, and Fe
concentrations.

Mössbauer spectra of the fulgurite country rock and glass show that the Fe in the

country rock is completely oxidized to Fe3+, but the fulgurite glass contains 54% reduced

Fe2+ (Fig. 2.4).

Silica glass

Vesicle

Melt with

increased Al,

K, and Fe
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Fig. 2.4: Mössbauer spectra of the Pecos Plains, TX, fulgurite glass and country rock.
The country rock is completely oxidized, but 54% of the Fe has been reduced to Fe2+ in
the fulgurite glass. The red line represents the best fit to the spectrum from the
combination of the lines from all the other components. Fe3+ doublets (e.g. blue doublet
in upper spectrum) have smaller isomer shifts and quadrupole splitting than the Fe2+

doublets (e.g. green and purple doublets in the lower spectrum).
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Fe2+

Best fit to
spectrum



68

2.3.2: Starke, Florida

The Starke, Florida, sample is a quartz sand fulgurite (Fig. 2.5). It has a delicate,

hollow tubular shape consisting of a thin layer of glass inside the tube with partially

melted and unmelted sand grains adhered to the outside. The color ranges from white to

orange to dark gray.  The sample was obtained from the Nature Source Collection.

Fig. 2.5: Sand fulgurite from Starke, Florida.

Backscattered electron images and point analyses show a predominantly silica

glass background containing occasional partially melted, frothy quartz crystals and small

areas of immiscible melt of concentrated heavier elements (bright areas of Fig. 2.6).

Veins of melt of intermediate composition surround vesicles and grain boundaries (light

gray in the backscattered image). The areas of heavier elements are infrequent across the

sample.

Table 2.4: Electron microprobe analyses of the Stark, FL, fulgurite. Values are averages
of 3-15 point analyses.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Background
glass

45.59 0.05 0.09 0.01 0.01 0.02 0.03 0.02 0.00 0.02 52.08 97.91

Bright melt 25.17 27.37 1.54 0.20 1.00 0.24 0.08 0.29 0.02 0.05 38.63 94.60
Medium
melt

32.78 4.09 5.99 0.99 4.67 1.47 0.41 0.09 0.01 0.22 46.99 97.70

1 cm
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Fig. 2.6: Backscattered electron image of the Starke, FL, fulgurite. The predominant
background is silica glass with occasional partially melted quartz crystals and small areas
of immiscible melt with higher concentrations of Fe, Al, Ca, K, and Mg. Veins of
intermediate composition surround vesicles and grain boundaries (light gray). The scale
bar is 200 µm.

The Mössbauer spectra of the Starke, FL, fulgurite glass and the unmelted sand

have high scatter due to the extremely low Fe content of the sample. Within the error of

the measurements (3-5%), the spectra are identical. Fe was neither reduced nor oxidized

during fulgurite formation. The overall best fit to each spectrum (red line in Fig. 2.7) is

the combination of several Fe3+ and Fe2+ components. The Fe3+ doublets (e.g. black line)

have smaller isomer shifts and quadrupole splitting than Fe2+ doublets (e.g. bright blue

line).

Silica glass

Partially melted

quartz crystal

Mottled melt

with heavier

elements

Vesicle
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Fig. 2.7: Mössbauer spectra of Starke, FL, fulgurite glass and quartz sand starting
material. Both spectra have large scatter in the data and high error due to low iron
contents. The spectra are almost identical; therefore, in the limits of the error, the
fulgurite has been neither reduced nor oxidized from its starting material.

2.3.3: Sugarland, Texas

The Sugarland, Texas, fulgurite formed from primarily quartz sand (Fig. 2.8). It

has an open tube lined with gray glass. The exterior is white to tan in color, and many

Fe3+ Fe2+

Fulgurite
Glass
58% Fe3+

42% Fe2+

0% Fe0

Country
Rock
-Sand
57% Fe3+

43% Fe2+

0% Fe0
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sand grains are cemented to the outside. Parts of the fulgurite tube are ringed or spiraled

in appearance.

Fig. 2.8:  Sand fulgurite from Sugarland, Texas.

This fulgurite is formed primarily from quartz sand. Therefore, the largest

elemental component of the fulgurite glass is Si (Table 2.5). Other elements including Al,

Fe, Mg, Ca, K, and Ti are present in small amounts in the background glass and are

concentrated in pockets of melt around unmelted and partially melted quartz grains near

the edge of the fulgurite tube (Fig. 2.9).



72

Table 2.5: Electron microprobe point analyses of the Sugarland, TX, fulgurite. Lighter
melt refers to the lighter gray areas of the backscattered electron image in Fig.  Values
are averages of 10 analyses.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Background
glass

46.28 0.08 0.24 0.02 0.09 0.07 0.01 0.01 0.01 0.03 53.06 99.89

Lighter
melt

34.76 1.86 4.25 0.71 6.35 1.54 0.28 0.04 0.01 0.54 47.71 98.05

Quartz
crystals

47.23 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.00 53.84 101.1

Fig. 2.9: Backscattered electron image of the Sugarland, TX, fulgurite. This area is on the
outer edge of the fulgurite tube showing multiple unmelted quartz grains cemented by
glass. The areas of lighter melt are concentrations of elements other than Si (the
overwhelming background) and can be seen in (Fig. 2.10). Scale bar is 200 µm.

Quartz

Background

glass

Lighter

melt
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Fig. 2.10: Element maps of the Sugarland, TX, fulgurite overlaid on a backscattered
electron image. This area is in the middle of the fulgurite glass. The images show a large
unmelted quartz grain surrounded by pockets of variable Al-K-Fe melts. Some Mg and
Ca are also present in the melt, but concentrations are too low to be shown in the images.
Dark gray areas near the bottom right of the images are vesicles filled with epoxy from
the microprobe mount.  Scale bar is 200 µm.

Mössbauer analysis reveals that the fulgurite glass is significantly reduced

compared to the country rock (Fig. 2.11).  The country rock contains 82% Fe3+, and the

glass contains only 56% Fe3+. Both spectra have magnetic sextets due to the presence of

hematite, although the percentage of hematite is smaller in the glass.

Si

FeK

Al

Quartz
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Fig. 2.11: Mössbauer spectra of the Sugarland, TX, fulgurite country rock and glass.  The
fulgurite glass is reduced compared to the country rock. Both spectra have a magnetic
sextet component due to hematite. 24% of the Fe3+ in the country rock and 9% of the Fe3+

in the fulgurite glass is contained in hematite.
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2.3.4: West Virginia

The West Virginia fulgurite formed from a lightning strike into sandstone rock

(Fig. 2.12). It has an off-center tube with a surrounding area of vesicular, friable glass.

The interior of the tube is white, but the majority of the glass is black or dark gray. The

dusty outer surface is white to gray in color.  Melted but unmixed grains of quartz glass

are present throughout the fulgurite and appear as white spots in Fig. 2.12.  The sample

was obtained from the Mineralogical Research Company.

Fig. 2.12: Sandstone fulgurite from the Cacapon River District, West Virginia. White
spots are melted but unmixed quartz glass.

Backscattered electron images of the West Virginia fulgurite glass reveal

abundant metallic droplets (Fig. 2.13).  The distribution and composition of metallic

droplets is similar to those seen by Essene and Fisher (1986) (Fig. 1.18, p.47). The

presence or absence of metallic droplets also defines two distinct areas of glass. The glass

without metallic droplets is almost pure silica, and the areas with metallic droplets have

1 cm
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increased Al, K, and Mg (Table 2.6). The same trend can be seen in element maps (Fig.

2.14).

Fig. 2.13: Backscattered electron image of the West Virginia fulgurite. The glass contains
two distinct areas, an almost pure silica glass and glass containing abundant metallic
droplets (bright circles). Dark circles are either vesicles or holes left by the plucking of
metal droplets during polishing. Scale bar is 200 µm.

Table 2.6: Electron microprobe analyses of the West Virginia fulgurite. Values are
averages of 4-12 analyses. The glassy areas without metal droplets are almost pure silica.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Glass with
metal drops

39.73 0.12 5.01 0.23 0.11 1.16 0.16 0.12 0.02 0.81 50.83 98.29

Glass w/o
metal drops

45.76 0.11 0.13 0.01 0.01 0.06 0.01 0.01 0.02 0.12 52.39 98.62

Average
glass

42.24 0.11 2.98 0.14 0.07 0.70 0.10 0.07 0.02 0.52 51.48 98.43

Unmelted
crystals

46.13 0.03 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 52.59 98.80
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Fig. 2.14: Electron microprobe element maps overlaid on a backscattered electron image.
The concentration of Si (green) remains nearly constant across the sample, but the areas
with metallic droplets also have Al (blue) and Fe (magenta). Several large droplets are
present in this image, and areas of varying Fe content can be seen inside the largest
droplet. Scale bar is 200 µm.

The interiors of the larger metal droplets (>50 µm) contain 99% pure metallic Si

and several different iron silicides – Fersilicite (FeSi), Ferdisilicite (FeSi2), and FeTiSi2.

The smaller droplets (~5 µm) also contain Hapkeite (Fe2Si). These phases are very

unusual in nature. The only other report of the FeTiSi2 phase is from a soil and glacial till

fulgurite from Winans Lake, Michigan, identified by Essene and Fisher (1986). Similarly,

the only previous identification of Hapkeite is in the lunar meteorite Dhofar 280 inside

maskelynite glass (Anand et al., 2004).

Si  Al  Fe

Metallic
droplets
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Fig. 2.15: Backscattered electron image of the large droplet in Fig. 2.13. The lightest
areas are FeSi with up to 3 wt% Mn; the medium areas are FeTiSi2 with up to 1.75 wt%
Mn; and the dark areas are FeSi2 with up to 4 wt% Mn. In other droplets, Fe2Si with up to
1 wt% Mn as well as areas of 99% pure Si have also been identified.

The Mössbauer spectrum of the sandstone country rock is a straightforward

combination of contributions from Fe2+ and Fe3+ components. On the other hand, the

spectrum of the fulgurite glass is complicated by the presence of the several metallic iron

silicides. Many of these species have not previously been characterized by Mössbauer

spectroscopy, and the fitting parameters are not reliable. Therefore, the percentages of the

Fe oxidation states cannot be defined for this sample. However, it is abundantly clear

from the formation of Fe silicides that the fulgurite glass is extremely reduced.

FeSi

FeTiSi2

FeSi2
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Fig. 2.16: Mössbauer spectra of the West Virginia fulgurite country rock and glass. The
spectrum of the glass is complicated by the presence of previously uncharacterized iron
silicides and partially magnetic species, and cannot be reliably fit. However, the country
rock does not contain the iron silicides, and it is clear that the fulgurite glass is extremely
reduced compared to the country rock.
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2.3.5: Black Rock, Utah

The Black Rock, Utah, sample is a sand fulgurite. It is a small, flattened tube

ranging in color from white to orange to black. Grains of unmelted sand are adhered to

the outside of the tube. The glassy body of the fulgurite is vesicular, and the vesicles

appear to be elongated radially away from the center.

Fig. 2.17: Sand fulgurite from Black Rock, Utah.

The glass from this fulgurite is uniform in the backscattered electron images, thus

the backscattered image is not shown here. Some variation in Al and Fe can be seen in

the element maps (Fig. 2.18), although the concentration of Al is never higher than 2 wt%

and the maximum Fe is 0.35 wt%.

Table 2.7: Electron microprobe analysis of the Black Rock, UT, fulgurite glass.  Values
are averages of 17 analyses.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Background
glass

45.35 0.14 0.51 0.03 0.02 0.10 0.01 0.01 0.01 0.05 52.52 98.47

1 cm
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Fig. 2.18: Electron microprobe element map of the Black Rock, UT, fulgurite. The
sample is predominantly Si, although some areas have increased Al. Fe occurs scattered
over the general background and as a few concentrated areas. The data for iron has been
greatly exaggerated in order to emphasize its distribution. Gray areas are vesicles in the
backscattered electron map.

Although it is not visible in the electron microprobe images, a significant

contribution from Fe metal is seen in the Mössbauer spectrum of the fulgurite glass. This

is seen in the spectrum as a sextet of peaks. The country rock spectrum also shows a

magnetic sextet, but it is caused by magnetic hematite. The fulgurite glass is reduced

compared to the starting sand.

Si  Al  Fe
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Fig. 2.19: Mössbauer spectra of the Black Rock, Utah, fulgurite glass and sand starting
material. Both spectra show contributions from magnetic components that appear as a
sextet in the spectra. For the country rock, the sextet is caused by the presence of
hematite.  The fulgurite glass sextet is entirely the result of a large percentage of Fe
metal.
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2.3.6: Monahans, Texas

This fulgurite from Monahans, Texas, is one of several that were collected on a

University of Arizona planetary geology field trip during an overnight stop in the

Monahans Sandhills on April 1, 2004. The fulgurite is a narrow, hollow tube of white to

gray glass with many adhered external sand grains (Fig. 2.20). The tube exhibits a slight

spiraling of irregular ridges down the length of the sample, similar to those noted by

Fenner (1949).

Fig. 2.20: Sand fulgurite from Monahans Sandhills, Texas.  Ridges along the length of
the tube exhibit an irregular spiral shape.

Typical of most sand fulgurites, the background glass of the Monahans Sandhills,

Texas, fulgurite is primarily silica (Table 2.8). Some Fe-oxide phases were also

identified, but none of the areas was large enough to obtain accurate point analyses. The

unmelted sand is mainly quartz with occasional zircon crystals.

The backscattered electron images of the fulgurite glass are generally uniform

with few large variations in composition (Fig. 2.21).  Analyses across the width of the

fulgurite tube (from the inside to the outside) show no systematic variation in

composition.

1 cm
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Table 2.8: Electron microprobe analyses of the Monahans Sandhills, TX, fulgurite.
Values are averages of 12-18 points.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Background
glass

45.64 0.18 0.50 0.04 0.04 0.10 0.02 0.02 0.02 0.04 52.62 99.22

Unmelted
crystals

46.49 0.03 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.03 53.02 99.63

Fig. 2.21: Electron backscattered image of the Monahans Sandhills, TX, fulgurite. This is
a ‘typical’ fulgurite, with a smoothed, uniform interior glass and partially melted or
unmelted quartz grains cemented along the exterior of the fulgurite tube. The
intermediate areas are vesicular. The composition of the glass does not vary
systematically across the fulgurite tube.

Inside of
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tube

Exterior of
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Although the concentrations of elements other than Si are not higher than 0.5 wt%

of the glass, element maps reveal some areas of higher concentrations. The areas with

increased Al and Fe form veins and pockets around vesicles (Fig. 2.22).

Fig. 2.22: Electron microprobe element maps of the Monahans Sandhills, Texas, fulgurite
overlaid on backscattered electron images. Elements other than Si are concentrated in
veins and around vesicles.

Mössbauer spectroscopy of sand collected with the Monahans Sandhills, Texas,

fulgurite shows that 100% of the Fe is completely oxidized to the Fe3+ state. In contrast,

only 60% of the Fe in the fulgurite glass is completely oxidized. The fulgurite glass is

clearly reduced from the starting sand.
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Fig. 2.23: Mössbauer spectra of the Monahans Sandhills, Texas fulgurite glass and sand
starting material. The glass contains less Fe3+ than the sand; therefore, the fulgurite is
reduced.
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2.3.7: Trinitite, New Mexico

Trinitite is green glass named for the Trinity Site, New Mexico, (now White

Sands Missile Range) where the first nuclear bomb test on July 16, 1945, melted the

desert sand in a roughly circular radius of ~300 m.  The glass formed an irregular, thin

crust on the ground of about 1 cm thickness.  Traditionally, it has been assumed that the

glass formed in place simply from heating of the desert surface; however, a new theory

suggests that some of the glass may have rained down from the explosion cloud as

droplets (Hermes and Strickfaden, 2005). This model is supported by the discovery of

individual 2 mm diameter spheroids of glassy or semi-glassy Trinitite material. Some

larger pieces of Trinitite appear to be an agglomeration of these spheroids.

The sample analyzed here is one of the more common type of hand samples with

a smooth, glassy surface with a few vesicles on one side and a rough surface with

embedded, partially melted rocks on the other side (Fig. 2.24).  The smooth side is most

likely the upper surface that experienced the most heating. The rough side is most likely

the lower surface that was in contact with the unmelted ground.  No spheroids have been

identified. The sample was obtained from the Mineralogical Research Company.

Fig. 2.24: Trinitite glass from the Trinity bomb test in New Mexico.

1 cm
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Differences between the upper and lower surfaces can be seen in the electron

microprobe point analyses (Table 2.9) and element maps (Fig. 2.25, Fig. 2.26). The upper

surface is more homogenous, although some relict quartz and alkali feldspar crystals

remain.  The lower area of the glass has more relict crystals and is more heterogeneous.

Vesicles in the upper area are larger and fewer than in the lower area.  The composition

of the background glass is also different. The upper glass has higher Si and O

concentrations due to the incorporation of more quartz crystals.  Alkali feldspar crystals

in this sample have a wide range of compositions; therefore, the microprobe analyses are

reported as a range rather than an average. The sample also has small droplets containing

Zr from the decomposition of ZrSiO4.

Table 2.9: Electron microprobe point analyses of trinitite glass and relict crystals. Values
for the glasses and quartz are averages of 5-15 analyses. The feldspar crystals have a
wide range of values but are not separable into distinct groups. The range of 10 analyses
is given rather than the average.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Upper
Glass

33.31 2.21 5.76 0.75 4.54 2.49 1.03 0.05 0.01 0.24 47.11 97.55

Lower
Glass

28.94 3.57 6.88 1.48 6.77 2.65 1.17 0.06 0.02 1.42 45.79 98.81

Average
Glass

30.69 3.03 6.43 1.19 5.88 2.59 1.11 0.06 0.02 0.95 46.32 98.31

Relict
quartz

45.80 0.05 0.14 0.01 0.02 0.15 0.03 0.00 0.00 0.01 52.38 98.59

Alkali
feldspar

30.12
-

42.85

0.01
-

0.46

2.27
-

13.11

0.00
-

0.02

0.00
-

0.16

1.21
-

12.89

0.46
-

5.62

0.00
-

0.02

0.00
-

0.02

0.00
-

0.05

46.31
-

51.62

98.15
-

102.55
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Fig. 2.25: Electron microprobe element maps overlaid on a backscattered electron image
of the upper surface of the trinitite sample.

Si Al

Ca K  Fe

Quartz

Zircon

Feldspar
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Fig. 2.26: Electron microprobe element maps overlaid on a backscattered electron image
of the lower surface of the trinitite sample. It is less homogenous and contains more
vesicles than the upper surface. Relict crystals of alkali feldspar compositions are visible
in the K map as dark purple areas.

Mössbauer spectroscopy of trinitite glass (a mixture from the entire sample)

compared to nearby country rock indicates that the trinitite glass is very reduced

compared to the country rock.  The country rock contains 76% Fe3+, and the trinitite glass

has only 27% Fe3+. No Fe metal is present in either sample.

Si Al

Ca K
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Fig. 2.27: Mössbauer spectra of trinitite country rock and glass. Containing only 27%
Fe3+, the trinitite glass is reduced compared to the country rock.
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2.3.8: Farmington, Connecticut

The Farmington, Connecticut fulgurite was formed by the combination of a

lightning strike and a downed high voltage (27 kV) aluminum power line in August 2002.

The power line remained active for several hours after the strike, and it melted a large

area of the sand and basalt gravel berm on the edge of a paved road. The entire fulgurite

branches 6 m laterally to a maximum depth of 0.5 m. Because the sample was partially

formed by the action of a manmade object (the power line), it may be more properly

termed a pseudofulgurite. For simplicity, it will continue to be referred to as a fulgurite.

Bruce and Miranda Jarnot generously donated the samples.

The section of the fulgurite shown in Fig. 2.29B was dug from the far right end of

the central melted area of Fig. 2.28.  The lightning and power line current created a

tubular void up to 3 cm in diameter, surrounded by 1-3 cm of greenish-brown glass. The

glass is surrounded by 1-2 cm of partially melted rock and quartz crystals, and numerous

fragments of sand and gravel are embedded in a glassy matrix. The upper part of the

outer surface of the tube (ground level) is often coated with a dark hydrocarbon layer,

presumably from vaporization of the asphalt road surface.  The glass contains abundant

metallic blebs that can be easily plucked from the glass (Fig. 2.29A). Some of the blebs

are strongly magnetic and have the tendency to rust on contact with air and water, while

other blebs have no or faint attraction to a magnet and did not rust after soaking in soap

and water.
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Fig. 2.28: Extent of the Farmington, Connecticut, fulgurite outlined in red. The initial
entry point for the lightning strike is believed to be on the white line. Samples were
generously donated by Bruce (pictured) and Miranda Jarnot.

Fig. 2.29: Samples from the Farmington, Connecticut, sand and basalt gravel fulgurite. A:
Blebs of metal removed from the glass. B: An excavated section of the massive tubular
glass from the central area in Fig. 2.28 (green star). The top of the sample is the pre-strike
ground surface. 1 cm cube for scale.

A

B
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Electron microprobe analyses and maps reveal a complicated structure (Fig. 2.30,

Table 2.10). This section of the fulgurite has a central area of unusually homogenous

glass for a fulgurite. A few relict crystals and vesicles remain inside the glass, but it does

not show the type of veins of elements other than Si as seen in previous samples. This

fulgurite remained at a high temperature long enough to homogenize the country rock.

Farther out from the center of the fulgurite tube (upwards in the figure), more quartz

crystals remain, and the background glass correspondingly contains less Si. Continuing

outward, the fulgurite has a large area of crystallized Al2O3. Also present are areas of

crystallized Fe-Si-Al metallic alloys and Si metal, evidence of extreme reduction (Fig.

2.31). The Al2O3 and metal areas continue almost to the outer edge of the sample where

numerous unmelted grains are cemented by glass.

Table 2.10: Electron microprobe analyses of the Farmington, CT, fulgurite shown in Fig.
2.30.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Ti O Total

Upper Glass 26.10 4.91 11.94 1.54 3.64 1.23 2.62 0.12 0.42 45.77 98.33

Upper
Crystals

0.07 0.02 53.73 0.02 0.01 0.01 0.00 0.00 0.02 47.92 101.81

Quartz
crystals

46.21 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 52.68 98.99

Lower
homogenous
Glass

35.69 3.13 5.48 0.88 1.76 1.12 0.59 0.09 0.29 48.38 97.42
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Fig. 2.30: Electron microprobe element maps overlaid on a backscattered electron image
of the Farmington, CT, fulgurite.  The bottom of the map is unusually homogenous glass
for a fulgurite, containing only a few relict quartz crystals and vesicles. The glass is green
in hand sample (inset).  The center area contains unmelted quartz crystals with higher Mg
background glass and small P-rich pockets. The upper area consists of blades of Al2O3
and areas of Fe-Si-Al metal.  Gray areas are vesicles partially filled with epoxy. The scale
bar is 200 µm, and the cube in the inset is 1 cm.

Si  Fe  Al  Mg  Ti  P

SiO2

Al2O3

Metal
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Fig. 2.31: Backscattered electron image of an inset of Fig. 2.30 (white box)showing
various Fe-Si-Al metals and Si metal. Compositions of the metallic alloys are listed in
Table 2.11.

Table 2.11: Electron microprobe analyses of metallic alloys in Fig. 2.31. The bright phase
is more variable in composition than the others, so a range is reported rather than an
average. Other values are averages of 3-6 analyses.
Wt% Si Al Fe Mg Cr Ti Ni Total
Bright 32.28 -

35.5
2.76 -
6.31

32.13 -
34.12

0.01 -
0.04

0.08 -
0.22

25.83 -
28.99

0.02-
0.08

97.94 -
100.25

Lighter 48.96 4.68 46.97 0.00 0.00 0.03 0.04 101.11
Light 28.78 29.37 40.52 0.00 0.01 0.09 0.02 99.21
Medium 32.29 36.62 27.85 0.01 0.08 0.06 0.04 98.47
Dark 99.61 0.13 0.58 0.00 0.01 0.01 0.01 100.39

Dark - Si metal
Light

Medium

Bright

Lighter
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Mössbauer spectra of the fulgurite glass and country rock agree with the electron

microprobe results that the fulgurite glass is reduced. The percentage of Fe3+ in the

fulgurite glass is 4% less than in country rock that was cemented to the outside of the

fulgurite.  The spectrum of the glass does not show the formation of metal because the

metal blebs were large enough to be completely removed from the glass. The metals

formed as immiscible liquids rather than dissolved within the silica background glass.

Spectra of the metal blebs have been attempted; however, they cannot be fit because the

compositions are varied, complicated, and no previous samples exist for comparison.
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Fig. 2.32: Mössbauer spectra of the Farmington, CT, fulgurite glass and country rock.
The percentage of Fe3+ in the glass is 4% lower than in the country rock. This fulgurite is
reduced from its starting material.
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2.3.9: Algeria

The Algeria fulgurite is unusual because it formed from quartz-rich igneous rock

rather than unconsolidated sand. Unlike most of the other samples, it has no central void.

The white to gray fulgurite glass is vesicular and contains abundant partially melted

grains near the outer edges.  The sample was obtained from Michael Farmer Meteorites.

Fig. 2.33: Igneous rock fulgurite from Algeria. This sample has no central void.

Electron microprobe analyses reveal large areas of relict quartz crystals and silica

glass. Crystalline structure is more evident near the edges of the sample. Other elements

are concentrated in veins between areas of silica glass (Fig. 2.33). The temperature of the

lightning strike was sufficient to completely melt non-quartz crystals throughout the

sample and to melt quartz as well in the middle of the sample. The fulgurite glass cooled

very quickly, preventing mixing between the two glasses.

1 cm
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Table 2.12: Electron microprobe analyses of Algeria fulgurite glasses and relict crystals.
Wt %
elements

Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Relict
crystals

46.69 0.06 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 53.27 100.11

Silica glass 46.39 0.03 0.16 0.01 0.00 0.08 0.01 0.01 0.00 0.02 53.05 99,76
Interstitial
glass

33.98 6.22 6.34 0.53 0.26 2.61 0.12 0.03 0.02 0.23 47.33 97.67

Fig. 2.34: Electron microprobe element maps of the Algeria fulgurite overlaid on a
backscattered electron map.  Elements other than Si are concentrated in veins between
large areas of silica melt.

Si  Al  Fe
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Mössbauer spectroscopy indicates that the amount of Fe3+ has decreased and Fe0

has formed in the fulgurite glass (Fig. 2.35). Therefore, the fulgurite glass is reduced

relative to the country rock.  Both spectra have metallic sextets attributed to Fe0, although

the percentage is much higher in the fulgurite glass. Because Fe0 is not stable in surface

igneous rocks, the metallic signature of the country rock spectrum has been attributed to

contamination of metal from the fulgurite glass during hand picking of the samples. The

country rock percentages have been recalculated after the removal of the Fe0 component.
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Fig. 2.35: Mössbauer spectra of Algeria fulgurite country rock and glass.  The fulgurite
glass is reduced compared to the country rock. The presence of a Fe0 sextet in the country
rock spectrum has been attributed to contamination from the metal formed in the fulgurite
glass. The percentages have been recalculated to remove the contribution from the metal.
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2.3.10: Cline Butte, Oregon

The Cline Butte, Oregon, fulgurite formed from unconsolidated basalt talus.  The

glassy, tubular interior is black, and the external partially melted material is dark gray.

Several 0.5 cm rock chips are embedded in the glassy matrix. The light gray area in Fig.

2.36 is a melted rock chip through which a small branch of the lightning current exited.

The sample was obtained from the Mineralogical Research Company.

Fig. 2.36: Basalt talus fulgurite from Cline Butte, Oregon.

The Cline Butte, OR, fulgurite is very heterogeneous. Electron microprobe

analyses show many crystals cemented by a Si-rich glass (Fig. 2.37).  The glass contains

a variety of pyroxene and plagioclase crystals as well as a few quartz grains and Fe-Ti

oxides. The plagioclase crystals are generally of labradorite to andesine composition. The

Fe-Ti oxides have low totals in the microprobe analyses because the program assigns an

amount of oxygen based upon the assumption that Fe is Fe2+.  If Fe3+ is present in the

1 cm
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oxide, the amount of oxygen assumed by the program is too low; therefore, the total is

low as well. Fe3+ is present in the Mössbauer analyses of the country rock, and it is likely

that the Fe-Ti oxide phase contains the majority of the Fe3+. However, to determine the

Fe3+ to total Fe ratio in the oxides by Mössbauer spectroscopy, they must be analyzed

separately from the rest of the country rock.

Table 2.13: Electron microprobe analyses of the Cline Butte, Oregon, fulgurite.
Wt %

elements
Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Glass 30.0 3.61 9.1 0.98 2.7 1.5 2.13 0.08 0.01 0.57 46.60 97.38
Enstatite
Pyroxene

24.1 18.4 0.3 12.0 1.2 0.01 0.03 0.79 0.01 0.18 41.77 98.82

Plagioclase 26.6 0.32 14.4 0.01 6.3 0.20 4.90 0.01 0.01 0.02 47.47 100.2
Fe-Ti
oxide

0.21 55.4 1.0 0.86 0.02 0.01 0.02 0.49 0.01 9.91 24.34 92.25

Quartz 46.1 0.19 0.3 0.07 0.03 0.03 0.18 0.01 0.01 0.04 53.03 100.0
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Fig. 2.37: Electron microprobe element maps of the Cline Butte, Oregon, fulgurite
overlaid on a backscattered electron image. Green – Ca, Blue – Mg, White – Fe, Orange
– Si. Blue crystals are pyroxenes; White are Fe-Ti oxides; Green crystals are plagioclase;
and orange crystals are quartz.

The Mössbauer spectra of the fulgurite glass and country rock confirm the

presence of a significant amount of Fe3+.  This sample is the only fulgurite that appears to

be oxidized compared to its country rock.  The country rock contains 18% Fe3+ compared

to 30% in the fulgurite glass.  However, this sample is very heterogeneous, and the Fe-Ti

oxide crystals are not easily distinguished in the hand sample. It is likely that in the

process of hand picking the glass pieces for analysis, Fe-Ti oxide crystals at the edge of

the glassy area were included.  Because the oxide crystals tend to appear in the middle of

Ca Mg Fe Si

Quartz

Plagioclase

Pyroxene
Fe-Ti oxide
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the sample, it is possible that few or none were included with the country rock pieces

taken from as close to the edge of the sample as possible.
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Fig. 2.38: Mössbauer spectra of Cline Butte, Oregon, fulgurite country rock and glass.
The glass appears to be oxidized compared to the country rock analysis.
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2.3.11: Mt. Ararat, Turkey

The Mt. Ararat, Turkey, fulgurite formed from a lightning strike into solid basalt.

The sample has no central void, but the roughly circular glassy interior surrounded by

partially melted material is shaped similarly to typical fulgurites (Fig. 2.39). The glass is

dark green to black, and the external material is dark gray. This sample was provided by

the Smithsonian Institution (NMNH #52093).

Fig. 2.39: Basalt rock fulgurite from Mt. Ararat, Turkey.

Electron microprobe analyses of the fulgurite glass and country rock show a mafic

composition where the main mineral components are pyroxene, plagioclase, and Fe-Ti

oxides (Table 2.14).  The plagioclase crystals are generally labradorite in composition –

(Na57,Ca43)(Al,Si)4O8. The pyroxenes are in two groups, high Ca diopside and Fe-Mg

enstatite.
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This fulgurite contains only a small area of glass (Fig. 2.40).  The glass did not

remain at a high temperature long enough to homogenize. The majority of the sample is

the original, unmelted basalt.

Table 2.14: Electron microprobe analyses of the Mt. Ararat, Turkey fulgurite.
Wt %

elements
Si Fe Al Mg Ca K Na Mn Cr Ti O Total

Glass 27.11 5.06 9.40 2.01 4.01 0.88 2.49 0.09 0.02 0.85 45.28 97.21
Enstatite
Pyroxene

24.59 15.03 0.86 14.38 0.84 0.01 0.07 0.32 0.02 0.16 43.13 99.40

Diopside
Pyroxene

23.71 7.26 1.47 8.59 14.82 0.00 0.33 0.17 0.01 0.40 42.42 99.18

Labradorite
Plagioclase

26.76 0.73 13.82 0.02 5.92 0.31 4.76 0.01 0.01 0.02 47.12 99.49

Titanohematite 0.05 35.46 0.14 2.58 0.04 0.00 0.02 0.22 0.12 28.21 31.02 97.84
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Fig. 2.40: Backscattered electron image of the Mt. Ararat, Turkey, fulgurite. Background
crystals are plagioclase with pyroxene. Bright crystals are titanohematite. The bright area
of the fulgurite glass at the bottom of the image is an area of melted but unmixed
titanohematite.

The separation between fulgurite glass and unmelted basalt is clearer than in the

Cline Butte, OR, sample, allowing for a cleaner separation in hand sample.  The

Mössbauer spectra show that the glass is reduced compared to the country rock, having

21% lower Fe3+. Sextets in both spectra are caused by hematite, but the percentage of

hematite is smaller in the glass.

Plagioclase

Pyroxene
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Fig. 2.41: Mössbauer spectra of Mt. Ararat, Turkey, fulgurite glass and country rock.
The sextets in both spectra are due to magnetic hematite. The percentage of hematite is
smaller in the glass, and the glass is overall reduced compared to the country rock.
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2.4: Discussion

The air temperature around a lightning channel can reach 10,000-30,000 K with

an average channel diameter in air of ~2.5 cm (Uman, 1986).  The strike, lasting a few

tenths of a second, often completely vaporizes the center of the ground material that it

hits. Farther away from the center, the starting material is heated to a mixture of vapor

and liquid, and continuing outwards, the mineral grains are melted or partially melted.

The vapor expands, cools adiabatically, and begins to recondense and mix with the

melted material. Oxides such as Fe2O3 break down into molecular vapors or a mixture of

oxygen and a more stable oxide such as FeO. Because the system cools extremely

rapidly, it reaches a blocking temperature where the O2 remaining in the vapor can no

longer equilibrate with the liquid. This can happen either by the mechanical separation of

the two phases or by the liquid diffusion time becoming too long for the oxygen to

reenter the liquid. If the blocking temperature is reached before the Fe oxidizes entirely to

Fe2O3, O2 vapor will escape into the atmosphere. The liquid remains reduced as it

quenches to glass.

Nine out of the eleven samples examined are clearly reduced compared to their

starting materials, either by formation of Fe metal or by lessening of the percentage of

Fe3+. Of the two remaining samples, one contains too little iron for accurate Mössbauer

spectroscopy and the other contains numerous large Fe oxide grains that may have

mistakenly been included in the glass analysis. Reduction appears to be intrinsic to the

high temperature processing of silicates caused by lightning strikes.
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These results help to confirm reduction by the thermodynamic breakdown of

oxides at high temperatures. Some contribution by carbon oxidation cannot be ruled out;

the presence of carbon would increase the reduction. However, only the Farmington, CT,

fulgurite is directly associated with a large source of carbon and contains graphite

crystals.  The reduced glasses of fulgurites from dune sands that are relatively free from

organic materials, such as the Monahans, TX, fulgurite, support the conclusions of Jones

et al. (2005) that carbon is not necessary for reduction in fulgurites.

Evidence from the rock fulgurites indicates that oxidation of N2 in the atmosphere

is also not necessary for reduction, although a small contribution up to 3% cannot be

ruled out. Because superheated air rapidly expands away from the lightning strike, the

strike itself would not bring more atmosphere into contact with the melted rock.

Some contribution to the reduction by the flow of electrons through the lightning

channel cannot be ruled out by these samples. However, as an upper limit, this process

can account for only 10% of the reduction. The degree of reduction should correlate with

the duration of the strike and the volume of melted glass. The longer that the lightning

strike channel is in contact with the surface, the more reduced the sample would become.

A longer heating period should also produce a larger volume of glass, and the interior of

the glassy tube may be more reduced than the exterior that is in contact with the starting

material.  Because source materials respond differently to lightning strikes, this

comparison can only be made within source material groups.  The sand fulgurites are the

only group with enough samples to compare glass thicknesses and relative reduction;

however, these fulgurites have very thin tubes of glass with little variation in thickness
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between samples. Because the glass tubes are thin, it is impossible to separate the inside

from the outside of the tube when hand picking glass for Mössbauer analysis. The best

sample set to evaluate the contribution from electrolysis would be several large fulgurites

of the same rock type, preferably an iron-rich one (e.g. basalts).

Although a difference in reduction between the interior and exterior of the

fulgurite tubes has not been resolved with these samples, electron microprobe analyses of

the Monahans, TX, and Sugarland, TX, glasses do show a preferential removal of volatile

elements from the interior of the fulgurite tube. The analyses in Table 2.15 begin at the

interior of the glass tube in contact with the lightning strike void and extend linearly into

each sample by ~1 mm. The values are normalized to the most refractory element, Al, by

dividing the weight percent of the element by the weight percent of Al. Compared to Al,

less Si and O are present at the interior edge of the tube than further out into the glass. In

the Sugarland fulgurite, K and Fe were also lost from the glass at the center; however, a

correlation is only clear for Si and O in the Monahans glass. It is important to note that

the O values are not direct measurements. They are calculated from assumed oxidation

states for the other elements. Si is the most abundant element in the fulgurites, so the

change in oxygen primarily reflects the change in Si abundance.
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Table 2.15: Electron microprobe analyses of the Sugarland, TX, and Monahans, TX,
fulgurite glasses normalized to Al, the most refractory element analyzed. The analyses
begin at the inner edge of the fulgurite tube and extend ~1mm into the glass. Both
fulgurites have lost more Si from the glass in contact with the interior void than from
glass in the body of the fulgurite. The Sugarland, TX, has also preferentially lost K and
Fe from the central glass.
Wt % element/ Wt% Al K Fe Si Al O
Sugarland, TX
Interior of tube 0.11 0.09 65.78 1.00 76.03

0.10 0.18 66.63 1.00 77.10
0.23 0.13 363.34 1.00 415.28
0.83 1.78 2584.39 1.00 2949.44

Exterior of tube 0.57 1.57 6712.00 1.00 7649.43
Monahans, TX
Interior of tube 0.24 0.33 129.89 1.00 149.23

0.15 0.29 230.52 1.00 264.00
0.40 0.00 2353.55 1.00 2683.70
1.76 2.47 2770.59 1.00 3158.94

Exterior of tube 0.67 0.00 7770.83 1.00 8861.17

Evidence that volatile elements such as Si, K, and, Fe have been preferentially

lost from the interior of the fulgurite tubes supports the hypothesis of thermodynamic

breakdown of oxides. Temperatures are highest at the interior of the glass (closest to the

lightning strike), causing the oxide breakdown to be more efficient at the center.

Jones et al. (2005) first suggested that the difference in reduction between

fulgurites formed in NiO and MnO is explained by differences in thermodynamic

stability. The authors pointed out that NiO decomposes into Ni metal and O2 gas at a

lower temperature than MnO. This is true; however, it is not a complete explanation. A

simple thermodynamic model representing constant pressure cooling after the lightning

strike reveals a fundamental difference in the decomposition of the two oxides (Fig.

2.42). The model of NiO shows a region of stability of Ni metal between ~2800-3000 K.
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NiO decomposes to Ni metal and O2 vapor, which further decomposes to entirely vapor

species at higher temperatures. This fixes the temperature of the lightning strike between

~2800 and 3000 K. On the other hand, Mn metal is never stable. MnO liquid vaporizes

directly to MnO(g) or Mn(g) and O(g). MnO is not a good choice of oxide for studying

fulgurite formation because no opportunity exists for reduction to metal.
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Fig. 2.42: Thermodynamic model of the cooling of NiO and MnO fulgurites. This model
was generated using Outokumpu HSC Chemistry (Roine, 2002). Initial inputs are 100
moles of each oxide. Temperature is varied from 2000-6000 K, and the pressure is
constant at 1 bar. (A) When heated, NiO decomposes to Ni metal and O2 vapor at ~2800
K. At temperatures above ~3000, only vapor phases are stable. The temperature induced
in the oxide by the lightning strike must have been between ~2800 and 3000 K (B) MnO
decomposes directly to vapor, without an intervening region of metallic stability. A
fulgurite formed from MnO cannot ever contain metal.
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Natural fulgurites have more complicated compositions than the artificial ones

produced by Jones et al. (2005); however, the quartz sand fulgurites are simple enough to

be approximated as a system of Si, Fe, and O. Fig. 2.43 is a thermodynamic model of a

simplified Monahans, TX, glass with a starting material of 98.82 moles SiO2 and 0.18

moles Fe2O3.

Fig. 2.43: Thermodynamic stability model of the cooling of a simplified Monahans, TX,
fulgurite glass of 98.82 moles SiO2 and 0.18 moles Fe2O3 at a constant pressure of 1 bar.
The model was generated using Outokumpu HSC Chemistry (Roine, 2002). In the initial
hot vapor at 6000 K, the dominant species are SiO(g), O(g), and Si(g).  Fe is present as
Fe(g) and FeO(g). Once the system begins to condense at ~3150  K, SiO2 is the dominant
liquid. After condensation, the initial stable Fe species is FeO. As the temperature
continues to decrease, Fe2O3 becomes the dominant phase at ~1600 K. If the system
reaches a blocking temperature in the range where FeO is stable, the excess oxygen vapor
will be lost to the atmosphere, leaving a reduced liquid as is seen in the Monahans, TX,
fulgurite.
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Although this study indicates that reduction by the high temperature breakdown

of oxides is intrinsic to fulgurite formation, it is difficult to explain what causes one

fulgurite to become more reduced than another fulgurite. Considering all of the fulgurite

samples, the exact degree of reduction in the fulgurite glasses is not correlated with grain

size, country rock type, Fe content, or major element content.  Considering only the

quartz sand fulgurites, reduction is roughly correlated with grain size (Table 2.2),

although it is not correlated with composition. More samples of rock fulgurites are

needed to make any definitive conclusions.

A useful future study would be to examine not only more of each starting material

type, but also to examine the variations within a very large fulgurite. The addition of sand

fulgurites with particularly fine or coarse-grained sand particles would help to clarify the

effect of grain size on reduction. A systematic study of rock fulgurites is complicated by

the scarcity of samples; however, adding even a few more sandstone or igneous rock

fulgurites with varied starting compositions would allow better characterization of the

effects of composition on reduction.

Deeper sections of a fulgurite have lower porosity, fewer trapped atmospheric

gases, and experience decreasing lightning energies. Characterizing compositional

differences along the length of one large fulgurite would allow changes based upon these

factors to be quantified or ruled out. Also, careful analyses of the reduction of a cross-

section of a thick fulgurite tube would help to evaluate the contribution to reduction by

the electron flow of the lightning strike. The glassy interiors of typical small fulgurites
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are very thin, and are not large enough to show gradations of reduction across the glassy

tube. If the electron flow of the lightning strike facilitates the removal of oxygen, this

might be seen in a thick fulgurite tube where the interior of the tube is significantly more

affected by the electron flow than the exterior of the melted area.

Individual fulgurite characteristics are extremely dependent on the particulars of

each lightning strike and the local compositions of the target materials. Therefore, it is

difficult to generalize the degree of reduction between fulgurites. On the other hand, it is

clear that the rapid, high temperature processing of silicates by lightning strikes is an

intrinsically reducing process.

Lightning strikes occur on several planetary surfaces, and the resulting reduction

of Fe may yet be seen on planets other than Earth.  Understanding the chemical reduction

of silicates by rapid, high temperature processes is also important for explaining the

formation of impact glasses such as tektites and lunar regolith agglutinates.  Impact

processes are complicated by also having high pressures, but the same reduction

mechanism of the instability of oxides at high temperature will apply.

2.5:  Summary

Nine out of the eleven samples studied here are chemically reduced compared to

their country rocks. The results do not support the removal of oxygen by carbon

oxidation as necessary for reduction in fulgurites. Small contributions to the reduction by

oxygen loss due to electron flow through the melt and by the formation of NOx gases

from the oxidation of atmospheric N2 cannot be ruled out.  However, the results suggest
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that these effects are minor and depend heavily on the characteristics of individual

fulgurites.  The majority of the reduction is caused by the breakdown of oxides at high

temperatures. The rapidly cooling system reaches a blocking temperature where oxygen

cannot recombine into the liquid, leaving the fulgurite melt reduced as the oxygen

escapes.  This reduction mechanism is widely applicable to the rapid, high temperature

processing of silicates.
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CHAPTER 3 :  THERMODYNAMIC MODELING OF THE REDUCTION OF IRON
DURING THE FORMATION OF MOLDAVITE TEKTITES

3.1: Introduction

Tektites are pieces of natural glass, colored green to black, that are found

scattered in four widely separated areas of Earth’s surface known as strewn fields.

Debates over the origin of tektites have raged for many years, but today the majority of

researchers are convinced that tektites are formed during meteorite impacts on the Earth.

Tektites are unusual because only four tektite strewn fields are known out of ~170 impact

craters on Earth. All but one of the strewn fields have been connected to particular impact

craters.

Moldavite tektites, prized for their bright green color, are found in southern

Germany, Austria, and the Czech Republic. Moldavite tektites are linked to Germany’s

Ries crater by radiometric ages of 14.3 Ma identical to impact deposits (Buchner et al.,

2003; Laurenci et al., 2003), agreement of major and minor element compositions

(Engelhardt et al., 2005; Engelhardt et al., 1987), and hydrocode modeling of the impact

and the physical formation of tektites (Stöffler et al., 2002).

Tektites are compositionally similar to sedimentary materials in major element

compositions, but tektites are also among the most chemically reduced materials on the

surface of the Earth.  Iron, having three oxidation states, is commonly used as an

indicator of reduction.  It is the most abundant element of variable valence state in

terrestrial materials and is directly measurable using Mössbauer spectroscopy.

Mössbauer spectroscopy measurements of the oxidation states of iron in many

different tektites all show extreme reduction, with low Fe3+/Fe2+ ratios of 0.00-0.12
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(Fudali et al., 1987; Rossano et al., 1999).  For comparison, measurements of basaltic

glasses range from 0.24-0.45 (Fern et al., 2005).  Another common method used to

describe the reduction of a material is the oxygen fugacity with respect to standard

mineral buffers. Measurements of the oxygen fugacity of tektites are between the Fe3O4-

FeO and FeO-Fe buffers at 1173-1423 K (–3 to –6 log units below the Fayalite –

Magnetite – Quartz buffer, QFM) (Fig. 3.1). For comparison, seafloor basaltic magmas

range between 0.5-1.5 log units below QFM (Kadik et al., 2003).  In addition, the oxygen

fugacities of tektites are generally higher than typical chondrites that have oxygen

fugacities below the Fe-FeO buffer. The measurement by Brett and Sato (1984) of the

bediasite tektite from a subsection of the North American strewn field is unusually low

compared to other measured tektites.
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Fig. 3.1: Oxygen fugacities of tektites and meteorites. Moldavite and indochinite
measurements are from Kadik (2003). Bediasite and chondrite measurements are from
Brett and Sato (1984).

 The dynamics of tektite formation, specifically moldavites, have been modeled

by Stöffler et al. (2002). They conclude that the moldavite strewn field formed in an

oblique impact (30-50 degrees from Earth’s surface) that ejected sedimentary target

material as high-temperature, high-velocity melt embedded in a vapor plume.  A asteroid

impacting at 30 degrees and 20 km/s is the best match for the near-surface melting and

ejection of up to 10 Mt of tektite material.  The tektite particles cool to below 1000 K and
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0.01 bars by the end of the 30 sec simulation but are still at 25-50 km in altitude. The

majority of the cooling occurs very rapidly while the tektites are on a parabolic trajectory

through the atmosphere.  These calculations did not include a chemical model of the

evolution of the tektite material.

Theories of the chemical formation of tektites include selective element

volatilization and vapor fractionation (Walter, 1967; Walter and Carron, 1964),

incomplete mixing of melted source materials (Meisel et al., 1997), and formation via

plasma (Engelhardt et al., 2005).  Analyses of moldavites show evidence for volatile

fractionation, but moldavites also have variations in non-volatile elements that cannot be

explained by removal of only the volatiles.  Meisel et al. (1997) suggest that the

differences in volatiles may represent variations in the source regions and removal of

volatiles by subsequent weathering of the tektites. The authors explain the chemistry of

moldavites by melting and mixing of heterogeneous surface sediments.  The melting of

mixed sediments may account for the differences between moldavites and suggested

source materials, but it cannot alone account for the reduced iron or the low water content

of the moldavites.

Engelhardt et al. (2005; 1987) explain moldavite variations by suggesting that the

starting material is vaporized to a plasma and recondensed.  However, vaporizing

everything to a plasma would remove the close correlations between tektites and their

source rocks and destroy any mineral inclusions (Koeberl, 1994).  Jakes et al. (1992)

suggested that superheating of the tektite material is important, and that superheating

induces reduction by oxygen volatilization.
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Melosh (1998) suggested a superheated melt cooling at constant entropy in an

expanding vapor plume.  The thermodynamic history of materials shock-melted by a

meteorite impact is very different from that of volcanic or human-produced glass. The

target materials may be shocked to 100 GPa and an instantaneous temperature of 50,000

K. During the initial decompression, the material is a single-phase supercritical fluid. As

it continues to decompress, the pressure drops below the critical point, and liquid and

vapor phases appear. The vapor phase expands rapidly, carrying the liquid with it. The

system of vapor and liquid expands and cools isentropically.  If, for example, Fe2O3 is

thermodynamically unstable at this point it can separate into oxygen gas in the vapor

phase and a reduced species of FeO or iron metal in the liquid phase.  As the vapor and

liquid continue to cool, the system reaches a blocking temperature where the liquid can

no longer equilibrate with the vapor. This can happen either by mechanical separation of

the two phases or by the liquid diffusion time becoming too long for the oxygen vapor to

reenter the rapidly thickening liquid.  This is particularly effective late in the cooling

when the last remaining vapor is oxygen-rich. Since the system is cooling and expanding

rapidly, the blocking temperature may be reached before Fe2O3 could again become

stable.  If so, the oxygen released by the breakdown of the Fe2O3 is lost with the vapor,

and the reduced phase remains in the liquid. Below the blocking temperature, the

composition of the rapidly cooling tektite liquid is essentially fixed and quickly quenches

to a glass.

The tektite source material is shocked to a range of entropies depending on

proximity to the center of the impact. At high entropy, the tektite material reaches high
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temperatures, loses volatiles, and completely melts any relict minerals.  At lower entropy,

the tektite material remains at a lower temperature and retains more volatiles and relict

minerals.

 This model of chemical evolution for tektites has not yet been directly explored,

although a similar type of calculation is used by Ebel and Grossman (2005) to model the

condensation of spinels from an oxidizing Chicxulub impact vapor plume.  The authors

use a chemical thermodynamic code to calculate solid + silicate liquid + vapor equilibria

along a fixed temperature–pressure (T-P) path for various Chicxulub sediment

compositions of up to 18 elements.  The T-P paths are calculated using a hydrocode

model of the expansion of a sphere of vaporized dunite expanding into vacuum.

We use a somewhat different approach to the chemical evolution of tektites

beginning with a simplified composition (6 elements) of unweathered sands sampled

from drill holes near the Ries crater for the moldavite starting material (Engelhardt et al.,

2005).  Rather than determining a T-P path based upon a hydrocode model, we calculate

the equilibrium composition and total entropy of a liquid + vapor system for a wide range

of temperature and pressure.  From this calculation, we compare the liquid compositions

along several isentropic cooling paths to determine the best match with a moldavite

composition.

3.2: Heat Capacity

Our thermodynamic model of the formation of moldavite tektites is only as good

as the heat capacity data that form the foundation of the model.  Heat capacity is one of
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the primary measurable thermodynamic properties of any substance, and measurements

of heat capacity form the basis for many thermodynamic calculations. Differences of

entropy, enthalpy, and Gibbs free energy from a standard state are all calculated from

heat capacity and are used to determine phase stability and reaction equilibria.

The heat capacity of a substance is defined as the ratio of the heat added, dQ, to

the temperature change produced, dT (Krauskopf and Bird, 1995).
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C =
dQ
dT

Since heat, Q, is an extensive property and C is path-dependent, heat capacity is

often used in the form of intensive specific heat capacity or molar heat capacity– the

amount of energy required to raise the temperature of one unit mass or one mole of the

substance by one degree.  All data presented here is in the form of molar heat capacity.

Heat capacity can be measured at constant volume or constant pressure. The heat

capacity at constant volume, Cv, is the temperature derivative of the internal energy and is

related to the temperature derivative of the entropy.  In other words, the absorbed heat is

equal to the change in internal energy.

€ 

CV =
∂U
∂T
 

 
 

 

 
 
V

= T ∂S
∂T
 

 
 

 

 
 
V

€ 

CP =
∂Q
∂T
 

 
 

 

 
 
P

=
∂H
∂T
 

 
 

 

 
 
P

The heat absorbed at constant pressure contributes to the expansion of the

substance as well as the temperature rise.  Therefore, the constant pressure heat capacity,

Cp, is equal to the temperature derivative of the enthalpy.  Cp of solids are nearly

independent of pressure but are a strong function of temperature (Fig. 3.2).
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Fig. 3.2: Constant pressure heat capacity data of oxides from the NIST-JANAF tables
(Chase, 1998) (solid lines) and HSC chemistry database (Roine, 2002) (markers).  The
solid-liquid transition is seen as a rapid jump in Cp.  Liquid heat capacities in both
databases are assumed constant with temperature.  No liquid data is present for Al2SiO5
or Fe2O3 in either database or for Fe3O4 in the NIST-JANAF database.  The jump in Cp of
Fe2O3 in the HSC data represents a structural transition rather than melting. The melting
point of SiO2 is different for the two databases. NIST-JANAF uses the metastable
melting point of high quartz at 1696 K, and HSC uses the melting point of high
cristobalite at 1996 K.

CV and CP are related to each other by a function of the temperature, molar

volume, thermal expansivity, α, and compressibility, β.  For solids, Cp-Cv is on the order
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of 2 J/mol-K, or a few percent of Cv, and this difference increases with increasing

temperature ((Navrotsky, 1995; Swalin, 1972).

€ 

CP −CV =
TVα 2

β

The heat capacity of a compound such as a multicomponent liquid or gas, Cp, can

be approximated by the sum of the heat capacities of the components weighted by their

mole fractions. This assumes that partial molar heat capacities are independent of

composition, i.e. the mixing is ideal.  Results of heat capacity studies of the mixing of

albite-anorthite-silica liquids indicate that this is a reasonable assumption within the error

of drop calorimetry measurements (Richet and Bottinga, 1984).
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3.2.1: Heat Capacity of Solids

Heat capacities are determined by calorimetric measurements.  A sample is heated

in a sealed container by a known amount of energy, and the corresponding change in

temperature is measured.  The heat capacity of a mineral is the combination of the ability

to absorb energy by increasing the amplitude and mean frequency of lattice vibrations,

exciting electronic transitions and increasing the disorder of atoms in the crystallographic

lattice.  The heat capacity due to the excitation of electrons is very small and usually

unimportant in silicates; however, this contribution can become large in iron-bearing

oxides and silicates at high temperature and pressure.  Order-disorder is important for
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silicates, where atoms in the structure are arranged in specific crystallographic site

locations.  Only near absolute zero can mineral structures be expected to have perfect

order with every atom in its lowest energy position. As the temperature rises, atoms

become more disordered and move to different positions in the structure, leading to

increases in the energy and heat capacity of the crystal. For example, Al atoms can take

the place of Si atoms in tetrahedral lattice sites (Navrotsky, 1995).

Minerals absorb heat primarily by increasing lattice vibration energy. Each atom

in the lattice has three degrees of freedom in the direction of its vibration.  At high

temperature, the Dulong and Petit limit approximates the harmonic contribution to the

constant volume heat capacity. Depending on the species, the actual heat capacity may be

higher or lower than this approximation (Fig. 3.3).

€ 

CV = 3nR = n *5.96 cal/mol - K  Dulong and Petit limit

R = gas constant, n = number of atoms per formula unit
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Fig. 3.3: Constant pressure heat capacity from the HSC chemistry database divided by the
number of atoms in each species. Similar to constant volume heat capacity, constant
pressure heat capacities of solids approach a small range of values when divided by the
number of atoms in the formula unit. The contribution from harmonic lattice vibrations is
nearly the same for all species in the solid phase; however, the Dulong and Petit
harmonic limit refers to CV. Cp is generally larger due to a dependence on temperature,
volume, compressibility and thermal expansivity. Rapid jumps in Cp reflect solid-liquid
transitions, and heat capacities at temperatures higher than the melting temperature are
less uniform.

3.2.2: Heat Capacity of Liquids

At the melting temperature of a substance the heat capacity increases sharply and

the viscosity decreases due to atoms changing configuration in the liquid and taking on
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configurations unavailable in the solid (Richet, 1984; Stebbins et al., 1984). Heat capacity

values for liquids are determined by drop calorimetry and differential scanning

calorimetry.  A drop calorimeter consists of a sample placed in a heater above a cooled

reservoir of oil. The sample is then dropped into the oil, and the temperature change of

the oil is measured.  This method was often used for its simplicity, but error inherent in

the measurements is high.

In a differential scanning calorimeter, a sample and a reference are placed in

sealed chambers that are heated or cooled uniformly, and the heat flow between the two

is measured. The heat capacity is determined by comparing the heat flow of the sample to

a known reference.   When no changes are occurring in the sample, the difference in heat

flow between the reference and the sample is very small.  When the difference in heat

flow is large, an exothermic or endothermic process is occurring in the sample such as a

phase change.

Liquid heat capacities have been extensively determined for carbon-based liquids;

however, data past the melting point for liquids of geologic interest is limited, especially

at the high temperatures and pressures relevant to impact processes (Berman and Brown,

1985; Stebbins et al., 1984).  Since the heat capacity of most of the measured liquids

changes only moderately with temperature (Zabransky et al., 2002), the tabulated data for

geologic liquids often assume that Cp is constant.
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3.2.3: Heat Capacity of Gases

A monatomic ideal gas generally has only the thermal energy involved in

translational motion in three directions. Diatomic and larger molecules have additional

energies associated with rotation and the vibration of the atoms toward and away from

each other.  The heat capacity of larger molecules increases with temperature due to a

temperature dependence of the attractive forces between the molecules (Fig. 3.4).
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One of the methods used to determine gas heat capacities is by measuring the

speed of sound inside a sample of the gas. A sound pulse is emitted on one end of a

sample chamber and the time of arrival is measured at a detector at the other end.  Since

the length of the sample chamber is known, the velocity of sound in the gas is simply

v=d/t. The speed of sound is then related to the ratio of the heat capacities.
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v=speed of sound, R=gas constant, T=temperature

M= molecular weight
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Fig. 3.4: Constant pressure heat capacity of gases from the HSC Chemistry database
divided by the number of atoms in each species. The majority of the gases plot near the
heat capacity of a monatomic ideal gas at 5/2R (solid black line). Increases in heat
capacity at high temperatures of the monatomic gases are due to electronic transitions to
higher excited states. For the iron-bearing gases, additional increases in the heat capacity
are caused by electronic transitions within the iron atoms.

3.2.4: Heat Capacity Data

Heat capacity measurements are taken over small temperature steps, but the data

are generally fit to a power series in temperature to allow calculation at intermediate

temperatures. The particular form used for the HSC Chemistry database includes multiple

temperature ranges of coefficients for each phase and structural transition, and the fits use

this equation:
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While equations of this form provide a good fit to actual experimental data, they

do not extrapolate accurately to temperatures higher than the measurements (Berman and

Brown, 1985).  Much of the data do not extend past 2000-3000 K, and often the data in

the liquid range assume a constant heat capacity.  This temperature range is adequate for

the majority of geologic calculations, but the high pressures and temperatures of an

impact event require extrapolations of the heat capacity data far beyond normal limits.

The simplest method of extrapolation is to hold the heat capacity constant past the

data’s uppermost values.  In the absence of direct experimental data at extreme

temperatures and pressures, this is the most reasonable option. For the particular model of

the formation of a tektite glass, the heat capacity data of liquids and gases are the most

important since the liquid-vapor equilibrium controls the composition of the tektite glass.

Carmichael et al. (1977) report that the heat capacity of several silicate liquids did

not vary significantly with temperature over the range 1200-1650 K.  More recently,

Richet and Bottinga (1984) found that the heat capacities of NaAlSi3O8, NaAlSi2O6, and

KAlSi3O8 liquids increase by 8-10% from the glass transition temperatures of 1050-1200

K to 1800 K.  Some data for other silicate liquids such as Li2SiO3 are fit slightly better by

equations that include a decrease of heat capacity with temperature, but the details of the

decrease have not been explored (Stebbins et al., 1984).

The heat capacity of liquids may also be affected by changes in pressure because

the thermal expansivity (α) decreases with increasing pressure, causing Cp to decrease as

well.  For example, Cp of liquid methane decreases by 16% with a change from 30 to 100
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MPa (Randzio, 1995). Unfortunately, the effects of pressure on heat capacity have rarely

been measured for geologic liquids, and most databases assume that the changes are

negligible (Berman and Brown, 1985). Overall, not enough data exists to assert anything

other than constant liquid heat capacity with increasing temperature and pressure.

Fortunately, the heat capacities of gas species have been measured for much

higher temperatures than the liquid species (Fig. 3.4).  All of the species in the HSC

Chemistry database have heat capacity data to 6000 K and a few extend to 20,000 K.

The assumption of constant heat capacity beyond 6000 K appears reasonable for the

majority of the species, particularly the larger molecules.  A few species such as FeO(g)

continue to increase in heat capacity with temperature. This is due the excitation of

electronic transitions within the Fe atoms. Ionization is one possible cause for the rise in

heat capacities of the monatomic gases such as Si(g) and Al(g) above 7000 K. However, the

triple point of SiO2 is near 6200 K at 0.44 GPa (4400 bars) (Melosh, 2005), and above

this temperature at high pressure, only a supercritical fluid will be present. The constant

pressure heat capacities for liquid and vapor will be the same at the critical point.  Since

no liquid-vapor interactions are occurring beyond this temperature, it will not be

necessary to extrapolate any of the gas heat capacities much beyond the data limits.

Careful scrutiny of heat capacity data is important when choosing a system of

species for a thermodynamic calculation.  To model the chemical formation of tektites, it

is important to have experimental measurements at the extreme conditions of an impact

event.  However, these conditions are difficult to reproduce in a laboratory, and only

limited data is available.  Extrapolations past the limits of data are necessary, but the
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extrapolations cause increased calculation errors.  Therefore, we limit calculations to only

those species necessary to represent the possible oxidation states of each element in the

system in each phase. If multiple entries exist for a given species, we choose those with

data to as high a temperature as possible and assume that the heat capacities are constant

with increasing temperature past the limits of the data.

3.3: BNR Chemical Thermodynamic Code

The chemical thermodynamic code is a modified Brinkley-NASA-Rand (BNR)

Gibbs energy minimization code described in detail in Smith and Missen (1982).  Similar

algorithms are used by Eriksson (1971), Eriksson and Rosen (1973), McCoy and Sykes

(1998), and Ebel et al. (2000).

For a system at constant temperature and pressure, the Gibbs energy is a

minimum at equilibrium.
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dG( )T ,P = 0 G = Gibbs free energy, T = Temperature, P = Pressure

The total Gibbs energy of a multicomponent system is the sum of the amount of

moles of each component multiplied by the chemical potential.
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G T,P,n1,n2 ...,nN( ) = niµi
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N

∑ ni = Number of moles of species i

µi = Chemical potential of species i
N = Total number of species

The BNR program allows for the input of both liquid and vapor multispecies

phases as well as single species phases.  The mole fractions for each species are

calculated in terms of the total moles of each phase, nliquid and nvapor, instead of the total
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moles of the system. The term µ° refers to the standard chemical potential, and R is the

gas constant. The vapor species equation also includes a non-ideality fugacity term, f, that

is discussed in detail below.
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µi = µ
i

° + RT ln ni
nliquid

Chemical potential of liquid species
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µi = µ
i

° + RT ln ni
nvapor

+ RT lnP +RT ln  f i Chemical potential of vapor species

The total Gibbs energy minimization is subject to the constraint that the total

moles of each element must remain constant.
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akini = bk
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∑      k =1,2, ... ,M 

aki is the number of atoms of the kth element in species i, and bk is the moles of atoms of

the kth element in the system. N is the total number of species, and M is the total number

of elements.

The BNR algorithm uses the method of Lagrange multipliers on the chemical

potential equations and the elemental abundance constraints.  The function to be

minimized, L, is:
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λ is a vector of M unknown Lagrange multipliers, λ =(λ1,λ2,…,λM), and n is the vector of

species abundances, n=(n1,n2…nM).

Differentiated with respect to each unknown:
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The equilibrium conditions with the ideal solution chemical potential (neglecting

for now the fugacity term) for each multispecies phase are:
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where Nmulti is the number of species in the phase, and nt is the total molar abundance of

the phase.

These equations are nonlinear in the unknowns ni and thus difficult to solve, so

the BNR algorithm uses an iterative method to approximate linear equations. First it uses

an estimate of the solution (n(m),ψ(m)), where the superscript (m) denotes the variable

evaluated at that estimate.
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The equilibrium conditions are linearized about the estimate. Nmulti refers to the

number of species in the multispecies phase only, excluding any single species phases.
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The quantities n and n(m) are related through the element abundance constraints:
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where
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This provides a set of Nmulti+M linear equations in the Nmulti+M unknowns δn(m)

and δψ(m). However, this is potentially a very large matrix. The BNR algorithm further

reduces the number of equations to M plus the number of multispecies and single species

phases assuming ideal mixing. Using the chemical potential equation from above:
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µi = µ
i

° + RT ln ni
nt

 modified to:
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δij: δ=1 if i=j, δ=0 if i≠j

Substitution of this equation into the equilibrium conditions allows δn(m to be

obtained in terms of ψk. This equation refers to a multispecies phase.
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For a single species phase:
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δn j
(m ) = n j

(m )u

Substituting the expression for δnj into the element abundance constraints leads to

the final equations. These also allow for multiple multispecies phases and single species

phases.

€ 

aika jknk
(m )ψ i

k=1

Nmulti

∑ + b jα
(m )uα = a jknk

(m ) µk
(m )

RTk=1

Nmulti

∑ + bj − b j
(m )

α=1

π multi

∑
i=1

M

∑    j =1,2,...,M

and
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biα
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Nmulti

∑ µkα
(m )

RTi=1

M

∑       α =1,2,...,π single + πmulti

where the subscript α refers to a phase. nz refers to nj
(m) summed over all j.  πsingle = the

number of single species phases, and πmulti = the number of multispecies phases.

The values for δn(m) are then calculated and the values of n used for the next

iteration are:

€ 

n(m+1) = n(m ) +ω (m )δn(m ) ω= step size parameter

The core of the BNR algorithm iteratively solves this set of M + πsingle + πmulti

linear equations using Gauss-Jordan reduction on the matrix of Lagrange multipliers and

species abundances (Press et al., 1992).  Iterations are continued until the system

converges on a minimum Gibbs energy, characterized by δn < 5x10-6, or until 100

iterations.  When the code is very close to a solution, a convergence forcer is invoked that

reduces the iteration step size. If the code has difficulty converging on the minimum, the

calculation also stops if the iterations overshoot the minimum four times.  When this
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happens, the final δn values are small, therefore the results are very close to the

minimum.

When a non-ideal fugacity is added to the chemical potential equations, the

system again becomes nonlinear. However, BNR overcomes this complication by adding

an additional iteration loop. The system is minimized first as an initial guess without the

fugacity coefficient. Then the fugacity coefficient is calculated based upon the current n

values. The minimization routine is repeated with the fugacity coefficient values assumed

constant, and then the fugacity coefficient is recalculated with the new n values and so on

until the whole system converges.

3.3.1: Modifications to the BNR Code

The original BNR code printed in Smith and Missen (1982) is written in

FOTRAN 77. Furthermore, the code as printed in the book contains numerous errors and

does not work as given.  Dr. Melosh converted the input and output to file format and

performed the initial debugging of the code.

Modifications to the BNR code include:

- Stoichiometric analysis of the inputs to warn the user of a bad choice of initial

system and confirm that the phase rule is satisfied.

- Direct calculations of standard chemical potential from a heat capacity

database file.

- An initial estimate routine to provide a starting composition for the full Gibbs

energy minimization.
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- Calculations of the total entropy of the equilibrium system.

- Looping to allow for a range of pressures and temperatures in a single run.

- Cubic solver for the van der Waals equation of state to calculate fugacity

coefficients for a non-ideal gas phase.

The stoichiometric analysis routine is a tool for the user to determine whether the

system of elements and species is sufficient for use in the Gibbs energy minimization

routine.  It is essentially a check of the number of degrees of freedom provided by the

choice of inputs. It uses the list of species and the formula vectors to determine the

number of linearly independent components, and it outputs a set of reactions that produce

each species with respect to one possible basis set.  If the user has made a bad choice of

species and elements, e.g., fewer linearly independent components than elements or more

elements than species, the routine outputs an error message. This routine is based upon

Appendix A of Smith and Missen (1982).  A simple example follows:

Input: 

Elements: N, H

Species: N2(g), H2(g), NH3(g) 

Formula vectors: (2,0) (0,2) (1,3)

The formula vectors represent the number of each of the components in the

species. For example, the formula for NH3 has 1 of component (1,0) or N and 3 of

component (0,1) or H, giving the formula vector (1,3). The components in this example

are the same as the elements, but the components may also be compounds.
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Output:

3 species, 2 components, 1 reaction

NH3(g) = 0.5 N2(g) + 1.5 H2(g)

In the previous version of the BNR code, the user was required to input by hand

the standard chemical potentials of formation at each temperature. This calculation has

been added directly into the program using a data file of heat capacity values from the

HSC chemistry database (Roine, 2002). A comparison of delta Gibbs free energy

calculations from BNR, HSC Chemistry, and the JANAF thermochemical tables (Chase,

1998) is shown in Table 3.1. The BNR code, using the HSC database, exactly reproduces

the HSC Chemistry results to two significant digits. Rounding differences between the

two codes cause small differences on order of 10-3. The JANAF tables’ results differ from

BNR and HSC up to 5% for some species. The HSC chemistry database draws from a

wide variety of sources including the JANAF tables, and the databases occasionally differ

when defining temperatures for structural transitions and melting points. The differences

can also be seen in Fig. 3.2.

Table 3.1: Comparison of delta Gibbs free energy calculations at 1 bar, 1000 K.
kJ/mol BNR HSC JANAF
SiO2 -730.301 -730.304 -730.256
FeO -199.083 -199.084 -206.955
Al2O3 -1361.027 -1361.023 -1322.660
SiO2(g) -324.880 -324.879 -308.496
FeO(g) 157.578 157.578 144.752
Al2O3(g) -495.918 -495.914 -
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The chemical potential of formation is equal to the delta Gibbs free energy of

formation at 1 bar pressure and 298.15 K.  Delta Gibbs energy is equal to the Gibbs

energy of the species minus the Gibbs energy of the elements that make up the species.

Gibbs energy equals the enthalpy, H, minus the temperature times the entropy, S.

  

€ 

µo = ΔGf =Gspecies − Gelements =∑ H −TS( )species − H −TS( )elements∑

Enthalpy and entropy are calculated from the constant pressure heat capacity, Cp,

the heat of formation at 298.15 K, H298.15, the standard entropy at 298.15 K, S298.15, the

heats of transformation between phases or structural changes, Htr, and the temperatures of

the transformations, Ttr.

€ 

H = H298.15 + CpdT
298.15

T

∫ + Htr∑

€ 

S = S298.15 +
CP

T298.15

T

∫ dT +
Htr

Ttr
∑

The initial estimate routine uses the simplex method linear programming routine

from Press et al. (1992) constrained by the previously defined Gibbs energies. This

estimate minimizes the chemical potential subject to the element abundance constraints,

but the ni/ntotal term is ignored. The remaining terms are linear and simpler to minimize;

however, this minimization only provides a rough estimate of the species abundances.

An additional modification to the BNR code includes calculations of the total

entropy of the final compositions. This result is necessary for modeling constant entropy

cooling.  This information is not available from the HSC Chemistry package; therefore

HSC chemistry was unsuitable for this model. The total entropy is equal to the sum of the
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species abundances times the entropy of formation plus the entropy of mixing within

each multispecies phase.
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Stotal = Sini( )
i=1

N

∑ + Smixing
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Smixing = R ni
nphase

ln ni
nphase

 

 
  

 

 
  

i=1

N phase

∑

The BNR code is also modified to loop over a range of temperatures and

pressures in a single run.  Previously, only one T-P point could be calculated at a time,

and a new input file was prepared for each run.

The final major modification is the inclusion of a routine to calculate the fugacity

coefficient of species in a non-ideal gas phase to better represent vapor behavior at the

high pressures that may be reached during a meteorite impact. The ideal gas

approximation is adequate and useful for the majority of geochemical modeling;

however, many experiments have shown that the ideal gas law is only very accurate at

high temperatures and low pressures (Sengers, 2002). In 1873, Johannes Diderik Van der

Waals published an equation of state that modifies the ideal gas law.  The Van der Waals

equation of state takes into account that molecules are not point masses but instead take

up space and that they exert an attraction upon each other (Van der Waals, 1988).

€ 

P =
RT
V

Ideal Gas Law V= Volume

€ 

P =
RT
V − b

−
a
V 2 Van der Waals Equation a= molecular attraction

b= excluded volume
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In the Van der Waals equation, molecules are assumed to have a hard, spherical

core, and the volume that is taken up by mutual repulsion is known as the excluded

volume, b. This has the effect that the pressure increases more rapidly with density than

in the ideal gas law.  Van der Waals posited that the excluded volume equals four times

the volume of the hard sphere. Molecules are not tightly packed at low densities and can

be expected to only collide with one other molecule at a time.  At high densities where

the molecules are tightly packed and would be experiencing multiple collisions, the

excluded volume approximation becomes less accurate. The exclusion spheres of

multiple molecules overlap, and the excluded volume shrinks. Van der Waals struggled

with this problem; however, his work assumes that b is constant with density (Sengers,

2002).

The mutual attraction between molecules, cohesion, is incorporated into the

constant, a.  Cohesion acts to reduce the pressure of the gas, and these forces are now

known as Van der Waals forces. The molecular pressure is assumed proportional to the

square of the density, known as the mean-field assumption.  It does not account for any

heterogeneity in the density of the vapor (Van der Waals, 1988).

These parameters have been experimentally determined for a large variety of

gases; however, data is not available for many of the vapor species used in this model.

They can be calculated from the critical temperature and pressure (Anderson, 2005).

€ 

a =
27R2Tc

2

64Pc

b =
RTc
8Pc

Tc = Critical temperature, Pc= Critical pressure
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The critical temperatures may be estimated using Guldberg’s Rule (Hirschfelder

et al., 1964).

€ 

Tc ≈
3
2
Tv Tv = Vaporization temperature

For each Al-O species (such as AlO(g), AlO2(g)), we use the vaporization

temperature of Al2O3, 3273 K. The vaporization temperature of FeO, 3687 K, is used for

Fe and FeO gases. The vaporization temperature of oxygen is 154.6 K.  The critical

temperature for SiO2 is reported in Melosh (2005), and this value is used to calculate a

and b for SiO2, Si and SiO gases.

Since the critical pressures are also not available for many of these species, an

estimate for b is calculated instead. Van der Waals defines b as equal to four times the

molecular volume (Sengers, 2002).
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b = 4 1
6
πNσ 3 

 
 

 

 
 σ = Molecular diameter N=Avogadro’s number

The molecular diameter is estimated by summing the volumes for each atom in

the molecule and calculating the diameter of the resulting molecular sphere. The value of

a is then calculated using b and Tc.
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a =
27
8
RTcb
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Table 3.2: Constants for the van der Waals equation of state used in the BNR code.
Vapor species a (L2-bar/mol2) b (L/mol)
Al 26.796 0.0197
AlO 28.201 0.0207
AlO2 54.359 0.0400
Al2O 30.243 0.0222
Al2O2 56.401 0.0415
Al2O3 82.560 0.0607
Fe 42.409 0.0277
FeO 36.523 0.0238
O 0.093 0.0022
O2

1 1.382 0.0319
Si3 23.113 0.0134
SiO3 34.220 0.0199
SiO2

2 24.931 0.0145
Ca 76.346 0.0588
CaO 44.354 0.0342
Mg 54.792 0.0341
MgO 41.280 0.0257

1Values from CRC (2007).
2Calculated using Tc and Pc from Melosh (2005).
3Calculated using Tc of SiO2 from Melosh (2005).
All other values are calculated as outlined above.

The fugacity of a gas that obeys the Van der Waals equation is:

€ 

ln f
P

= ln RT
P(V − b)

+
b

V − b
−
2a
RTV

Using this equation involves solving the cubic form of the Van der Waals

equation for the volume.

€ 

V 3 −
b + RT
P

V 2 +
a
P
V −

ab
P

= 0

We use Cardano’s method for finding cubic solutions (Weisstein, 2004).  Given

the values of a and b, solving V as a function of P results in one real root and two

imaginary roots for the majority of P values. Over a narrow range of P, the equation has

three real roots that represent the two-phase gas-liquid region. The smallest root
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represents the volume of the liquid, and the largest root represents the volume of the gas.

The middle root is discarded as a physically meaningless unstable state (Anderson, 2005).

Many modifications have been proposed to the Van der Waals equation of state to

increase the accuracy of this equation for different pressures and temperatures.  One

widely used modification is the Redlich-Kwong equation of state (Redlich and Kwong,

1949).

€ 

P =
RT
V − b

−
a

T1/ 2V (V − b)
Redlich-Kwong equation of state

The a and b constants are empirically determined to improve the fit of the

equation to pure gas data. The constants are slightly different than for the Van der Waals

equation.
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bRK = 0.0867 RTc
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        vs.   bVdW = 0.125 RTc
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Further modifications to the basic equation of state primarily involve increasing

the number of empirical parameters to allow ever more precise fitting of pressure-
volume-temperature data for particular gases. These equations are most useful when

extensive experimental data are available.  For example, the Benedict-Webb-Rubin

equation is widely used for liquid-vapor equilibrium in hydrocarbon systems (Benedict et
al., 1951).  For a comparison of several equations of state with respect to experimental

argon data, see Shah and Thodos (1965).
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Benedict - Webb - Rubin equation of state
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We chose to use the Van der Waals equation of state for simplicity and the

relative ease of obtaining or calculating the a and b constants.

3.3.2: Comparison of BNR to HSC Chemistry and Experiments: The Haber Process

The Haber process involves the fixation of nitrogen to form ammonia. The yield

of ammonia as pressure is increased is greater than that expected from the ideal gas law

(Gillespie and Beattie, 1930).

€ 

3
2
H2+

1
2
N2 =NH3 Haber process reaction

We compare experimental results for the Haber process with values calculated by

HSC Chemistry and the BNR code to determine if the Van der Waals corrections increase

the agreement with experiments at high temperature and pressure (Table 3.3).  Both HSC

Chemistry and the BNR code overestimate the percentage of NH3 formed at low

temperature and pressure. At high pressure and temperature, HSC vastly underestimates

the percentage of NH3. The BNR code results agree more closely, but at the highest

pressures BNR also underestimates the percentage of NH3 formed. However, the BNR

results with the Van der Waals correction are a definite improvement at high pressures

and temperatures.
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Table 3.3: Experimental results of the Haber process in mole % NH3 from Jennings
(1991) compared to HSC Chemistry and the BNR code with Van der Waals correction.

Mole % NH3

Temp (C) Pressure (bars) Experimental HSC BNR
325 10 10.38 11.22 11.30
350 10 7.35 7.97 8.02

30 17.80 18.64 18.93
50 25.11 25.91 26.36

375 10 5.25 5.70 5.73
30 13.35 14.15 14.35
50 19.44 20.31 20.73
100 30.95 30.76 31.74

400 10 3.85 4.11 4.14
30 10.09 10.71 10.86
50 15.11 15.85 16.17
100 24.91 25.125 25.96

425 10 2.80 3.02 3.03
30 7.59 8.13 8.23
50 11.71 12.36 12.57
100 20.23 20.36 21.05

450 10 2.04 2.24 2.25
30 5.80 6.18 6.27
50 9.17 9.58 9.78
100 16.35 16.39 16.97
300 35.50 32.27 34.78
600 53.60 44.08 49.18
1000 69.40 52.62 59.64

475 10 1.61 1.69 1.70
30 4.53 4.76 4.82
50 7.13 7.48 7.63
100 12.98 13.13 13.65
300 31.00 27.55 29.79
600 47.50 39.03 43.85
1000 63.50 47.75 54.78

500 10 1.20 1.30 1.30
30 3.48 3.69 3.74
50 5.58 5.88 5.99
100 10.40 10.60 10.99
300 26.20 23.33 25.36
600 42.10 34.36 38.84
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3.3.3: Tektite Starting Material and System of Species

The starting compositions used for the computations refer to the moldavite

tektites and are derived from major oxide studies of Obere Süßwasser-Molasse (OSM)

formation from surface outcrops and drill holes in the Molasse basin in Southern

Germany (Engelhardt et al., 2005; Engelhardt et al., 1987).  This formation is a

freshwater sedimentary deposit near the Ries crater of middle Miocene age consisting of

sands, marly sands (containing lime), limestone, and clays (Horz et al., 1983). Hydrocode

modeling of the formation of the Ries crater and the moldavite tektites suggests that the

moldavites formed from a shallow layer of surface sands ~50 m deep (Stöffler et al.

2002).  Comparing major element concentrations, Engelhardt et al. (2005) suggested that

the moldavites formed from weathered sands at the surface of the impact site equally

mixed with less weathered sands from deeper levels. Therefore, we model the sand

compositions from the surface outcrops, the sand from drill holes (44-319 m deep), and

an equal mixture of the two (Table 3.4).

 The computation is simplified as much as possible, modeling only the most

abundant elements, Si, Al, Ca, Mg and O, and the main element of interest, Fe. This

limits the number of species included in the computation and increases the likelihood that

the BNR code will converge on a minimum Gibbs energy.  The OSM compositions

reported by Engelhardt et al. (2005) are determined by electron microprobe, and the

oxidation state of Fe is assumed to be entirely Fe2+.  Engelhardt et al. (2000) also report

the presence of Fe3+-bearing minerals such as biotite mica, chlorite, garnet, and epidote in

the OSM samples. It is likely that Fe3+ is present in the moldavite source material from
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these minerals as well as from the oxidation and weathering of Fe2+-bearing minerals. We

examine the effect of the additional oxygen by modeling both the reported composition

of the drill hole sands and a composition with oxygen added to modify all FeO to Fe2O3.

Table 3.4: Moldavite model starting materials: OSM drill hole sands, surface sands, and
an equal mixture of the two from Engelhardt et al. (2005). The reported compositions are
simplified to six elements, normalized, and converted to moles. Oxygen is added to the
reported compositions to convert FeO to Fe2O3.    
Wt % SiO2 Al2O3 FeO MgO CaO TiO2 Na2O K2O Total
OSM drill hole
sands 77.34 7.59 2.58 3.11 5.06 0.67 1.19 1.58 99.13
OSM surface sands 80.36 10.53 3.91 0.77 1.37 0.78 0.37 1.75 99.83
Simplified and
normalized
composition SiO2 Al2O3 FeO MgO CaO Total
OSM drill hole
sands 80.83 7.93 2.70 3.25 5.29 100
OSM surface sands 82.90 10.86 4.03 0.79 1.41 100
50% mixture 81.86 9.40 3.37 2.02 3.35 100

Moles of elements Si Al Fe Mg Ca O
Added

O
OSM drill hole
sands 82.25 9.51 2.29 4.93 5.77 191.76 +1.15
OSM surface sands 86.92 13.42 3.54 1.24 1.59 200.35 +1.77
50% mixture 84.55 11.44 2.91 3.11 3.71 195.99 +1.45

The system of species for the computation is chosen as discussed previously

based upon the heat capacity data, using the simplest system of species with the best heat

capacity data over the largest temperature range. An additional consideration is the

treatment of Fe metal in the system of species. Although Fe metal has not been

discovered in moldavite tektites, it is important to consider all of the oxidation states of

Fe. Under most geologic conditions, Fe metal is not soluble in silicate melts but is present

instead as FeO. Fe metal is segregated as an immiscible single-species phase. The
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behavior of Fe in silicate melt has not been explored for tektite compositions; however,

Genshaft et al. (2001) observed Fe metal oversaturation in a basaltic melt at 1 bar and

1573 K and reducing conditions facilitated by a graphite sample capsule. When

quenched, the Fe formed metal spherules inside a glass. The authors suggested that Fe

was present as both FeO and Fe metal in the basaltic liquid.

Additionally, Fe may be miscible in FeO liquid at high temperatures and pressure,

enhancing the miscibility of Fe in silicate liquids.  The Fe-FeO phase diagram at 1 bar is

shown in Fig. 3.5 A. It is plausible from extrapolations of the slopes of the

experimentally determined edges of the miscibility gap that the gap closes at higher

temperatures, ~3500 °C. At the higher pressures caused by meteorite impacts,

experimental evidence tends to indicate that the miscibility gap narrows and that Fe metal

and FeO liquid form a complete liquid solution at lower temperatures, ~2100 °C (Fig. 3.5

B) (Ringwood, 1977; Ringwood and Hibberson, 1990).  In addition, crystalline Fe and

FeO both have face centered cubic structures above ~5 GPa. Above ~15 GPa the

structures change to body centered cubic. From purely structural evidence, Boehler

(1992) also suggests that Fe-FeO is a solid solution system over a large high-pressure

range, extending to a liquid solution at higher temperatures.
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Fig. 3.5: (A) Fe-FeO phase diagram at 1 atm based upon experimental measurements between
1,500-2,000 °C.  The higher temperature ranges are calculated. The miscibility gap extends nearly
the entire range of composition at lower temperatures and narrows at higher temperatures. It is
predicted to close at ~3500 °C (Ringwood, 1977). (B) Fe-FeO phase diagram at 16 GPa based
upon multianvil experiments (circles). Lm = metallic liquid with varying amounts of dissolved
FeO. LO = oxide liquid of molten FeO with varying amounts of dissolved excess Fe. FeOc =
crystalline wüstite. Fec = crystalline metallic iron.   The dotted line contains the suggested
miscibility gap based upon the experimentally determined slopes at temperatures below 1900 °C.
Based on the slopes, it is plausible but not provable that the miscibility gap closes above 2100 °C
at high pressures such as those reached during impact. Note that the x-axis scales differ, but the y-
axis temperatures are directly comparable (Ringwood and Hibberson, 1990)

(A)

(B)
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The three starting material compositions are modeled with and without Fe metal

included as soluble in the liquid phase. All of the runs also have Fe metal as a single-

species immiscible phase (Table 3.5).

Table 3.5: System of species for the chemical model of moldavite formation. Runs are
performed with and without Fe metal present in the liquid phase. Fe metal is also
included as a separate, single-species phase that does not mix with the liquid phase.
Vapor phase species Liquid phase species Single-species phase
Al(g) Al2O3 Fe
AlO(g) FeO
AlO2(g) Fe2O3
Al2O(g) SiO2
Al2O2(g) CaO
Al2O3(g) MgO
Fe(g) Fe
FeO(g)
O(g)
O2(g)
Si(g)
SiO(g)
SiO2(g)
CaO(g)
Ca(g)
MgO(g)
Mg(g)

3.4: Results and Discussion

Thermodynamic calculations were performed over a range of 1000-7000 K and

0.001 to 1000 bars (102-108 Pa). The temperature range spans from above the critical

point of SiO2 to below the temperature at which all species should be condensed at 1 bar.

The pressure includes the range experienced by tektite-type particles ejected in an oblique

impact based upon a hydrocode model of the Ries impact by Stöffler et al. (2002).
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3.4.1: Fugacity Correction for Non-Ideal Gas Phase

Fig. 3.6 plots the total system entropy (vapor + liquid + mixing) of the OSM sand

from drill holes starting composition including the added oxygen versus temperature for a

given pressure value with (black) and without (red) non-ideal correction to the vapor

fugacity.  Horizontal arrows represent example isentropic cooling paths.  At 7000 K the

chemical composition tends toward a vapor composed of monatomic gas species.  As the

system cools, the monatomic species combine into molecular gas species, condense into

liquids with a rapid decrease in entropy, and eventually solidify.

The thermodynamic calculations resulting in the trace represented by the black

lines with dots in Fig. 3.6 were performed with the assumption of a non-ideal gas for the

vapor phase. This was done using the Van der Waals correction for the vapor fugacity

discussed previously. To test how the results would change with the assumption of an

ideal gas for the vapor phase, we carried out the same calculation (also with the added

oxygen) without introducing the van der Waals correction to the fugacity coefficient. The

entropies with and without the correction are identical at low pressure and temperature;

however, at the highest pressure the incipient vaporization temperature shifts by about 10

degrees towards higher values without the correction (i.e. with the assumption of ideal

gas for the vapor phase). The density of the vapor phase remains low at 0.07-0.21 g/cm3,

so the vapor is never far from ideal along any of the modeled isentropic cooling paths

(Table 3.6). All further results presented include the non-ideal gas correction.
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Fig. 3.6: Total system entropy (liquid + vapor + mixing) of the OSM sands from drill
holes starting composition with and without the correction for a non-ideal gas phase (with
fugacity correction) for a range of temperature with each pressure.  Each trace represents
constant pressure cooling. At the highest temperatures, the system consists mainly of
monatomic gas species. With continued cooling at constant pressure, the monatomic
species combine into molecular gas species, rapidly condense to liquids, and eventually
solidify.  Horizontal lines that intersect the pressure traces are example isentropic cooling
paths.
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Table 3.6: Vapor phase properties along isentropic cooling lines of the OSM sands from
drill holes with the non-ideal gas phase correction and added oxygen. The mass of the
starting material is 6132 grams.

Mass (g) Volume (cm3) Density (g/cm3)
S=4000 J/kg-K
2887 K, 1000 bars 17.9 148 0.12
2885 K, 100 bars 18.3 137 0.13
2885 K, 10 bars 18.5 138 0.13
2882 K, 1 bars 19.74 148 0.13
2805 K, 0.1 bars 78.52 487 0.16
2543 K, 0.01 bars 279.1 1497 0.19
2321 K, 0.001 bars 565.8 2749 0.21
S=6000 J/kg-K
5047 K, 1000 bars 1451 14278 0.10
4208 K, 100 bars 1905 16256 0.12
3612 K, 10 bars 2182 16139 0.14
3170 K, 1 bars 2508 16379 0.15
2828 K, 0.1 bars 2757 16148 0.17
2554 K, 0.01 bars 2883 15327 0.19
2331 K, 0.001 bars 3163 15433 0.20
S=8000 J/kg-K
5190 K, 1000 bars 4280 43978 0.10
4335 K, 100 bars 4615 41278 0.11
3731 K, 10 bars 4862 37985 0.13
3283 K, 1 bars 5041 35111 0.14
2948 K, 0.1 bars 5189 33026 0.16
2677 K, 0.01 bars 5266 30943 0.17
2455 K, 0.001 bars 5325 29159 0.18
S=10000 J/kg-K
6418 K, 1000 bars 6132 89942 0.07
5417 K, 100 bars 6132 80468 0.08
4655 K, 10 bars 6132 71975 0.09
4072 K, 1 bars 6132 65020 0.09
3621 K, 0.1 bars 6132 59365 0.10
3266 K, 0.01 bars 6132 54732 0.11
3085 K, 0.001 bars 6131 50916 0.12
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3.4.2: Added Oxygen Correction

The results from the OSM sands from drill holes starting composition presented in

Fig. 3.7 compare the total system entropies relative to the starting composition with and

without the added oxygen contribution to convert the FeO to Fe2O3. The total entropies

are very similar for the majority of the T-P range because the mole fraction of added

oxygen is small.  The two models are noticeably different only at the lowest temperatures

for each pressure.  The vapor phase completely condenses for the model without added

oxygen, whereas for the model with added oxygen, a small vapor phase consisting of O2

gas persists even at the lowest modeled temperature.
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Fig. 3.7: Total system entropy (liquid + vapor + mixing) of the OSM sands from drill
holes starting composition with and without the added oxygen to convert FeO to Fe2O3
for a range of temperature with each pressure.  Each trace represents constant pressure
cooling. The total entropies for each model overlap almost exactly except at the lowest
temperatures. The model with added oxygen retains a small vapor phase (and thus higher
entropy) when the majority of the system has condensed to liquid, but the model without
the added oxygen condenses completely. Horizontal lines that intersect the pressure
traces are example isentropic cooling paths.

From hydrocode modeling of SiO2 using the ANEOS equation of state for quartz

for the target and impactor (Fig. 3.8), the possible entropy range to produce tektites from

an asteroid impact is 2500-4500 J/kg-K.  For a cometary impact, modeled using ice for

the impactor and quartz for the target, the possible entropy range to produce tektites is
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4500-8000 J/kg-K (Artemieva, pers. comm., 2006). These values assume a dense target.

If the target sediments were porous, these ranges may shift upwards by 500-1000 J/kg-K

to 3000-5000 J/kg-K for asteroid impact and 5000- 8500 J/kg-K for cometary impact

(hydrocode simulation of porous forsterite from Melosh, pers. comm. 2006).  From Fig.

3.7 the minimum entropy for vapor production with no added oxygen is ~3500 J/kg-K.

Without any production of vapor and separation of the two phases, the equilibrium liquid

composition remains fixed at that of the starting material. Therefore, we only consider

values above 3500 J/kg-K.
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Fig. 3.8: Entropy (black line and left axis) and velocity of material behind shock wave
(green line and right axis) versus shock pressure in quartz (using ANEOS equation of
state). The minimum possible value for incipient silica melting occurs at ~5 GPa (vertical
red line). The minimum entropy at incipient melting is ~2500 J/kg-K. The maximum
material velocity after asteroid impact at 20 km/s is about half of the impact velocity, i.e.
10000 m/s (horizontal red line). This gives a maximum entropy for asteroid impact of
~4500 J/kg-K. For a cometary impact at 50 km/s, the material velocity in quartz is ~20
km/s, and the corresponding entropy is 8000 J/kg-K. Thus the range for an melting from
asteroid impact in a solid target is ~2500-4500 J/kg-K, and the range for cometary impact
is ~4500-8000 J/kg-K. (Figure courtesy of Artemieva, pers. comm., 2006)

The addition of oxygen to the system does not change the isentropic cooling paths

along 6000, 8000, and 10000 J/kg-K. The cooling paths deviate along 4000 J/kg-K (Fig.

3.9). Since the system without oxygen has only a liquid phase at the highest temperatures

and pressures, it evolves differently until the vapor phase appears. The paths overlap for

the remainder of the cooling.
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Fig. 3.9: Isentropic cooling paths for the OSM sands from drill holes starting composition
with and without the added oxygen to convert Fe2+ to Fe3+. The cooling paths for the two
conditions overlap except at 4000 J/kg-K. The system with added oxygen has vapor and
liquid phases at all temperatures and pressures.  The system without oxygen has only a
liquid phase at the highest temperatures and pressures and evolves differently until the
vapor phase appears.
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Fig. 3.10: Percentage of vapor by mass along the isentropic cooling paths. The vapor
percentages with and without added oxygen are identical for the 8000 and 10000 J/kg-K
cooling paths.

The compositions shown in Fig. 3.11 are the intersections of the 4000 J/kg-K

isentropic cooling line with the various constant pressure cooling lines for the OSM sand

from drill holes starting composition with (a) and without (b) the added oxygen.  For the

case with added oxygen, the isentropic cooling line intersects the constant pressure

cooling lines where the 1000, 100, 10, and 1 bar lines overlap (Fig. 3.7). The temperature

is constant until the pressure decreases below 1 bar while the volume increases. The

majority of the system is in the liquid phase with a small vapor phase of O(g), O2(g) and
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SiO(g), at most 9% by mass.  Below 1 bar more of the liquid vaporizes as the pressure

and temperature decrease and the volume increases. SiO2 liquid is the dominant species.

Aluminum, calcium, and magnesium are entirely in the liquid phase.  Iron is present as

mainly FeO with minor amounts of Fe(g) and FeO(g).  Fe2O3 (not shown on the graph) is

present only at the lowest temperature, 2321 K, as 0.035 moles out of the 2.29 moles of

total Fe. The Fe3+/Fe2+ ratio of the liquid at 2321 K is 0.03. This value is within the

measured range of 0.02 to 0.12 for several tektites including moldavites (Fudali et al.,

1987).

The isentropic cooling shown in Fig. 3.11(b) for the model with no added oxygen

is slightly different than for the model with the added oxygen.  No vapor phase is present

at the highest temperatures and pressures. Vapor appears at 2815 K. The compositions

are very similar to that of Fig. 3.11(a); however, no Fe3+ is present at any temperature. All

of the Fe is in the 2+ oxidation state.
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Fig. 3.11: Moles of species along the 4000 J/kg-K isentropic cooling path with (a) and
without (b) the added oxygen. Each point represents the temperature at which the
isentropic cooling line in Fig. 7 crosses each constant pressure cooling line.
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At higher entropy, 6000 J/kg-K (Fig. 3.12), the mass of vapor greatly increases to

24% of the system at high T-P and 50% at low T-P. The systems with oxygen (a) and

without oxygen (b) are almost identical. The added oxygen in (a) is present as O(g) and

O2(g).  For both (a) and (b), SiO2 continues to dominate the liquid and SiO(g) is the

largest vapor species. The majority of Al is Al2O3 liquid with a small amount of AlO2(g)

(0.05 moles) at high T-P. Calcium remains entirely in the liquid, and Mg is present as

both MgO liquid and MgO(g) with a small amount of Mg(g) (0.02-0.9 moles).  Iron is

entirely in the Fe2+ state as FeO liquid at high T-P, but also is present as 0.2 moles of

FeO(g) and 1.35 moles of Fe(g) at low T-P.
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Fig. 3.12: Moles of species along the 6000 J/kg-K isentropic cooling path with (a) and
without (b) the added oxygen. Each point represents the temperature at which the
isentropic cooling line in Fig. 7 crosses each constant pressure cooling line. The added
oxygen in (a) is entirely present as O(g) and O2(g). All iron in the liquid is Fe2+.
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Near the upper range for a cometary impact, 8000 J/kg-K, vapor is the dominant

phase (Fig. 3.13). The system is 70% vapor at high T-P and 85% vapor at low T-P. The

added O in (a) is present in the vapor as slight increases in several of the oxide species

and O(g) and O2(g) as compared to (b). Otherwise, the two systems are almost identical.

SiO(g) is the largest vapor species, and SiO2(g) and Si(g) are also present.

Aluminum remains primarily in the liquid phase, but up to 0.5 moles of Al-oxide gases

are present at high T-P.  Calcium also remains primarily in the liquid phase, but up to 1

mole of Ca(g) and 0.1 mole of CaO(g) is present at low T-P.  At low T-P, Mg is 4.2

moles Mg(g), 0.4 moles MgO(g), and 0.4 moles MgO liquid. At high T-P, MgO liquid

contains the majority of the Mg at 3.2 moles with 1.6 moles of MgO(g) and 0.2 moles of

Mg(g) remaining. At low T-P, Fe is primarily Fe(g) at 2.1 moles with 0.2 moles FeO(g)

and only 0.02 moles of FeO liquid. At high T-P, FeO liquid is the primary Fe species at

1.81 moles with only 0.2 moles Fe(g) and 0.3 moles FeO(g). No Fe3+ or Fe metal is

present at any T-P.
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Fig. 3.13: Moles of species along the 8000 J/kg-K isentropic cooling path with (a) and
without (b) the added oxygen. Each point represents the temperature at which the
isentropic cooling line in Fig. 7 crosses each constant pressure cooling line. The added
oxygen in (a) causes slight increases in the moles of the oxide vapors as well as O(g) and
O2(g). All Fe is Fe2+.
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At 10000 J/kg-K, the entire system is vapor (Fig. 3.14). Therefore, this entropy is

too high to have formed tektites from the separation of the vapor and liquid phases.

Fig. 3.14: Moles of species along the 10000 J/kg-K isentropic cooling path with the
added oxygen. Each point represents the temperature at which the isentropic cooling line
in Fig. 3.7 crosses each constant pressure cooling line. Only vapor is present, so this high
entropy is not suitable for the formation of a tektite liquid.
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Table 3.7: Mole fractions of elements in the simplified composition of the OSM sands from drill holes starting composition,
average moldavite from Engelhardt et al. (2005), and the liquid phase of the model results along the 4000, 6000, and 8000
J/kg-K isentropic cooling paths.
Mole fraction Mole fraction

Si Al Fe Ca Mg O Si Al Fe Ca Mg O
Average Moldavite 28.3 3.98 0.51 1.07 0.95 65.16
OSM drill hole sands
+ oxygen 27.6 3.19 0.77 1.94 1.66 64.81

OSM drill hole sands,
no added O 27.7 3.21 0.77 1.94 1.66 64.67

S=4000 J/kg-K S=4000 J/kg-K
2887K,1000 bars 27.7 3.21 0.77 1.95 1.66 64.68 3434 K,1000 bars 27.7 3.21 0.77 1.95 1.66 64.67
2885 K, 100 bars 27.7 3.21 0.77 1.95 1.66 64.67 3079 K, 100 bars 27.7 3.21 0.77 1.95 1.66 64.67
2885 K, 10 bars 27.7 3.21 0.77 1.95 1.66 64.67 2918 K, 10 bars 27.7 3.21 0.77 1.95 1.66 64.67
2882 K, 1 bars 27.7 3.21 0.77 1.95 1.66 64.67 2918 K, 1 bars 27.7 3.21 0.77 1.95 1.66 64.67
2805 K, 0.1 bars 27.7 3.24 0.78 1.97 1.68 64.65 2815 K, 0.1 bars 27.7 3.21 0.77 1.95 1.66 64.67
2543 K, 0.01 bars 27.5 3.35 0.77 2.03 1.72 64.60 2544 K, 0.01 bars 27.4 3.41 0.77 2.07 1.75 64.57
2321 K, 0.001 bars 27.3 3.53 0.72 2.14 1.79 64.53 2321 K, 0.001 bars 27.4 3.47 0.72 2.11 1.77 64.55
S=6000 J/kg-K S=6000 J/kg-K
5047 K,1000 bars 26.1 4.19 0.99 2.55 2.08 64.09 5048 K, 1000 bars 26.0 4.26 1.01 2.60 2.12 64.05
4208 K, 100 bars 25.4 4.67 1.07 2.83 2.24 63.84 4208 K, 100 bars 25.4 4.66 1.07 2.83 2.24 63.84
3612 K, 10 bars 24.9 5.02 1.08 3.04 2.34 63.68 3612 K, 10 bars 24.9 5.01 1.08 3.04 2.34 63.68
3170 K, 1 bars 24.2 5.48 1.05 3.32 2.45 63.48 3170 K, 1 bars 24.2 5.48 1.05 3.31 2.45 63.48
2828 K, 0.1 bars 23.7 5.90 0.92 3.56 2.59 63.33 2828 K, 0.1 bars 23.7 5.89 0.92 3.56 2.59 63.33
2554 K, 0.01 bars 23.5 6.12 0.72 3.70 2.66 63.29 2555 K, 0.01 bars 23.2 6.37 0.71 3.85 2.73 63.17
2331 K,0.001 bars 22.9 6.69 0.48 4.04 2.77 63.12 2330 K, 0.001 bars 23.3 6.38 0.49 3.86 2.69 63.26
S=8000 J/kg-K S=8000 J/kg-K
5190 K, 1000 bars 16.2 10.62 2.13 6.52 3.76 60.76 5192 K, 1000 bars 16.1 10.70 2.14 6.57 3.78 60.72
4335 K, 100 bars 13.3 13.24 1.99 7.93 3.66 59.94 4337 K, 100 bars 13.1 13.35 1.99 7.99 3.66 59.90
3731 K, 10 bars 10.5 16.10 1.49 9.35 3.31 59.27 3733 K, 10 bars 10.3 16.23 1.48 9.42 3.30 59.23
3283 K, 1 bars 8.09 18.97 0.89 10.61 2.67 58.78 3286 K, 1 bars 7.9 19.20 0.87 10.71 2.63 58.73
2948 K, 0.1 bars 5.39 22.14 0.40 11.90 1.93 58.23 2951 K, 0.1 bars 5.2 22.38 0.39 11.95 1.88 58.19
2677 K, 0.01 bars 3.64 24.30 0.17 12.58 1.41 57.90 2680 K, 0.01 bars 3.5 24.53 0.16 12.59 1.36 57.88
2455 K, 0.001 bars 2.38 26.17 0.06 12.76 0.90 57.73 2457 K, 0.001 bars 2.3 26.33 0.06 12.72 0.87 57.73174
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The cooling system will reach a blocking temperature where the liquid and vapor

phases can no longer equilibrate, and the liquid phase will quench to form tektite glass.

We look for the entropy, temperature, and pressure where the liquid best matches an

average moldavite composition.  Since the OSM sand from drill holes starting

composition has a large mole fraction of refractory Ca and Mg compared to average

moldavites, it is very difficult for the results at any entropy to exactly match the average

moldavite composition (Table 3.7).  At entropies high enough to remove Ca from the

liquid, very little Si or O remain.  However, the entropy range for tektite formation can be

narrowed.  At 4000 J/kg-K, very little vapor forms, and the composition of the liquid

changes too little to reproduce a moldavite composition.  At the higher entropy of 8000

J/kg-K, the majority of the Si is in the vapor phase while the more refractory Al, Ca and

Mg remain in the liquid phase. The mole fraction of Si in the liquid is much too low to

compare to a moldavite composition.  Even at 6000 J/kg-K, the mole fraction of Al along

the cooling path is too high, and the mole fraction of Si is too low. Therefore, the best

match to the isentropic cooling path of an average moldavite must be between 4000 and

6000 J/kg-K. This range corresponds to the upper range for an asteroid impact or the

lower range for a cometary impact. This particular starting material composition is not a

good match to an average moldavite, but the results indicate that the addition of the extra

oxygen to convert FeO to Fe2O3 has only a minor effect on the results. All of the

following calculations include the extra oxygen and are conducted in the entropy range

between 4000 and 6000 J/Kg-K.
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3.4.3: Starting Composition Comparisons with Moldavites

Table 3.9 compares the model results from the three starting material

compositions (the sands from drill holes, the sands from surface outcrops, and an equal

mixture of the two) to the average moldavite of Engelhardt et al. (2005) and the average

compositions of several sub-strewn fields (see Fig. 1.3 for sub-strewn field ranges, p. 16).

All of the compositions are simplified to six elements and converted to mole fractions

(Table 3.8).

Table 3.9 lists the sums of the absolute value of the differences between the mole

fractions of the model results and the moldavites.

€ 

Almodel −Almoldavite + Simodel −Simoldavite + ...

 Smaller values indicate a better agreement between the two compositions.  For

brevity, only the 4500 J/kg-K isentropic cooling path is listed for each starting

composition. This cooling path has the best agreement of each of the model results to the

moldavite compositions.

Table 3.8: Average compositions of the moldavite sub-strewn fields  and an average of
all the strewn fields. Values are combined from (Engelhardt et al., 2005) and (Meisel et
al., 1997).
Mole fraction Si Al Fe Ca Mg O
Average moldavite 28.3 3.98 0.51 1.07 0.95 65.16
Bohemian 27.8 4.17 0.53 1.21 1.11 65.02
Bohemian: Radomilice 28.9 3.63 0.42 0.82 0.84 65.37
Lusatian* 28.4 4.31 0.55 0.69 0.82 65.26
Moravian 28.0 4.71 0.63 0.64 0.80 65.19
*Values from (Meisel et al., 1997) only.
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Table 3.9: The sum of the differences between the mole fractions of model results and
moldavites along the 4500 J/kg-K isentropic cooling path. The starting compositions are
compared to an overall average moldavite as well as the averages of the moldavite sub-
strewn fields. Smaller numbers indicate better agreement (gray shading). The average
moldavite and the two sub-strewn fields closest  to the Ries crater (Bohemian and
Bohemian: Radomilice) are best reproduced by the mixture of surface and subsurface
sands. The Lusatian and Moravian sub-strewn fields are best reproduced by the surface
sands starting material.
Sum of differences Average

Moldavite
Bohemian Bohemian:

Radomilice
Lusatian Moravian

Sands from drill
holes
S=4500 J/kg-K
3766 K, 1000 bars 3.702 2.902 4.582 4.672 4.592
3764 K, 100 bars 3.704 2.904 4.584 4.674 4.594
3589 K, 10 bars 3.848 3.048 4.728 4.818 4.738
3157 K, 1 bars 4.297 3.497 5.177 5.267 5.187
2817 K, 0.1 bars 4.658 3.858 5.559 5.628 5.548
2545 K, 0.01 bars 4.878 4.078 6.087 5.848 5.768
2322 K, 0.001 bars 4.999 4.199 6.563 5.969 5.889
Sands from surface
S=4500 J/kg-K
3820 K, 1000 bars 2.241 2.957 2.927 1.357 1.746
3810 K, 100 bars 2.246 2.955 2.934 1.364 1.738
3580 K, 10 bars 2.428 2.917 3.176 1.606 1.499
3151 K, 1 bars 2.894 2.823 3.754 2.184 1.164
2812 K, 0.1 bars 3.342 2.910 4.202 2.632 1.612
2540 K, 0.01 bars 3.622 3.139 4.482 2.912 1.892
2318 K, 0.001 bars 3.898 3.387 4.758 3.188 2.181
50% drill holes
50% surface
S=4500 J/kg-K
3800 K, 1000 bars 1.390 1.195 2.593 2.360 2.327
3790 K, 100 bars 1.392 1.193 2.599 2.362 2.324
3585 K, 10 bars 1.513 1.062 2.882 2.483 2.403
3154 K, 1 bars 2.046 1.045 3.626 2.784 2.704
2815 K, 0.1 bars 2.682 1.502 4.262 3.007 2.927
2543 K, 0.01 bars 3.107 1.927 4.687 3.417 3.003
2320 K, 0.001 bars 3.541 2.361 5.121 3.851 2.971
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An average moldavite is best reproduced by a starting composition of half surface

sands and half subsurface sands along the 4500 J/kg-K isentropic cooling path at 3800 K,

1000 bars. This agrees with the conclusion of Engelhardt et al. (2005) based on the

agreement of major elements. The mixture of sands also agrees best with the Bohemian

and Bohemian:Radomilice sub-strewn fields. A starting material entirely of surface sands

best reproduces the Lusatian and Moravian sub-strewn fields. These areas are farther

away from the Ries crater than the Bohemian sub-strewn fields. This suggests that the

uppermost sands were removed early during the Ries impact and traveled the farthest

away from the crater. A mixture of surface and subsurface sands was removed later and

traveled less far from the crater to produce the Bohemian and Bohemian:Radomilice

fields.

The best model results, the mixture of drill hole and surface sands at 4500 J/kg-K,

are shown in Fig. 3.15. At the highest T and P, only 0.74 moles are present in the vapor

phase, changing the composition of the liquid phase very little. On the other hand, the

oxidation state of the Fe has changed from entirely Fe3+ in the starting material to only

7.5x10-4 moles remaining as Fe2O3. The model composition at the highest T and P (3800

K, 1000 bars) agrees best to the average moldavite and to the Bohemian:Radomilice sub-

strewn field.  The model composition at 3154 K, 1 bar has the best agreement to the

Bohemian sub-strewn field. The vapor phase increases to 12 moles compared to 92 moles

of liquid. The vapor consists of mainly Si and O gases, with only 0.05 moles of Fe(g) and

FeO(g) combined.
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Fig. 3.15: Composition of the 50% surface sand, 50% drill hole sand starting material
along the 4500 J/kg-K isentropic cooling path. At high pressure and temperature, the
vapor phase is very small, but increases as the pressure and temperature decrease. Fe in
the liquid is primarily FeO, but up to 7.5x10-4 is Fe2O3. In the vapor, Fe(g) and FeO(g) are
present in roughly equal amounts.  3800 K, 1000 bars has the best agreement to the
average moldavite and the Bohemian:Radomilice sub-strewn fields. 3154 K, 1 bar has the
best agreement to the Bohemian sub-strewn field.

The highest amount of Fe2O3 present in any of these computations is 0.006 moles.

In the model results without added oxygen, no Fe3+ forms at all.  In other words, if the

iron in the system begins in the 2+ oxidation state, it remains in the 2+ state. If the iron

begins in the 3+ oxidation state, the majority or all of the iron becomes reduced to the 2+

oxidation state.  No Fe0 in the single species phase is present in any of the results.
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3.4.4: Fe Metal Miscibility

To investigate the effect of allowing Fe metal to mix with the liquid phase, the

50% surface sands, 50% drill hole sands starting composition at 4500 J/kg-K was

modeled again with the modified system of species (Table 3.10). Fe metal becomes stable

along the entire cooling path, beginning with 0.03 moles at high P,T and increasing to a

maximum of 0.3 moles at 1 bar and 3154 K.  The metal is not included in the calculation

of the Fe liquid mole fraction, and the resulting sum of differences of the major elements

has better agreement between the model results and an average moldavite, the Bohemian,

and the Bohemian:Radomilice sub-strewn fields.

For each starting material composition and over the entire range of P, T, and S

where both liquid and vapor is present, Fe metal forms when it is allowed to mix with the

liquid phase. Because no Fe metal has been reported in moldavite tektites, it is unlikely

that the assumption of Fe metal mixing with the liquid phase is appropriate for tektite

formation.  Genshaft et al. (2001) reported Fe oversaturation only under reducing

conditions with high concentrations of total Fe (basaltic starting materials with ~50 wt%

Fe). It is plausible that the tektite starting materials of quartz-rich sands do not contain

enough total Fe to facilitate Fe saturation and inclusion of Fe metal in the melt.
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Table 3.10: Mole fractions of the liquid phase of results for the 50% surface sands, 50%
drill hole sands starting material with Fe metal mixing allowed in the liquid phase at 4500
J/kg-K. Fe metal is stable along the entire cooling path. Sums of differences between
these mole fractions and the moldavite strewn fields are also given. The formation of
metal increases the model results’ agreement with an average moldavite, and the
Bohemian and Bohemian:Radomilice sub-strewn field compositions given in Table 3.9.

Liquid
Mole

Fraction Al Fe Si Ca Mg O

Moles
Fe

metal
3795 K,

1000 bars 3.79 0.96 28.03 1.23 1.03 64.96 0.03
3785 K,
100 bars 3.80 0.94 28.04 1.23 1.03 64.97 0.09
3583 K,
10 bars 3.88 0.89 27.97 1.26 1.05 64.95 0.27
3154 K,
1 bars 4.10 0.91 27.69 1.33 1.10 64.87 0.30

2815 K,
0.1 bars 4.32 0.91 27.43 1.40 1.14 64.80 0.29
2543 K,
0.01 bars 4.49 0.87 27.25 1.46 1.18 64.75 0.27
2320 K,

0.001 bars 4.70 0.76 27.08 1.52 1.22 64.72 0.23
Sum of

differences
Average
Moldavite

Bohemian Bohemian:
Radomilice

Lusatian Moravian

3795 K,
1000 bars 1.373 1.188 2.578 2.343 2.320
3785 K,
100 bars 1.336 1.169 2.547 2.306 2.302
3583 K,
10 bars 1.342 0.993 2.722 2.312 2.232
3154 K,
1 bars 1.858 0.843 3.438 2.585 2.505

2815 K,
0.1 bars 2.523 1.343 4.103 2.833 2.742
2543 K,
0.01 bars 2.971 1.791 4.551 3.281 2.841
2320 K,

0.001 bars 3.378 2.198 4.958 3.688 2.830
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3.5: Summary

The isentropic cooling path experienced by moldavite tektites is intrinsically

reducing for iron.  If the starting material contains iron in the 3+ oxidation state, all or

most of the iron becomes reduced to the 2+ oxidation state in the tektite liquid at every

modeled entropy. If the starting material begins with reduced iron, it will remain reduced.

Fe metal is stable only if the species is assumed to have ideal mixing with the silicate

liquid phase, but if this assumption is made, Fe metal forms over the entire range of P, T,

and S. Because no Fe metal has been reported in moldavite samples, the mixing of Fe

metal with the liquid phase is not an appropriate assumption for moldavite formation.

The model results agree with the conclusion of Engelhardt et al. (2005) that an

equal mixture of weathered surface sands with subsurface sands is the best starting

material to form an average moldavite. The agreement is closest along the 4500 J/kg-K

cooling path when the blocking temperature occurs at 1000 bars and 3800 K.  The

entropy is consistent with an asteroid impact. This is also the best starting material and

isentropic cooling path to form the Bohemian (1 bar and 3154 K) and Bohemian:

Radomilice sub-strewn fields (1000 bars and 3800 K). At the same entropy of formation,

the compositions of the Lusatian and Moravian sub-strewn fields agree more closely with

a starting material of entirely surface sands at 1000 bars and 3820 K and 1 bar, 3151 K

respectively. These results suggest that the moldavites farthest away from the Ries crater

formed early from the uppermost surface layers under the impact, and the moldavites

found closer to the crater formed later from the excavation and mixing of subsurface

sediments into the surface layers. The subsurface sands alone as a starting material do not
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agree well with any of the moldavite sub-strewn fields, but it is possible that individual

moldavites found as close as possible to the Ries crater may match best with the

subsurface sediments.
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CHAPTER 4 : THERMODYNAMIC MODELING OF THE REDUCTION OF IRON
BY MICROMETEORITE IMPACT INTO THE LUNAR REGOLITH

4.1: Introduction

The surface of the Moon is so chemically reduced that almost no Fe is present as

Fe3+.  The majority of Fe exists as Fe2+, and about 0.5% by weight of the lunar regolith is

Fe0 metal.  An estimated 40% of the Fe metal (0.2 % by weight of total Fe) occurs as

grains <1 µm, termed nanophase Fe (Lucey et al., 2006).  These tiny grains of Fe are

primarily found inside regolith agglutinates and in rims around soil grains (Fig. 1.12 and

1.13, p. 33 and 34).

Regolith agglutinates are aggregates of minerals, rocks, and glasses up to a few

millimeters in size formed by the impacts of micrometeorites that crush, melt, and

vaporize small portions of the lunar regolith. Impact melts, preserved as agglutinate glass,

cement soil grains together. The agglutinate glass makes up 31-61% by volume of the

smallest grain sizes of lunar soils (<45 µm) (Taylor et al., 2001). Inside the glass,

nanophase Fe is found around the edges of clasts and as larger droplets inside the main

body of glass (Fig. 4.1).
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Fig. 4.1: Backscattered electron images of agglutinate grains in soils 15221. Fe metal
(bright globules) is present in trails throughout the agglutinate glass and in rims around
cemented soil grains. (Basu, 2006)

4.1.1: Agglutinate Formation from Lunar Soils

Although agglutinate glasses are a large fraction of the finest lunar soils, they are

compositionally distinct from the soils that contain them (Table 1.3 in Ch. 1, p.43). For

mare soils, the concentrations of FeO, MgO, and TiO2 decrease as the grain size

decreases, and the concentrations of CaO, Na2O and Al2O3 increase. Mare soil

agglutinates are closest in composition to the finest soil particles (<10 µm), leading to the

theory that the agglutinates are formed by the simple melting and mixing of the finest

particles (the fusion of the finest fraction model) (Papike and Simon, 1982; Papike et al.,
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1981). Although the agglutinates are most similar to the finest fractions, their average

compositions are lower in FeO, MgO, and TiO2 and higher in SiO2, CaO, Na2O and Al2O3

than even the finest mare soils.

Recent analyses of highland soils and agglutinates have come into conflict with

the fusion of the finest fraction model (Pieters and Taylor, 2003). Highland agglutinate

glasses are not closest in composition to the finest fraction of the soil, but instead are

higher in FeO and lower in Al2O3. This is the opposite trend from the mare soils, ruling

out a simple melting model for agglutinate formation. Pieters and Taylor (2003) suggest a

combination of differential mineral melting and large-scale mixing of glasses between

mare and highland regions to explain the discrepancies between the mare and highland

glasses. The authors suggest a melting sequence where glass melts before plagioclase and

plagioclase melts before pyroxene (glass > plagioclase > pyroxene). This sequence could

account for the increase in concentration of an Al2O3-component relative to MgO. The

increased FeO in highland agglutinates might be accounted for by mixing a component of

FeO-rich glass from mare regions.  The authors do not explain how the opposite mixing

of Al2O3-rich glass from the highlands would affect mare agglutinates, except to suggest

that FeO-rich glass from the mare is likely to melt before Al2O3-rich glass from the

highlands. This implies that the effect of mare-highland mixing would be less obvious in

the mare agglutinates.  The assumption that glasses melt preferentially has not yet been

laboratory tested, and the small numbers of sample sites from the Moon make it difficult

to quantify the magnitude of mare-highland mixing.
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4.1.2: Nanophase Fe Formation

Nanophase Fe is found in amorphous rims around many loose soil grains (<1 µm

in size) as well as around the grains inside agglutinate glasses (Keller and McKay, 1993,

1997).  Keller and McKay (1997) identified multiple rim structures – amorphous rims of

similar composition to the host grains and inclusion-rich rims of amorphous material

containing multiple inclusions of Fe metal, ilmenite (FeTiO3), and Fe-sulfides.  The

inclusion-rich rims often contain elements not present in the host grains; therefore, these

rims could not have formed in situ. Some grains have multiple rims of chemically distinct

layers, usually an amorphous inner rim and an inclusion-rich outer rim.  The authors

concluded that the inner amorphous rims formed from solar wind irradiation decaying the

host minerals, and that the outer, inclusion-rich rims formed instead from the deposition

of Fe-rich vapor from micrometeorite impacts.

Many authors have debated how the reduction of the nanophase Fe occurs inside

agglutinate glass and in soil grain rims.  The lunar regolith contains 50-200 ppm of H and

C implanted by the solar wind (Anand et al., 2004; Epstein and Taylor, 1972). When the

regolith is melted and vaporized by an impact, these elements may preferentially combine

with oxygen and escape as vapor, leaving behind reduced Fe to recondense (Basu, 2005).

While this process likely does occur, this reducing mechanism is not enough alone to

account for the abundance of nanophase Fe (0.2 wt% of total Fe metal). Other authors

have proposed the dissociation of FeO into Fe metal and O2 gas at the high temperatures

produced by micrometeorite impacts. Multiple laboratory experiments using laser pulses

to simulate micrometeorite impacts have abundantly proven that Fe metal can form
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without the inclusion of solar wind implanted hydrogen or carbon (Brunetto et al., 2006;

Sasaki et al., 2002; 2003; Sasaki et al., 2001; Yakovlev et al., 2003).

For example, Sasaki et al. (2001) irradiated San Carlos olivine samples (8.97 wt%

FeO) to form 200 nm thick amorphous rims containing widely dispersed nanophase Fe

particles. The atomic percentages of Si and O in the rims increased compared to the host

olivine, while the percentage of Mg and Fe decreased. This matches the general trend of

elements in mare agglutinates.  In samples irradiated several times, multiple rim

structures were observed. The authors concluded that the rims were vapor-deposited,

similar to the vapor deposits on lunar soil grains. They did not report any melted areas,

although it may not have been possible to distinguish quenched melt glass from vapor-

deposited material.

The high temperature dissociation of oxides into Fe metal and O2 gas may occur

inside the agglutinate melt to form larger Fe metal droplets as well as in the vapor.

Yakovlev et al. (2003) suggest that FeO liquid dissociates to an immiscible Fe metal and

O2 gas. The Fe metal then vaporizes and is redeposited as nanophase Fe droplets.  A

problem with this scenario is that in this simple system, having all three phases present

(FeO liquid, immiscible Fe metal, and O2 vapor) violates the Gibbs phase rule. Either the

FeO liquid must entirely dissociate, or the Fe metal must be miscible in the FeO melt.

The hypothesis of Fe metal miscibility in silicate melt was introduced in Chapter

3, but was rejected as unsuitable assumption for the formation of moldavite tektites. The

mixing of metal with silicate liquid is more appropriate for modeling the formation of

agglutinates. The concentration of total Fe in the lunar soils is higher, increasing the
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likelihood of Fe oversaturation in the silicate melt similar to that seen by Genshaft et al.

(2001) for basaltic compositions. Also, Fe metal has not been found in moldavite tektites,

but is found in abundance in lunar agglutinates. In the moldavite tektite models, Fe metal

was stable only when metal was included in the liquid phase. Therefore, this hypothesis is

reconsidered for lunar regolith agglutinate formation.

During a micrometeorite impact, a small area of lunar regolith is shocked and

heated to high values of pressure and temperature. If the entropy is low, only liquid will

form, and if the entropy is very high, the entire area will vaporize. Intermediate entropies

produce varying amounts of liquid and vapor. For the composition of an agglutinate to be

different from the original soil, some separation of liquid from vapor must occur. To form

Fe metal, some oxygen vapor must be lost from the final quenched liquid and

recondensed vapor.

This study uses the BNR code to investigate the behavior of Fe species in mare

and highland soil compositions during isentropic cooling from a micrometeorite impact,

with and without the assumption of Fe metal and silicate liquid mixing. Results from the

thermodynamic code are also compared to the laser irradiation experiments on San Carlos

olivine by Sasaki et al. (2001). An attempt is made to explain the differences in

compositional trends between mare and highland agglutinates based upon the partial

physical separation of impact melt from vapor.
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4.2: Methods

Calculations were performed using the modified BNR chemical thermodynamic

code described in detail in Chapter 3.  The starting composition and system of species

used to calculate the melting and vaporization of San Carlos olivine with 8.97 wt% Fe is

given in Table 4.1 from Sasaki et al. (2001). Compositions for lunar soil fractions and

agglutinates are from Taylor et al. (2001) and the Planetary Geosciences Institute (2007).

Compositions are listed in weight percent in Table 1.3 (p. 43) and in normalized moles of

the most abundant elements (Si, Al, Ca, Mg, Fe, O) in Table 4.2. The system of species

for the lunar soil calculations is given in Table 4.3.

Similar to the method used in Chapter 3, the total entropy of the system is

calculated at 2000-6000 K, over a range of pressure 0.001-10,000 bars (10-7-1 GPa) based

upon the chemistry of the input materials. Then the concentrations of species along

several isentropic cooling paths are examined for each starting composition. The

calculations are performed with and without allowing Fe metal to be in solution with the

liquid phase. The possibility that Fe metal may exist as a single species, immiscible phase

is always allowed in the calculations.
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Table 4.1: System of species and starting composition for San Carlos Olivine. The
composition is taken from Sasaki et al. (2001). Calculations are performed with and
without Fe metal allowed to mix into the liquid phase (Phase 2). Single species Fe metal
is always included as Phase 3.
System of Species
Phase 1: Vapor Phase 2: Liquid Solution Phase 3: Single Species
Fe(g) FeO Fe metal
FeO(g) Fe2O3
O(g) SiO2
O2(g) MgO
Si(g) Fe metal
SiO(g)
SiO2(g)
Mg(g)
MgO(g)
Starting composition Moles
Si 14.08
Fe 3.80
Mg 25.05
O 57.07

Table 4.2: Compositions of size fractions and agglutinates from mare soil 79221 and
highland soil 62231. The bulk soil is taken to be the average composition of the <45 µm
fraction, and the fine soil is the average of the <10 µm fraction. Compositions have been
converted to moles and normalized to 100.

Si Al Mg Ca Fe O
Mare soil bulk 17.221 6.571 6.341 4.779 4.835 60.253
Mare soil fines 17.173 7.608 5.804 5.089 3.837 60.489
Mare aggl. Glass 17.353 7.715 5.526 5.271 3.531 60.605
Highland soil bulk 16.537 11.391 3.397 6.064 1.497 61.116
Highland soil fines 16.503 11.843 3.001 6.326 1.113 61.212
Highland aggl. Glass 16.695 10.170 4.301 5.668 2.278 60.890
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Table 4.3: System of species for lunar soil calculations. Calculations are performed with
and without Fe metal allowed to mix into the liquid phase. Single species Fe metal is
always included.
System of Species
Phase 1: Vapor Phase 2: Liquid Solution Phase 3: Single Species
Fe(g) Mg(g) FeO Fe metal
FeO(g) MgO(g) Fe2O3
Al(g) CaO(g) SiO2
AlO(g) Ca(g) MgO
AlO2(g) Si(g) Al2O3
Al2O(g) SiO(g) CaO
Al2O2(g) SiO2(g) Fe metal
Al2O3(g) O(g)

O2(g)

4.3: Results and Discussion

4.3.1: San Carlos Olivine

The total system entropy for the San Carlos olivine starting composition with and

without Fe metal allowed to mix with the liquid phase is plotted in Fig. 4.2.  The entropy

of the two conditions is different only at the lowest entropies where the system is liquid

with no vapor present. The presence of Fe metal forming in the liquid phase raises the

mixing entropy. According to the calculations, Fe metal does not form as its own

immiscible phase at any of the modeled conditions even if Fe metal is stable mixed with

the liquid phase. Constant entropy cooling paths, represented in Fig. 4.2 as blue

horizontal lines, intersect each pressure trace at a single temperature.  The separation of

liquid from vapor is necessary to modify the initial composition, and isentropic cooling

paths from 5800-9000 J/kg-K have both vapor and liquid present along the entire path.
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Fig. 4.2:  Total system entropy for the San Carlos olivine starting composition with and
without Fe metal allowed to mix with the liquid phase. The primary difference between
the two conditions is an increase in the mixing entropy of the liquid when Fe metal is
present. The immiscible, single-species phase of Fe metal does not form anywhere in this
range of temperature and pressure.  Example isentropic cooling paths are represented by
blue horizontal lines that intersect each pressure trace at a single temperature.
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Moles of the vapor, liquid, and Fe metal along the 6000 and 8000 J/kg-K cooling

paths with and without Fe metal mixing in the liquid are listed in Table 4.5. Also listed

are the sums of the differences between the model results and the amorphous rims

reported by Sasaki et al. (2001). These values are calculated by adding the absolute

values of the differences between the mole fractions of the two compositions. Smaller

numbers indicate better agreement between the model and the amorphous rim

compositions.

€ 

Simodel −Sirim + Femodel −Ferim + Mgmodel −Mgrim + Omodel −Orim

These results agree with the conclusion of Sasaki et al. (2001) that the rims are

vapor-deposited, since the best match to the rim composition is the vapor composition

along the 8000 J/kg-K isentropic cooling path at 10 bars and 3845 K with Fe metal in the

liquid phase. Without Fe metal in the liquid, the model result at 10 bars and 3840 K is

also close to the amorphous rim composition, but no Fe metal has formed. The rim

composition cannot be matched with the liquid composition by itself anywhere in the

computation. The percentage of Si in the liquid is always too low because it vaporizes

quickly. Detailed listings of the mole fractions of each species for the model result are

given in Appendix A, Table A.1.
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Table 4.4: Number of moles of the liquid (not including Fe0), vapor, and Fe0 for San
Carlos olivine and the sum of the differences between the model results and the
compositions of the amorphous rims. Results are presented for the 6000 and 8000 J/kg-K
isentropic cooling paths with and without Fe0 mixing in the liquid. Smaller values for the
sum of differences indicates better agreement between the model results and the
amorphous rims. The best match to the rim compositions are highlighted. The model with
Fe0 mixing is slightly better than without mixing. Up to 0.79 moles of Fe metal (20% of
total Fe) may form in the liquid phase.

Moles Sum of Diff. Moles Sum of Diff.
Vapor Liquid Fe0 Vapor Liquid Vapor Liquid Vapor Liquid

S=6000 J/kg-K    With Fe0 in liquid S=6000 J/kg-K    Without Fe0 in liquid
5305 K,
1000 bar 10.1 89.9 0.61 33.0 16.1

5310 K,
1000 bar 10.4 89.6 32.6 17.2

4390 K,
100 bar 19.6 80.4 0.60 28.7 20.9

4390 K,
100 bar 19.1 80.9 28.3 21.5

3745 K,
10 bar 26.8 73.2 0.56 24.1 24.2

3745 K,
10 bar 26.8 73.2 23.3 24.9

3265 K,
1 bar 33.7 66.3 0.48 18.1 26.4

3260 K,
1 bar 30.5 69.5 18.9 25.4

2900 K,
0.1 bar 40.4 59.6 0.37 15.7 28.4

2900 K,
0.1 bar 42.1 57.9 15.0 29.2

2610 K,
0.01 bar 44.6 55.4 0.26 15.1 29.2

2610 K,
0.01 bar 46.3 53.7 14.4 29.9

2370 K,
0.001 bar 45.1 54.9 0.18 14.9 28.7

2370 K,
0.001 bar 46.5 53.6 14.5 29.2

S=8000 J/kg-K With Fe0 in liquid S=8000 J/kg-K Without Fe0 in liquid
5655 K,
1000 bar 58.0 41.2 0.79 12.2 43.4

5655 K,
1000 bar 58.2 41.8 11.0 44.1

4580 K,
100 bar 66.6 32.9 0.59 5.2 44.2

4575 K,
100 bar 66.9 33.2 4.4 44.5

3845 K,
10 bar 71.8 27.8 0.38 2.0 43.4

3840 K,
10 bar 71.6 28.4 2.1 43.4

3315 K,
1 bar 75.8 24.0 0.23 2.3 41.6

3312 K,
1 bar 75.6 24.4 2.7 41.6

2929 K,
0.1 bar 80.3 19.6 0.12 4.7 40.9

2928 K,
0.1 bar 80.2 19.8 4.9 40.9

2632 K,
0.01 bar 81.6 18.3 0.06 5.5 41.7

2632 K,
0.01 bar 81.6 18.4 5.5 41.6

2389 K,
0.001 bar 83.0 17.0 0.03 6.3 42.1

2389 K,
0.001 bar 83.0 17.0 6.3 42.1

The equilibrium compositions along the 8000 J/kg-K cooling path with Fe metal

mixing are plotted in Fig. 4.3.  Sasaki et al. (2001) observed the formation of Fe metal

droplets in the rims surrounding the laser-heated olivine, but they did not quantify the

amount of metal formation. Fe(g) is a major component of the vapor. If the vapor



196

composition is separated from the liquid and then allowed to condense completely (not

shown in the diagram), Fe metal forms in the liquid as long as the metal is allowed to mix

with the liquid phase. The metal may have formed either in the initial liquid phase or

from the condensed vapor after separation from the liquid. Sasaki et al. (2001) did not

report liquid formation along with evaporation in the San Carlos olivine experiments, but

it may not have been possible to distinguish a small amount of quenched liquid from the

amorphous vapor-deposited material.  Any Fe metal that initially forms in the liquid at

high temperature would exsolve into immiscible droplets as the system cools, and it

would likely be visually identical to vapor-deposited metal. Fe metal formation from

either the initial liquid phase or from the later-stage condense vapor is plausible, and it is

not possible to distinguish the actual formation mechanism for the Fe metal droplets from

this computation.
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Fig. 4.3: Compositions along the 8000 J/kg-K cooling path with Fe metal mixing in the
liquid. The best match for the amorphous rim composition of the experiments is the vapor
at 10 bars, 3845 K with Fe metal in the liquid phase. In this case, Fe metal may have
originated from Fe(g) deposition, from formation directly in the liquid, or both.

4.3.2: Lunar Soils

The calculated total entropies of the mare soil fractions <45 µm and <10 µm, with

and without Fe metal mixed with the liquid phase, are plotted in Fig. 4.4.  The entropies of

all four cases are very similar except at the lowest entropy values.  In the <45 µm soil

fraction, the vapor phase persists to lower temperatures along each pressure trace without

the presence of Fe metal in the liquid phase. The opposite happens in the <10 µm soil
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fraction; the vapor phase persists longer with the Fe metal mixing. Neither is important

for modeling micrometeorite impact, because the composition can only change from the

original if enough vapor is present so that the separation of liquid from vapor causes a

significant change in the final liquid composition.  The temperature where a particular

entropy is reached is different for each condition, but the level of detail is too fine to be

seen clearly in the total entropy plots.  Overall, the addition of Fe metal mixing does not

substantially change the computed total entropy (and thus the compositions at each T,P

point) of mare soils in the region of interest where liquid and vapor are both present.
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Fig. 4.4: Total entropy for mare soils (A) <45 µm and (B) <10 µm with and without Fe liquid
allowed to mix with the liquid phase. At low entropies, only liquid is present. At medium
entropies, generally 4500 to 8500 J/kg-K, liquid and vapor are present. At the highest entropies,
above 9500 J/kg-K, only vapor is present. The effect of Fe metal mixing is only visible at the
lowest entropies on each pressure trace. For the <45 µm soil fraction, the presence of a vapor
phase persists to lower temperatures without mixing, and for the <10 µm soil fraction, the vapor
phase remains at lower temperatures with the Fe mixing.  The addition of Fe metal mixing in the
liquid does not substantially change the total entropy of either composition in the range where
both liquid and vapor are present. The mole fractions along the isentropic cooling lines shown in
blue at 6000 and 8000 J/kg-K are listed in Appendix A in Table A.2.
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The compositions of the results along the 6000 and 8000 J/kg-K cooling paths

with and without Fe metal in the liquid phase are listed in Appendix A in Table A.2. Up

to 0.87 moles of Fe metal forms when it is included in the liquid phase.  This result

supports the hypothesis that Fe metal can form from oxide dissociation in the liquid

phase, assuming that Fe-FeO liquid miscibility is plausible.

On the other hand, none of the compositions of the liquid or vapor phases in either

the <45 µm or the <10 µm soil fractions matches the composition of the mare soil

agglutinates.  The sum of the differences between the model results and the mare

agglutinate compositions is never lower than 10.9 (compare this to 2.0 for the San Carlos

Olivine model) (Table 4.5). In fact, it is not possible for them to match given this

assumption of simple separation of liquid from vapor.  The agglutinate glass is increased

in the volatile elements Si and O, suggesting formation from vapor, but the agglutinates

also have increased Al, a much more refractory element that normally would indicate

formation from liquid.  With simple separation of vapor from liquid, it is not possible to

form mare agglutinates with the properties of both liquid and vapor anywhere in the

range of 2000-6000 K and 0.001 to 10000 bars.



201

Table 4.5: Number of moles in the vapor and liquid phases and of Fe metal and the sums
of differences between the model results and mare agglutinate glass for the 6000 J/kg-K
cooling path of the mare <45 µm starting composition with Fe metal mixing.

Moles Sum of Differences
S=6000 J/kg-K Vapor Liquid Fe metal Vapor Liquid

5270 K, 1000 bars 22.3 77.7 0.74 38.6 10.9
4380 K, 100 bars 31.5 68.4 0.71 36.3 16.7
3740 K, 10 bars 36.3 63.7 0.64 33.8 19.4
3270 K, 1 bar 42.7 57.3 0.53 29.6 22.5

2906 K, 0.1 bars 47.9 52.1 0.38 28.6 24.5
2614 K, 0.01 bars 50.6 49.4 0.25 28.6 26.3
2380 K, 0.001 bars 54.5 45.5 0.14 27.7 29.8

A similar difficulty exists with reproducing highland agglutinates from highland

soils.  Highland agglutinates have increased Si, Fe, and Mg and decreased Al, Ca and O

compared to the highland soils. The increased Si and decreased Al suggest formation

from vapor condensation, but the decreased O suggests formation from liquid.  None of

the liquid or vapor compositions along any isentropic cooling path modeled here match

the composition of the highland agglutinates or the trends of increased and decreased

elements. The total entropies of the modeled compositions are not plotted here, but the

trends are similar to the mare compositions shown in Fig. 4.4. The addition of Fe metal

mixing in the liquid does not substantially change the total entropy in the regions of

liquid plus vapor. The compositions of the liquid and vapor phases along the 6000 and

8000 J/kg-K isentropic cooling paths are listed in Appendix A in Table A.3. Lower

entropies than 6000 J/kg-K have too much Al in the liquid and too little in the vapor to

match the highland agglutinate glass. At higher entropies much of the Si and O have

vaporized, and the concentrations are too high in the vapor and too low in the liquid to

match agglutinate glass.
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The simple mixing of the melt from the fusion of the finest fraction model does

not explain agglutinate chemistry; neither does the separation of liquid from vapor during

isentropic cooling. An additional step may be required. Pieters et al. (2003) suggested a

combination of global mare-highland mixing of small particles of older agglutinate glass

and the preferential melting of glass before pyroxene and plagioclase. The model used

here cannot reproduce preferential melting, but a modification of liquid-vapor separation

could help alleviate the discrepancy between the soil and agglutinate glass compositions.

The difficulty of reproducing agglutinate glass from liquid-vapor separation

during isentropic cooling is that the glass compositions have attributes usually associated

with both the liquid and vapor. The mare glasses are enriched in the volatile elements Si

and O as well as the refractory Al. The highland glasses have increased Si and decreased

Al but also decreased O.  Previous researchers have shown that vapor deposition to form

rims around soil grains is an active and primary effect of micrometeorite impacts. Some

of the vapor must also condense back onto the liquid that forms the bulk of the

agglutinate glass. Even if the glass is already quenched, subsequent impacts would mix

the vapor-deposited material back into the glass.

The speciations of the liquid and vapor phases for the <45 µm fraction of the mare

soils along the 6000 and 8000 J/kg-K isentropic cooling paths are shown in Fig. 4.5.

SiO(g) is the largest species in the vapor followed by O(g) and O2(g). At the lower

entropy, very little Al and Mg are in the vapor, but a large fraction of Mg is vaporized at

the higher entropy. The speciation of the <10 µm fraction is similar to the <45 µm

fraction, so it is not plotted here.
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Fig. 4.5: Moles of species of the <45 µm fraction of the mare soil along the isentropic
cooling paths of (A) 6000 and (B) 8000 J/kg-K. Along both cooling paths, SiO(g) is the
largest vapor species followed by O(g) or O2(g). The molar compositions of the liquid
and vapor phases are listed in Appendix A, Table A.2.
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Table 4.6 lists the original liquid phase along the 8000 J/kg-K cooling path for the

<10 µm fraction of the mare soil (as seen in Appendix A, Table A.2) as well as the

original liquid plus 50% and plus 95% of the moles the vapor phase (leftmost set of mole

fractions).  The liquid at 100 bars and 4370 K, with 95% of the vapor phase redeposited

is closest to the composition of the mare agglutinate glass, but the percentage of Si

remains too low. Al and Ca concentrations are trending in the correct direction, but the

other elements are not.

So far, this calculation has ignored the possibility of Fe metal formation from the

redeposited vapor phase. Some of the Fe(g) from the vapor phase redeposited on the

liquid may condense as Fe metal that will separate from the liquid in droplets. As Fe is

removed from the vapor-deposited glass, the mole fractions of the other element adjust as

well. The rightmost and upper set of mole fractions in Table 4.6 show the effect of 50% of

the vapor-deposited Fe becoming metal and no longer contributing to the composition of

the silicate glass. For example, if 50% of the vapor phase is redeposited, 50% of the Fe in

the vapor (or 25% of the total Fe) is removed.  Even with the loss of half of the Fe, 50%

vapor deposition is too low to raise the Si concentration to near agglutinate glass. A

system of 95% redeposited vapor with 50% of the Fe(g) deposited as metal reproduces

the correct elemental trends between the mare soil and agglutinate glass except for Mg.

The mole fractions of Si, Al, Ca, and O increase and Fe decreases, but the Mg fraction

remains higher than the agglutinate concentration. Complete tables of both the <10 µm

and <45 µm fractions of the mare soil at 6000 and 8000 J/kg-K are given in Appendix A,
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Table A.4. The best match for mare agglutinate formation, although not perfect, is the

<10 µm soil fraction at 100 bars, 4370 K, and 8000 J/kg-K.
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Table 4.6: Mole fractions of elements on the 8000 J/kg-K cooling path for the mare <10 µm soil fraction (upper set of values), percentages
of liquid + 50% redeposited vapor and liquid + 95% redeposited vapor (middle, lower left), and percentages of the liquid + redeposited
vapor - 50% of vapor Fe deposited as metal (middle and lower right). The closest match to agglutinates is shaded.
Pressure
[bars]

Temp
[K] Si Al Fe Ca Mg O Si Al Fe Ca Mg O

Mare <10 µm without Fe metal in liquid
S=8000 J/kg-K Liquid Phase
0.001 2380 0.05 36.23 0.02 4.49 0.13 59.08
0.01 2620 0.10 34.29 0.06 6.64 0.28 58.62
0.1 2910 0.16 32.62 0.18 8.28 0.52 58.24
1 3270 0.29 29.00 0.53 11.59 1.20 57.39
10 3740 0.49 25.53 1.39 13.63 2.33 56.63
100 4370 0.87 21.81 3.28 14.05 4.11 55.89
1000 5270 1.57 18.10 5.80 12.78 6.43 55.31

Liquid + 50% of Vapor Phase -50% of Vapor Fe
14.41 12.23 3.22 4.99 4.89 60.26 14.65 12.43 1.64 5.07 4.97 61.24
14.32 12.06 3.21 5.35 4.88 60.18 14.55 12.26 1.64 5.43 4.96 61.15
14.32 11.80 3.22 5.63 4.92 60.11 14.55 11.99 1.67 5.72 5.00 61.08
14.14 11.45 3.24 6.26 4.98 59.93 14.36 11.63 1.74 6.35 5.05 60.86
13.96 11.06 3.37 6.73 5.14 59.75 14.16 11.21 1.98 6.83 5.21 60.60
13.66 10.67 3.72 7.02 5.44 59.50 13.82 10.79 2.59 7.10 5.50 60.19
13.22 10.27 4.34 7.04 5.96 59.18 13.31 10.34 3.67 7.09 6.01 59.59
Liquid +95% of Vapor Phase -50% of Vapor Fe
17.00 7.89 3.80 5.08 5.75 60.47 17.33 8.05 1.94 5.18 5.86 61.64
16.99 7.89 3.80 5.11 5.75 60.47 17.32 8.04 1.94 5.20 5.86 61.64
16.99 7.87 3.80 5.12 5.75 60.46 17.32 8.02 1.95 5.22 5.86 61.62
16.98 7.85 3.80 5.16 5.75 60.45 17.30 8.00 2.00 5.26 5.86 61.59
16.97 7.83 3.81 5.19 5.76 60.44 17.27 7.97 2.11 5.29 5.86 61.51
16.94 7.81 3.83 5.22 5.78 60.42 17.19 7.93 2.42 5.29 5.86 61.31
16.90 7.79 3.87 5.22 5.81 60.40 17.05 7.86 2.98 5.27 5.87 60.96

Mare Agglutinates 17.35 7.72 3.53 5.27 5.53 60.61
Mare soil <10 µm 17.17 7.61 3.84 5.09 5.80 60.49 206
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The partial redeposition of vapor appears to help explain the formation of mare

agglutinates for a limited range of P,T, and S. Unfortunately, this model does not work

for highland agglutinates. Table 4.7 lists the results at the conditions for the highland

soils that best recreated the highland agglutinates – the <45 µm soil fraction and 8000

J/kg-K isentropic cooling path. This is the same isentrope as for the mare agglutinates,

but the highland composition is reproduced better by the bulk soil than by the fine soils.

The difficulty with the highland agglutinates is the same as with the fusion of the finest

fraction model – the percentage of Al decreases in the agglutinate glass.  At no

combination of the modeled conditions (soil size fraction, entropy, percentage of

redeposited vapor, and percentage of Fe metal deposited in vapor or liquid) does the

percentage of Al in the final liquid decrease.  The BNR model used here is limited by the

simplified composition of 6 elements, and future inclusion of other elements (Ti in

particular) may increase the accuracy of the results with respect to lunar agglutinate

compositions.

Each agglutinate is a product of many micrometeorite impacts. Each impact may

vary in the peak pressure, temperature, and entropy, the percentage of vapor redeposited,

the amount of Fe converted to metal in both the liquid and vapor phases, and even the

composition of the target Basu (2006).  Considering the many variables, it is not

surprising that one model cannot easily explain the formation chemistry of agglutinate

glass over the entire lunar surface. These results do not rule out the sequential melting

model suggested by Pieters and Taylor (2003), nor do they support it. However, that
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model is strictly based upon the melting of the soil and ignores changes in the liquid

chemistry caused by the partial vaporization of the target.
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Table 4.7: Mole fractions of elements on the 8000 J/kg-K cooling path for the highland <45 µm soil fraction (upper set of
values), of liquid + 50% redeposited vapor and liquid + 95% redeposited vapor (middle, lower left), and of the liquid +
redeposited vapor - 50% of vapor Fe deposited as metal (middle and lower right). Although these are the best model results,
the compositions do not match agglutinates at any condition. The fraction of Al is always elevated, and Si is depleted.
Pressure [bars] Temp [K] Si Al Fe Ca Mg O Si Al Fe Ca Mg O
Highland <45 µm without Fe metal in liquid
S=8000 J/kg-K Liquid Phase
0.001 2720 0.02 38.32 0.00 2.05 0.03 59.59
0.01 2980 0.04 37.19 0.01 3.39 0.06 59.31
0.1 3300 0.07 35.23 0.04 5.66 0.16 58.84
1 3710 0.15 32.00 0.12 9.23 0.42 58.07
10 4260 0.26 29.07 0.35 12.03 0.89 57.40
100 4980 0.55 26.33 0.96 13.48 1.83 56.86
1000 6018 1.16 23.94 1.91 13.24 3.19 56.56

Liquid + 50% of Vapor Phase -50% of Vapor Fe
13.41 16.48 1.21 5.31 2.76 60.83 13.50 16.58 0.61 5.34 2.78 61.20
13.40 16.30 1.21 5.55 2.76 60.77 13.48 16.40 0.61 5.59 2.78 61.14
13.30 16.08 1.21 5.98 2.76 60.67 13.38 16.17 0.62 6.02 2.78 61.03
13.09 15.72 1.21 6.73 2.77 60.48 13.17 15.81 0.63 6.77 2.79 60.83
12.98 15.26 1.25 7.37 2.85 60.30 13.05 15.34 0.70 7.41 2.87 60.63
12.60 15.07 1.36 7.89 3.01 60.07 12.66 15.13 0.92 7.92 3.02 60.34
12.27 14.88 1.61 8.06 3.34 59.85 12.30 14.92 1.34 8.08 3.35 60.01
Liquid +95% of Vapor Phase -50% of Vapor Fe
16.33 11.72 1.48 6.02 3.36 61.10 16.46 11.80 0.75 6.06 3.38 61.55
16.34 11.70 1.48 6.03 3.36 61.09 16.46 11.79 0.75 6.08 3.38 61.55
16.32 11.69 1.48 6.06 3.36 61.09 16.45 11.78 0.75 6.10 3.38 61.54
16.31 11.67 1.48 6.11 3.36 61.07 16.43 11.76 0.76 6.15 3.38 61.52
16.30 11.65 1.48 6.15 3.36 61.06 16.41 11.73 0.80 6.19 3.38 61.49
16.27 11.64 1.49 6.19 3.37 61.04 16.36 11.71 0.91 6.23 3.39 61.40
16.23 11.64 1.51 6.21 3.39 61.02 16.30 11.68 1.14 6.23 3.40 61.25

Highland Agglutinates 16.70 10.17 2.28 5.67 4.30 60.89
Highland soil <45 µm 16.54 11.39 1.50 6.06 3.40 61.12 209
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4.4: Summary

1. Fe metal can form directly because of the rapid, high temperature processing of

lunar soils by micrometeorite impact without the need for a reducing agent given

the assumption of Fe liquid miscibility at elevated temperatures and pressures.

2. Fe(g) is a significant component of vapor produced by micrometeorite impacts,

and could be a primary source for nanophase Fe0 in amorphous rims of lunar soil

grains.

3. The one-step separation of liquid from vapor during isentropic cooling of lunar

soils is not adequate to reproduce the compositions of mare or highland

agglutinate glasses, either from the bulk soils or the finest fraction of the soils.

4. If the partial redeposition and mixing of vapor is added to the separation of liquid

from vapor, the resulting liquid better reproduces mare soil agglutinate glass. This

is enhanced if a fraction of the Fe(g) in the vapor is assumed to directly form Fe

metal rather than recombining with the liquid.  The best condition for producing

mare agglutinate glass is using the fine soil fraction (<10 µm), along the 8000

J/kg-K cooling isentrope at 100 bars, 4370 K with 95% of the vapor redeposited

and 50% of the Fe(g) condensed as Fe metal.

5. Although the previous model is adequate for producing mare agglutinates, it does

not produce highland agglutinates. The Al percentage in the final glass is always

too high. The Al must either be preferentially removed from the highland soils

during agglutinate formation or initially prohibited from melting.
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CHAPTER 5 : SUMMARY AND FUTURE DIRECTIONS

The oxidation state of Fe can be a sensitive indicator of planetary processes.

Reduced Fe, in the Fe2+ or Fe0 state, is found in many products of rapid, high temperature

processing such as in tektites, fulgurites, and lunar regolith agglutinates. Previous

research concerning these products has often relied upon a reducing agent such as

hydrogen or carbon to remove oxygen from the Fe. Experiments using laser evaporation

to simulate impact heating have indicated that a reducing agent is not necessary and that

the reduction is intrinsic to the rapid heating and cooling itself (Sasaki et al., 2002; Sasaki

et al., 2001; Yakovlev et al., 2003). By analyzing a suite of reduced fulgurite samples and

modeling the chemical formation of moldavite tektites and lunar regolith agglutinates,

this work provides firm evidence that the rapid, high temperature processing by lightning

strikes and impacts is indeed intrinsically reducing.

Chapter 2 presents the results of an electron microprobe and Mössbauer

spectroscopy study of ten fulgurites, a sample of trinitite, and their unmelted source

materials.  Nine out of eleven samples are reduced compared to their starting materials,

one appears oxidized, and one has too little Fe to measure oxidation states accurately.

Four of the samples have been reduced enough to form Fe metal. Only one of the nine

reduced fulgurites was found to have traces of carbon from plant material that could have

contributed significantly to the reduction. The report of an oxidized sample may be an

error in sampling caused by accidental inclusion of Fe oxide crystals from the unmelted

material into the handpicked glass sample material.  The results support the theory that
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the chemical reduction of Fe was caused by the breakdown of oxides during the intense

energy input of the lightning strike and the rapid cooling afterwards.

 Questions remain concerning the specifics of fulgurite formation, and as is

common for most projects involving physical materials, more samples and analyses are

always desired. These analyses are not yet enough to determine what causes one fulgurite

to become more reduced than another, only that fulgurites are in general reduced.

Additional samples, particularly more large Fe-rich rock fulgurites, would help to

determine the direct contribution to the reduction by the electrical environment of the

lightning strike itself. A larger suite of sand fulgurites is needed to determine the effect of

grain size and sand composition on the morphology and reduction of the resulting

fulgurites. X-ray diffraction characterization of the unnamed iron silicide found in the

West Virginia fulgurite, FeTiSi2, could be used to confirm this as a new mineral only

previously described in Essene and Fisher (1986).

Moldavite tektites, associated with the Ries crater in Germany, have been

shown to be extremely reduced compared to Earth’s surface sediments (Fudali et al.,

1987; Rossano et al., 1999). In Chapter 3, the BNR thermodynamic code based upon

Smith and Missen (1982) is used to investigate how isentropic cooling from a highly

shocked state affects the chemistry of possible tektite starting materials. Beginning with

simplified compositions of sands sampled from drill holes and outcrops near the Ries

crater for the moldavite starting materials (Engelhardt et al., 2005), the equilibrium

compositions and total entropies of a liquid + vapor + single species Fe system is

calculated for a wide range of temperature and pressure. By examining the compositions
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along several isentropic cooling paths, we look for the entropy, temperature, and pressure

where the liquid best matches moldavite compositions.  The best match to an average

moldavite is a mixture of surface and subsurface sands along a 4500 J/kg-K isentropic

cooling path at 3800 K and 1000 bars, consistent with an asteroid impact. This is also the

best starting material and isentropic cooling path to form the Bohemian (1 bar and 3154

K) and Bohemian: Radomilice sub-strewn fields (1000 bars and 3800 K). At the same

entropy of formation, the compositions of the Lusatian and Moravian sub-strewn fields

agree more closely with a starting material of entirely surface sands. These results

suggest that the moldavites farthest away from the Ries crater formed early from the

uppermost surface layers under the impact, and the moldavites found closer to the crater

formed later from the excavation and mixing of subsurface sediments into the surface

layers.

Although the trends are clear, the starting material compositions used in the

model do not yet exactly reproduce moldavite compositions. The model is limited by the

inclusion of only six elements, and the future addition of more elements to the model

should help increase the accuracy of the results. The models do clearly show that the

possible isentropic cooling paths experienced by moldavites are intrinsically reducing for

Fe. When the starting material contains Fe in the 3+ oxidation state as is common on the

surface of the Earth, all or most of the Fe becomes reduced to the 2+ oxidation state in

the tektite liquid at every modeled entropy. If the starting material begins with reduced Fe

in the 2+ state, the Fe remains reduced. As the system of liquid and vapor cools and

decreases in pressure, a blocking temperature and pressure are reached where the liquid
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can no longer equilibrate with the vapor. The oxygen released by the reduction of Fe

from Fe3+ to Fe2+ remains in the vapor phase and is separated from the quenched liquid.

Adding Fe metal to the ideal mixing of the silicate liquid phase facilitates the formation

of Fe metal over a wide range of conditions. Fe metal has not been identified in

moldavite tektites or in any other tektite strewn field, so the assumption of Fe metal

mixing may not be appropriate for tektite formation models.  The experiments by

Genshaft et al. (2001) indicated that Fe metal saturation in silicate melts occurred only at

conditions of high Fe content and very reducing conditions. Moldavite tektite source

materials may not contain enough total Fe to allow metal formation.

Chapter 4 uses the BNR code to model the formation of lunar regolith

agglutinates from lunar surface sediments by micrometeorite impacts. The majority of the

Fe on the lunar surface is in the 2+ state, but it is reduced to Fe metal inside agglutinate

glass and in rims around soil grains. Using mare and highland soils as starting materials,

the calculated liquid compositions along several isentropic cooling paths are compared to

mare and highland agglutinate compositions.  The assumption of Fe metal miscibility is

more appropriate for lunar conditions than for the Earth’s surface. Lunar soils contain a

larger percentage of Fe, and the majority of the Fe begins in the 2+ oxidation state. The

models results indicate that Fe metal as a separate phase is not thermodynamically stable

anywhere along isentropic cooling paths for lunar soils. To investigate the metal

formation, Fe liquid is assumed to be in solution with the silicate liquid phase for the

agglutinate formation model.
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With the assumption of metal miscibility, Fe metal liquid does form from both the

mare and highland soil starting materials on all modeled isentropic cooling paths.

Unfortunately, the overall compositions of mare and highland agglutinate glasses are

more difficult to reproduce. The simple separation of liquid from vapor at a blocking

temperature is not adequate to explain the trends of increases and decreases of elements

in the glasses compared to the starting soils. When the vapor phase is allowed to partially

redeposit and mix with the liquid phase, the resulting liquid better reproduces mare

agglutinate glass. The results are further enhanced if a fraction of the Fe(g) in the vapor is

assumed to directly deposit as Fe metal, such as in the vapor-deposited rims around soil

grains, and not allowed to recombine with the liquid.  The best condition for producing

mare agglutinate glass is using the <10 µm fine soil fraction along the 8000 J/kg-K

cooling isentrope at 100 bars, 4370 K with 95% of the vapor redeposited and 50% of the

Fe(g) condensed as Fe metal.  The model is unable to reproduce all of the trends of

element increases and decreases from the mare soil to agglutinate glass; the mole fraction

of Mg in the results is higher than that in agglutinate glass at all modeled conditions.

Highland agglutinate glasses are much more difficult to model. The Al percentage in the

final glass is always too high, and this cannot be remedied by partial vapor redeposition.

The Al must either be preferentially removed from the highland soils during agglutinate

formation or initially prohibited from melting.

The combination of physical investigations and chemical modeling is a powerful

method for elucidating the effects of the rapid, high temperature processing of silicates,

especially with respect to the oxidation state of Fe. Evidence for the reduction of Fe by
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impact should be found on every solar system body with a silicate rock surface. On Earth

this chemical model could be used to investigate the formation of the other tektite types,

and may be able to help find the source crater of the Australasian tektite strewn field by

constraining the composition of the surface sediments. This model could also be applied

to predicting the compositions and Fe oxidation states of impact-produced surface glasses

on other bodies, and it could be used to investigate the formation of chondrules from

primitive solar system materials by rapid heating. The composition-driven

thermodynamic modeling of isentropic cooling can be applied to many more problems in

planetary science.



APPENDIX A

This appendix contains additional tables relevant to the modeling of lunar regolith

agglutinates presented in Chapter 4.
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Table A.1: Mole fractions of elements for San Carlos Olivine in the liquid and vapor phases at 6000 and 8000 J/kg-K with and
without allowing Fe metal to mix in the liquid. Percentages of the liquid exclude any Fe metal formed. The best match to the
rim composition for each Fe metal condition is highlighted, and the overall best match is 8000 J/kg-K, 10 bars, 3845 K with Fe
metal in the liquid.  Up to 0.79 moles of Fe metal (20% of total Fe) may form in the liquid phase.
Mole fraction Si Fe Mg O
Original olivine 14.08 3.80 25.05 57.07
Amorphous rims 18.1 2.25 20.6 59.05

Pressure
[bar]

Temp
[K]

Vapor
Si Fe Mg O

Liquid
Si Fe Mg O

Moles
Vapor Liquid

Fe
metal

With Fe metal in liquid
S=6000
J/kg-K 0.001 2370 20.54 5.81 13.13 60.53 8.80 1.84 34.96 54.40 45.10 54.90 0.18

0.01 2610 21.22 4.73 13.08 60.97 8.36 2.59 34.86 54.18 44.63 55.36 0.26
0.1 2900 22.16 3.46 12.76 61.61 8.65 3.43 33.60 54.32 40.43 59.57 0.37
1 3265 23.59 2.20 11.61 62.60 9.31 3.91 32.13 54.66 33.72 66.29 0.48
10 3745 25.36 1.30 9.51 63.84 10.03 3.98 30.97 55.02 26.79 73.20 0.56
100 4390 26.54 0.72 7.78 64.96 11.13 3.83 29.48 55.56 19.61 80.39 0.60
1000 5305 26.91 0.37 5.97 66.75 12.72 3.53 27.38 56.36 10.10 89.90 0.61

S=8000
J/kg-K 0.001 2388.9 15.98 4.33 21.65 58.05 4.87 1.03 41.66 52.43 82.96 17.00 0.03

0.01 2632.3 16.23 4.19 21.40 58.19 4.56 1.74 41.43 52.28 81.61 18.32 0.06
0.1 2928.9 16.45 3.88 21.33 58.34 4.48 2.88 40.40 52.24 80.25 19.63 0.12
1 3315 17.23 3.39 20.57 58.81 4.24 4.17 39.47 52.12 75.79 23.97 0.23
10 3845 18.20 2.77 19.61 59.41 3.64 5.12 39.42 51.82 71.78 27.83 0.38
100 4580 19.49 2.01 18.27 60.23 3.37 5.72 39.23 51.68 66.55 32.85 0.59
1000 5655 21.69 1.20 15.53 61.58 3.63 5.61 38.95 51.81 58.04 41.18 0.79
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Table A.1 continued from previous page.

Pressure
[bar]

Temp
[K]

Vapor
Si Fe Mg O

Liquid
Si Fe Mg O

Moles
Vapor Liquid

Fe
metal

Without Fe metal in liquid
S=6000
J/kg-K 0.001 2370 20.37 6.01 13.37 60.25 8.63 1.88 35.18 54.31 46.45 53.55

0.01 2610 20.99 5.05 13.39 60.56 8.12 2.72 35.10 54.06 46.29 53.71
0.1 2900 21.96 3.87 13.11 61.05 8.35 3.75 33.72 54.18 42.09 57.91
1 3260 24.19 2.46 11.16 62.19 9.65 4.39 31.14 54.83 30.47 69.53
10 3745 25.78 1.56 9.66 63.00 9.79 4.62 30.69 54.90 26.82 73.18
100 4390 27.41 0.87 7.86 63.86 10.93 4.49 29.12 55.46 19.12 80.88
1000 5310 28.77 0.47 6.10 64.67 12.37 4.19 27.25 56.19 10.43 89.56

S=8000
J/kg-K 0.001 2388.6 15.96 4.36 21.65 58.02 4.87 1.04 41.66 52.43 83.03 16.97

0.01 2631.6 16.23 4.26 21.36 58.14 4.56 1.77 41.39 52.28 81.58 18.43
0.1 2927.5 16.44 4.01 21.29 58.26 4.48 2.96 40.31 52.24 80.23 19.77
1 3312 17.24 3.60 20.49 58.66 4.25 4.41 39.21 52.12 75.63 24.36
10 3840 18.22 3.08 19.55 59.15 3.62 5.62 38.95 51.81 71.63 28.37
100 4575 19.45 2.40 18.38 59.77 3.26 6.63 38.49 51.63 66.86 33.15
1000 5655 21.74 1.56 15.79 60.92 3.42 6.92 37.96 51.71 58.23 41.79
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Table A.2: Compositions in mole fraction of original mare soil fractions and agglutinates and model results for the <45 µm and <10 µm
fraction along the 6000 and 8000 J/kg-K isentropic cooling paths with and without Fe metal in the liquid phase. Neither the vapor nor the
liquid phases of the model results match the agglutinate composition or even the trends of increases and decreases of elements. The
agglutinates have increased Si, Al, Ca, and O compared to the soils, and none of the vapor or liquid compositions of the model reproduce
this trend.  The rightmost columns give the total moles of the liquid and vapor phases and the moles of Fe metal formed.

Mole fraction Si Al Mg Ca Fe O
Mare soil <45
µm 17.22 6.57 6.34 4.78 4.84 60.25
Mare soil <10
µm 17.17 7.61 5.80 5.09 3.84 60.49
Mare aggl. 17.35 7.71 5.53 5.27 3.53 60.61
Pressure
[bars]

Temp
[K]

Vapor
Si Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor Liquid

 Fe
metal

Mare <45 µm with Fe metal in liquid
S=6000 J/kg-K
0.001 2380 25.32 0.00 7.25 0.09 4.56 62.78 7.55 14.48 1.65 10.42 8.51 57.39 54.47 45.50 0.14
0.01 2614 26.12 0.01 6.36 0.10 4.10 63.31 8.15 13.35 2.79 9.62 8.68 57.41 50.56 49.44 0.25
0.1 2906 26.93 0.02 5.00 0.12 4.05 63.87 8.37 12.67 3.98 9.12 8.50 57.35 47.86 52.14 0.38
1 3270 28.08 0.05 3.40 0.14 3.67 64.66 9.20 11.55 5.03 8.32 8.41 57.49 42.72 57.26 0.53
10 3740 29.31 0.09 2.02 0.13 2.92 65.54 10.45 10.36 5.49 7.50 8.37 57.82 36.26 63.72 0.64
100 4380 29.97 0.17 1.16 0.13 2.44 66.12 11.47 9.62 5.55 7.00 8.22 58.14 31.54 68.44 0.71
1000 5270 30.38 0.25 0.59 0.12 1.80 66.86 13.58 8.47 5.16 6.17 7.72 58.91 22.30 77.70 0.74
S=8000 J/kg-K
0.001 2630 20.84 0.52 5.84 4.62 7.64 60.54 0.07 35.31 0.03 5.54 0.19 58.86 82.59 17.39 0.00
0.01 2880 21.00 0.67 5.87 4.13 7.66 60.67 0.13 33.29 0.10 7.71 0.39 58.39 81.88 18.10 0.01
0.1 3190 21.15 0.89 5.85 3.66 7.64 60.81 0.22 31.21 0.29 9.62 0.74 57.91 81.19 18.78 0.03
1 3600 21.40 1.30 5.75 2.94 7.55 61.06 0.34 27.98 0.74 12.28 1.48 57.17 80.16 19.83 0.08
10 4130 21.92 1.66 5.41 2.17 7.34 61.50 0.57 24.20 1.89 14.17 2.84 56.34 77.97 22.00 0.20
100 4860 22.91 1.94 4.48 1.54 6.88 62.25 0.97 20.20 4.08 14.32 4.90 55.54 74.10 25.89 0.48
1000 5940 24.60 2.07 2.90 1.08 5.91 63.44 1.63 16.57 6.39 12.99 7.45 54.96 67.95 32.03 0.87
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Table A.2 continued from previous page.
Pressure
[bars]

Temp
[K]

Vapor
Si

Mol%
Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor Liquid

Mare <45 µm without Fe metal in
liquid
S=6000 J/kg-K
0.001 2380 25.26 0.01 7.43 0.09 4.60 62.61 7.43 14.58 1.67 10.49 8.47 57.36 54.93 45.05
0.01 2612.5 26.07 0.01 6.69 0.10 4.09 63.04 8.14 13.30 2.93 9.58 8.65 57.40 50.64 49.36
0.1 2903.5 26.94 0.02 5.42 0.12 4.03 63.47 8.36 12.55 4.30 9.03 8.45 57.32 47.73 52.29
1 3270 28.11 0.05 3.90 0.14 3.76 64.05 8.86 11.59 5.56 8.34 8.33 57.33 43.44 56.54
10 3740 29.62 0.09 2.38 0.13 2.98 64.80 10.12 10.29 6.24 7.45 8.27 57.63 36.44 63.55
100 4380 30.55 0.17 1.39 0.13 2.47 65.29 11.15 9.49 6.41 6.90 8.10 57.95 31.29 68.69
1000 5280 31.32 0.26 0.73 0.13 1.87 65.68 12.84 8.53 6.11 6.23 7.73 58.56 23.70 76.28
S=8000 J/kg-K
0.001 2630 20.84 0.52 5.85 4.62 7.64 60.54 0.07 35.31 0.03 5.53 0.19 58.86 82.60 17.38
0.01 2880 21.00 0.67 5.88 4.14 7.66 60.65 0.13 33.31 0.10 7.69 0.39 58.39 81.90 18.08
0.1 3190 21.13 0.89 5.88 3.68 7.63 60.78 0.22 31.25 0.29 9.58 0.74 57.92 81.27 18.70
1 3600 21.34 1.32 5.84 2.97 7.54 60.99 0.33 28.08 0.74 12.20 1.46 57.19 80.36 19.62
10 4120 21.95 1.59 5.64 2.12 7.33 61.36 0.58 24.10 1.99 14.13 2.87 56.32 77.84 22.13
100 4850 22.77 1.94 4.99 1.57 6.88 61.86 0.94 20.19 4.39 14.20 4.76 55.52 74.58 25.40
1000 5920 24.58 2.04 3.56 1.08 5.94 62.79 1.58 16.21 7.54 12.64 7.20 54.84 68.01 31.97
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Table A.2 continued from previous page.
Pressure
[bars]

Temp
[K]

Vapor
Si Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor Liquid

 Fe
metal

Mare <10 µm with Fe metal in liquid
S=6000 J/kg-K
0.001 2380 26.44 0.01 6.04 0.09 4.08 63.34 7.82 15.34 1.36 10.17 7.56 57.74 50.30 49.70 0.12
0.01 2620 26.98 0.01 5.22 0.11 3.98 63.70 7.58 15.12 2.10 10.01 7.62 57.57 49.51 50.48 0.20
0.1 2910 27.72 0.03 4.08 0.13 3.84 64.20 8.04 14.29 3.07 9.45 7.55 57.59 46.53 53.47 0.31
1 3270 28.78 0.05 2.72 0.15 3.38 64.93 9.19 12.94 3.92 8.58 7.54 57.83 40.95 59.04 0.43
10 3740 29.78 0.10 1.63 0.14 2.72 65.63 10.30 11.84 4.30 7.88 7.56 58.11 35.54 64.45 0.51
100 4370 30.41 0.17 0.90 0.13 2.18 66.21 11.80 10.76 4.29 7.19 7.36 58.59 29.23 70.77 0.56
1000 5260 30.71 0.26 0.46 0.13 1.63 66.81 13.69 9.62 4.03 6.45 6.96 59.25 20.96 79.05 0.58
S=8000 J/kg-K
0.001 2650 21.26 0.78 4.74 5.23 7.16 60.83 0.05 36.23 0.02 4.49 0.13 2650 80.73 19.28 21.26
0.01 2900 21.45 0.92 4.77 4.70 7.19 60.97 0.10 34.28 0.06 6.65 0.28 2900 79.94 20.06 21.45
0.1 3210 21.67 1.14 4.77 4.10 7.19 61.13 0.18 32.08 0.20 8.85 0.58 3210 79.06 20.93 21.67
1 3620 21.95 1.59 4.69 3.24 7.10 61.42 0.30 28.92 0.53 11.66 1.22 3620 77.92 22.08 21.95
10 4150 22.51 1.96 4.41 2.36 6.90 61.86 0.51 25.41 1.37 13.70 2.40 4150 75.73 24.26 22.51
100 4880 23.42 2.26 3.64 1.69 6.45 62.55 0.88 21.87 3.00 14.16 4.18 4880 72.28 27.72 23.42
1000 5940 25.15 2.26 2.31 1.14 5.48 63.67 1.59 18.47 4.85 13.10 6.58 5940 66.21 33.80 25.15
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Table A.2 continued from previous page.
Pressure
[bars]

Temp
[K]

Vapor
Si Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor Liquid

Mare <10 µm without Fe metal
in liquid
S=6000 J/kg-K
0.001 2380 26.37 0.01 6.22 0.09 4.12 63.19 7.71 15.43 1.38 10.23 7.54 57.71 50.70 49.30
0.01 2620 26.90 0.01 5.50 0.12 4.03 63.45 7.42 15.23 2.17 10.08 7.58 57.52 50.08 49.92
0.1 2910 27.64 0.03 4.46 0.14 3.91 63.82 7.81 14.39 3.28 9.52 7.50 57.51 47.22 52.79
1 3270 28.83 0.05 3.11 0.15 3.44 64.42 8.92 12.96 4.35 8.59 7.48 57.70 41.48 58.52
10 3740 30.04 0.10 1.91 0.14 2.76 65.05 10.04 11.77 4.90 7.83 7.49 57.96 35.67 64.33
100 4370 30.92 0.17 1.07 0.13 2.20 65.50 11.55 10.65 4.97 7.12 7.28 58.44 29.02 70.98
1000 5270 31.50 0.27 0.58 0.13 1.70 65.82 13.01 9.74 4.78 6.53 7.00 58.94 22.53 77.48
S=8000 J/kg-K
0.001 2650 21.26 0.78 4.75 5.23 7.16 60.82 0.05 36.23 0.02 4.49 0.13 59.08 80.73 19.27
0.01 2900 21.45 0.92 4.78 4.70 7.19 60.96 0.10 34.29 0.06 6.64 0.28 58.62 79.96 20.03
0.1 3220 21.45 1.31 4.76 4.29 7.13 61.06 0.16 32.62 0.18 8.28 0.52 58.24 79.88 20.11
1 3620 21.91 1.61 4.76 3.26 7.09 61.36 0.29 29.00 0.53 11.59 1.20 57.39 78.11 21.91
10 4150 22.39 2.01 4.60 2.42 6.89 61.70 0.49 25.53 1.39 13.63 2.33 56.63 76.18 23.82
100 4870 23.35 2.23 4.05 1.70 6.45 62.23 0.87 21.81 3.28 14.05 4.11 55.89 72.54 27.46
1000 5920 25.20 2.21 2.82 1.13 5.48 63.15 1.57 18.10 5.80 12.78 6.43 55.31 66.03 33.98
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Table A.3: Compositions of highland soil fractions and agglutinates and model results for the <45 µm and <10 µm fraction along the
6000 and 8000 J/kg-K isentropic cooling paths with and without Fe metal in the liquid phase. The upper ranges of pressure and
temperature have been extended for some of the calculations. Neither the vapor nor the liquid phases of the model results match the
agglutinate composition or even the trends of increases and decreases of elements. The agglutinates have increased Si, Mg and Fe and
decreased Al, Ca, and O compared to the soils, and none of the vapor or liquid compositions of the model reproduce this trend.

Mole fraction Si Al Mg Ca Fe O
Highland <45 µm 16.54 11.39 1.50 6.06 3.40 61.12
Highland <10 µm 16.50 11.84 1.11 6.33 3.00 61.21
Highland aggl. 16.69 10.17 2.28 5.67 4.30 60.89
Pressure
[bars]

Temp
[K]

Vapor
Si Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor Liquid

Fe
metal

Highland <45 µm with Fe metal in liquid
S=6000 J/kg-K
0.001 2420 29.03 0.01 2.61 0.23 3.58 64.55 4.04 22.79 0.31 11.91 3.22 57.72 50.02 49.99 0.04
0.01 2650 29.52 0.02 2.34 0.21 3.08 64.84 5.07 21.46 0.62 11.25 3.69 57.90 46.91 53.09 0.07
0.1 2940 29.88 0.04 1.87 0.24 2.89 65.08 5.69 20.67 0.99 10.83 3.82 58.01 44.86 55.13 0.11
1 3290 30.62 0.08 1.22 0.22 2.32 65.54 7.48 18.74 1.40 9.86 4.10 58.42 39.19 60.81 0.17
10 3750 31.25 0.13 0.70 0.18 1.77 65.96 9.16 17.11 1.60 9.05 4.23 58.86 33.48 66.52 0.20
100 4370 31.61 0.22 0.37 0.17 1.36 66.27 11.05 15.53 1.61 8.25 4.15 59.41 26.80 73.20 0.22
1000 5250 31.76 0.33 0.19 0.16 1.00 66.57 13.11 13.95 1.52 7.43 3.95 60.04 18.53 81.47 0.23
10000 6460 31.87 0.34 0.08 0.11 0.55 67.05 14.95 12.59 1.43 6.71 3.71 60.62 9.56 90.44 0.20
S=8000 J/kg-K
0.001 2720 21.55 3.22 1.95 7.28 4.42 61.58 0.02 38.32 0.00 2.05 0.03 59.59 76.71 23.29 0.00
0.01 2980 21.62 3.46 1.95 6.89 4.42 61.67 0.04 37.18 0.01 3.39 0.06 59.31 76.48 23.53 0.00
0.1 3300 21.88 3.67 1.96 6.19 4.45 61.86 0.07 35.22 0.04 5.66 0.16 58.84 75.50 24.49 0.01
1 3710 22.51 3.91 1.96 4.90 4.48 62.24 0.15 31.98 0.12 9.26 0.43 58.07 73.31 26.69 0.02
10 4260 22.92 4.48 1.87 3.72 4.38 62.63 0.26 29.05 0.34 12.06 0.90 57.39 71.81 28.20 0.06
100 4990 24.18 4.29 1.58 2.52 4.16 63.27 0.54 26.38 0.85 13.55 1.81 56.87 67.68 32.33 0.15
1000 6000 26.46 3.32 0.97 1.49 3.47 64.29 1.26 24.00 1.59 13.21 3.30 56.63 60.65 39.36 0.29
10000 7520 29.08 2.16 0.41 0.79 2.16 65.40 2.66 21.78 1.99 12.00 4.80 56.77 52.58 47.43 0.34
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Table A.3 continued from previous page.
Pressure
[bars]

Temp
[K]

Vapor
Si Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor  Liquid

Highland <45 µm without Fe metal in liquid
S=6000 J/kg-K
0.001 2420 29.01 0.01 2.67 0.23 3.58 64.50 4.02 22.81 0.32 11.92 3.21 57.71 50.09 49.91
0.01 2650 29.49 0.02 2.45 0.21 3.09 64.74 5.03 21.49 0.65 11.27 3.67 57.89 47.06 52.95
0.1 2940 29.85 0.04 2.03 0.24 2.91 64.93 5.62 20.69 1.06 10.84 3.80 57.98 45.04 54.95
1 3290 30.65 0.08 1.39 0.22 2.34 65.34 7.39 18.73 1.57 9.86 4.08 58.38 39.34 60.66
10 3750 31.37 0.13 0.82 0.18 1.78 65.71 9.06 17.06 1.84 9.03 4.21 58.80 33.51 66.49
100 4370 31.84 0.22 0.44 0.17 1.37 65.97 10.96 15.46 1.88 8.21 4.14 59.34 26.72 73.28
1000 5260 32.10 0.34 0.23 0.16 1.04 66.13 12.59 14.19 1.82 7.56 4.00 59.84 20.24 79.76
S=8000 J/kg-K
0.001 2720 21.55 3.22 1.95 7.28 4.42 61.58 0.02 38.32 0.00 2.05 0.03 59.59 76.71 23.29
0.01 2980 21.61 3.46 1.95 6.89 4.42 61.67 0.04 37.19 0.01 3.39 0.06 59.31 76.49 23.52
0.1 3300 21.87 3.67 1.97 6.20 4.44 61.85 0.07 35.23 0.04 5.66 0.16 58.84 75.53 24.46
1 3710 22.48 3.92 1.99 4.91 4.47 62.22 0.15 32.00 0.12 9.23 0.42 58.07 73.40 26.61
10 4260 22.86 4.52 1.94 3.75 4.37 62.56 0.26 29.07 0.35 12.03 0.89 57.40 72.01 27.98
100 4980 24.29 4.15 1.76 2.47 4.16 63.18 0.55 26.33 0.96 13.48 1.83 56.86 67.35 32.65
1000 6018 26.16 3.54 1.24 1.58 3.53 63.96 1.16 23.94 1.91 13.24 3.19 56.56 61.53 38.47
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Table A.3 continued from previous page.
Pressure
[bars]

Temp
[K]

Vapor
Si Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor Liquid

 Fe
metal

Highland <10 µm with Fe metal in liquid
S=6000 J/kg-K
0.001 2430 29.54 0.01 1.97 0.28 3.40 64.80 3.46 23.69 0.21 12.38 2.60 57.65 50.02 49.98 0.03
0.01 2660 29.96 0.03 1.78 0.25 2.93 65.05 4.45 22.45 0.42 11.77 3.07 57.84 47.23 52.76 0.05
0.1 2940 30.43 0.05 1.40 0.24 2.55 65.33 5.78 20.97 0.74 11.03 3.35 58.13 43.52 56.47 0.09
1 3290 31.03 0.08 0.91 0.22 2.05 65.71 7.52 19.17 1.04 10.13 3.59 58.55 38.25 61.74 0.13
10 3750 31.54 0.14 0.53 0.19 1.57 66.04 9.13 17.64 1.18 9.36 3.71 58.98 32.96 67.04 0.15
100 4370 31.83 0.23 0.28 0.18 1.21 66.28 10.97 16.09 1.19 8.57 3.66 59.51 26.61 73.39 0.16
1000 5250 31.95 0.34 0.14 0.16 0.89 66.52 12.99 14.51 1.13 7.76 3.49 60.12 18.66 81.33 0.17
S=8000 J/kg-K
0.001 2720 21.91 3.19 1.48 7.69 3.98 61.76 0.02 38.21 0.00 2.18 0.03 59.56 75.29 24.71 0.00
0.01 2980 22.02 3.42 1.48 7.24 3.99 61.86 0.04 37.02 0.01 3.60 0.06 59.27 74.91 25.08 0.00
0.1 3310 21.88 4.15 1.46 6.59 3.94 61.99 0.07 35.37 0.03 5.53 0.13 58.87 75.35 24.64 0.01
1 3720 22.64 4.27 1.47 5.22 3.99 62.40 0.14 32.06 0.09 9.28 0.36 58.08 72.73 27.27 0.02
10 4270 23.17 4.78 1.40 3.93 3.91 62.81 0.25 29.13 0.24 12.19 0.78 57.41 70.91 29.08 0.05
100 5000 24.48 4.51 1.19 2.65 3.72 63.46 0.52 26.63 0.62 13.74 1.57 56.92 66.68 33.31 0.12
1000 6040 26.34 3.77 0.76 1.69 3.16 64.29 1.12 24.60 1.13 13.66 2.77 56.71 61.02 38.99 0.21
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Table A.3 continued from previous page.
Pressure
[bars]

Temp
[K]

Vapor
Si Al Fe Ca Mg O

Liquid
Si Al Fe Ca Mg O

Moles
Vapor Liquid

Highland <10 µm without Fe
metal in liquid
S=6000 J/kg-K
0.001 2430 29.52 0.01 2.01 0.28 3.41 64.77 3.45 23.70 0.21 12.39 2.60 57.65 50.06 49.93
0.01 2660 29.94 0.03 1.86 0.25 2.94 64.98 4.43 22.46 0.44 11.78 3.06 57.83 47.33 52.67
0.1 2940 30.41 0.05 1.52 0.24 2.56 65.22 5.73 20.98 0.80 11.04 3.34 58.11 43.65 56.35
1 3290 31.06 0.08 1.03 0.22 2.06 65.54 7.45 19.17 1.16 10.12 3.58 58.52 38.37 61.64
10 3750 31.63 0.14 0.61 0.19 1.58 65.85 9.06 17.60 1.36 9.34 3.70 58.93 32.98 67.02
100 4370 31.99 0.23 0.33 0.18 1.22 66.06 10.90 16.04 1.40 8.55 3.65 59.46 26.55 73.45
1000 5250 32.23 0.34 0.17 0.16 0.89 66.21 12.91 14.47 1.33 7.73 3.48 60.07 18.59 81.40
S=8000 J/kg-K
0.001 2720 21.91 3.19 1.48 7.69 3.98 61.76 0.02 38.21 0.00 2.18 0.03 59.56 75.29 24.71
0.01 2980 22.01 3.42 1.48 7.24 3.99 61.86 0.04 37.02 0.01 3.60 0.06 59.27 74.91 25.08
0.1 3310 21.87 4.16 1.47 6.59 3.94 61.98 0.07 35.37 0.03 5.53 0.13 58.88 75.36 24.62
1 3720 22.62 4.28 1.50 5.23 3.99 62.38 0.14 32.07 0.09 9.26 0.36 58.09 72.79 27.20
10 4270 23.11 4.81 1.46 3.95 3.91 62.76 0.25 29.15 0.25 12.17 0.77 57.41 71.07 28.91
100 5000 24.39 4.55 1.33 2.68 3.72 63.34 0.51 26.62 0.68 13.72 1.55 56.91 66.96 33.03
1000 6000 26.78 3.41 0.90 1.56 3.10 64.25 1.23 24.36 1.43 13.41 2.86 56.71 59.75 40.24
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Table A.4: Mole fractions of elements from the <45 µm mare soil starting material on the 6000 and 8000 J/kg-K cooling paths (upper set
of values), fractions of liquid + 50% redeposited vapor and liquid + 95% redeposited vapor (middle, lower left), and fractions of the liquid
+ redeposited vapor - 50% of vapor Fe deposited as metal with corresponding O loss (middle and lower right). The closest match to
agglutinates on each cooling path is shaded. The Fe and Mg values are too high at 6000 J/kg-K, but the Mg fraction is too high in the 8000
J/kg-K values.

Pressure [bars] Temp [K] Si Al Fe Ca Mg O Si Al Fe Ca Mg O
Mare <45 µm without Fe metal in liquid,  S=6000 J/kg-K
0.001 2380 7.43 14.58 1.67 10.49 8.47 57.36
0.01 2612.5 8.14 13.30 2.93 9.58 8.65 57.40
0.1 2903.5 8.36 12.55 4.30 9.03 8.45 57.32
1 3270 8.86 11.59 5.56 8.34 8.33 57.33
10 3740 10.12 10.29 6.24 7.45 8.27 57.63
100 4380 11.15 9.49 6.41 6.90 8.10 57.95
1000 5280 12.84 8.53 6.11 6.23 7.73 58.56

Liquid + 50% of Vapor Phase -50% of Vapor Fe
14.18 9.06 3.85 6.55 7.00 59.35 14.39 9.19 2.48 6.65 7.10 60.20
14.22 8.80 4.20 6.37 7.10 59.31 14.38 8.90 3.11 6.44 7.19 59.99
14.18 8.62 4.65 6.24 7.06 59.24 14.30 8.70 3.83 6.29 7.12 59.75
14.20 8.38 5.10 6.07 7.06 59.19 14.28 8.43 4.58 6.10 7.10 59.51
14.46 8.02 5.38 5.82 7.09 59.23 14.50 8.04 5.13 5.83 7.11 59.39
14.75 7.76 5.48 5.64 7.06 59.31 14.77 7.77 5.35 5.65 7.07 59.39
15.33 7.42 5.39 5.41 6.94 59.51 15.34 7.43 5.34 5.41 6.95 59.54
Liquid +95% of Vapor Phase -50% of Vapor Fe
17.00 6.76 4.76 4.91 6.39 60.18 17.34 6.89 2.82 5.01 6.52 61.40
16.99 6.74 4.79 4.90 6.40 60.18 17.27 6.86 3.19 4.98 6.51 61.19
16.99 6.73 4.82 4.89 6.40 60.17 17.20 6.82 3.61 4.96 6.48 60.94
16.98 6.72 4.86 4.88 6.40 60.16 17.12 6.77 4.07 4.92 6.45 60.66
16.99 6.69 4.88 4.87 6.40 60.16 17.07 6.72 4.48 4.89 6.43 60.41
17.01 6.67 4.89 4.85 6.40 60.17 17.05 6.69 4.69 4.86 6.42 60.29
17.05 6.65 4.88 4.84 6.40 60.18 17.07 6.65 4.80 4.84 6.40 60.23

Mare Agglutinates 17.35 7.72 3.53 5.27 5.53 60.61
Mare soil <45 µm 17.21 6.57 4.84 4.78 6.34 60.25
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Table A.4 continued from previous page.

Pressure
[bars]

Temp
[K] Si Al Fe Ca Mg O Si Al Fe Ca Mg O

Mare <45 µm without Fe metal in liquid
S=8000 J/kg-K Liquid Phase
0.001 2650 0.05 36.23 0.02 4.49 0.13 59.08
0.01 2900 0.10 34.29 0.06 6.64 0.28 58.62
0.1 3220 0.16 32.62 0.18 8.28 0.52 58.24
1 3620 0.29 29.00 0.53 11.59 1.20 57.39
10 4150 0.49 25.53 1.39 13.63 2.33 56.63
100 4870 0.87 21.81 3.28 14.05 4.11 55.89
1000 5920 1.57 18.10 5.80 12.78 6.43 55.31

Liquid + 50% of Vapor Phase -50% of Vapor Fe
14.68 10.83 4.12 4.89 5.43 60.04 14.99 11.06 2.11 4.99 5.55 61.30
14.61 10.67 4.11 5.23 5.43 59.96 14.91 10.89 2.11 5.33 5.54 61.21
14.54 10.46 4.12 5.54 5.46 59.88 14.84 10.68 2.15 5.65 5.57 61.11
14.45 10.10 4.16 6.00 5.54 59.75 14.74 10.30 2.25 6.12 5.65 60.94
14.21 9.75 4.32 6.47 5.71 59.53 14.47 9.93 2.57 6.59 5.82 60.62
13.92 9.33 4.75 6.69 6.02 59.29 14.13 9.47 3.31 6.79 6.11 60.18
13.43 8.91 5.49 6.68 6.55 58.94 13.56 8.99 4.61 6.75 6.61 59.48

Liquid +95% of Vapor Phase -50% of Vapor Fe
17.07 6.83 4.79 4.79 6.29 60.23 17.49 7.00 2.46 4.90 6.44 61.71
17.06 6.82 4.79 4.81 6.29 60.23 17.48 6.99 2.46 4.93 6.44 61.70
17.06 6.81 4.79 4.83 6.29 60.22 17.47 6.98 2.48 4.94 6.44 61.68
17.05 6.79 4.79 4.86 6.29 60.22 17.45 6.95 2.53 4.97 6.44 61.65
17.03 6.77 4.80 4.89 6.30 60.20 17.41 6.93 2.69 5.00 6.44 61.54
17.01 6.75 4.83 4.90 6.32 60.18 17.33 6.88 3.05 5.00 6.44 61.31
16.97 6.73 4.88 4.91 6.36 60.16 17.17 6.81 3.73 4.97 6.43 60.88

Mare Agglutinates 17.35 7.72 3.53 5.27 5.53 60.61
Mare soil <45 µm 17.21 6.57 4.84 4.78 6.34 60.25
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Table A.5: Mole fractions of elements on the 6000 and 8000 J/kg-K cooling paths for the mare <10 µm soil starting material (upper set of
values), fractions of liquid + 50% redeposited vapor and liquid + 95% redeposited vapor (middle, lower left), and fractions of the liquid +
redeposited vapor - 50% of vapor Fe deposited as metal with corresponding O loss (middle and lower right). The closest match to
agglutinates on each cooling path is shaded. The Mg values are too high for both cooling paths.
Pressure
[bars]

Temp
[K] Si Al Fe Ca Mg O Si Al Fe Ca Mg O

Mare <10 µm without Fe metal in liquid
S=6000 J/kg-K Liquid Phase
0.001 2380 7.71 15.43 1.38 10.23 7.54 57.71
0.01 2620 7.42 15.23 2.17 10.08 7.58 57.52
0.1 2910 7.81 14.39 3.28 9.52 7.50 57.51
1 3270 8.92 12.96 4.35 8.59 7.48 57.70
10 3740 10.04 11.77 4.90 7.83 7.49 57.96
100 4370 11.55 10.65 4.97 7.12 7.28 58.44
1000 5270 13.01 9.74 4.78 6.53 7.00 58.94

Liquid + 50% of Vapor Phase -50% of Vapor Fe
14.05 10.19 3.03 6.79 6.38 59.57 14.20 10.30 1.99 6.86 6.44 60.21
13.93 10.14 3.28 6.75 6.40 59.50 14.06 10.24 2.39 6.81 6.46 60.05
13.94 9.95 3.64 6.62 6.39 59.46 14.04 10.02 2.97 6.66 6.43 59.87
14.13 9.58 4.03 6.38 6.42 59.46 14.18 9.62 3.64 6.41 6.45 59.70
14.38 9.24 4.25 6.16 6.46 59.50 14.41 9.26 4.06 6.18 6.48 59.62
14.84 8.87 4.31 5.93 6.42 59.64 14.85 8.88 4.22 5.94 6.42 59.69
15.36 8.54 4.25 5.72 6.32 59.81 15.36 8.54 4.22 5.72 6.33 59.83
Liquid +95% of Vapor Phase -50% of Vapor Fe
16.93 7.81 3.77 5.22 5.85 60.42 17.20 7.93 2.27 5.30 5.94 61.36
16.93 7.80 3.79 5.22 5.85 60.41 17.16 7.91 2.49 5.29 5.93 61.23
16.92 7.79 3.82 5.21 5.85 60.41 17.10 7.87 2.83 5.26 5.91 61.03
16.93 7.77 3.85 5.19 5.85 60.41 17.03 7.82 3.25 5.23 5.89 60.79
16.94 7.74 3.87 5.18 5.86 60.41 17.00 7.77 3.55 5.20 5.88 60.61
16.97 7.72 3.88 5.16 5.86 60.42 17.00 7.73 3.73 5.17 5.87 60.51
17.01 7.69 3.87 5.15 5.85 60.43 17.02 7.70 3.81 5.15 5.85 60.47

Mare Agglutinates 17.35 7.72 3.53 5.27 5.53 60.61
Mare soil <10 µm 17.17 7.61 3.84 5.09 5.80 60.49
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Table A.5 continued from previous page.
Pressure
[bars]

Temp
[K] Si Al Fe Ca Mg O Si Al Fe Ca Mg O

Mare <10 µm without Fe metal in liquid
S=8000 J/kg-K Liquid Phase
0.001 2380 0.05 36.23 0.02 4.49 0.13 59.08
0.01 2620 0.10 34.29 0.06 6.64 0.28 58.62
0.1 2910 0.16 32.62 0.18 8.28 0.52 58.24
1 3270 0.29 29.00 0.53 11.59 1.20 57.39
10 3740 0.49 25.53 1.39 13.63 2.33 56.63
100 4370 0.87 21.81 3.28 14.05 4.11 55.89
1000 5270 1.57 18.10 5.80 12.78 6.43 55.31

Liquid + 50% of Vapor Phase -50% of Vapor Fe
14.41 12.23 3.22 4.99 4.89 60.26 14.65 12.43 1.64 5.07 4.97 61.24
14.32 12.06 3.21 5.35 4.88 60.18 14.55 12.26 1.64 5.43 4.96 61.15
14.32 11.80 3.22 5.63 4.92 60.11 14.55 11.99 1.67 5.72 5.00 61.08
14.14 11.45 3.24 6.26 4.98 59.93 14.36 11.63 1.74 6.35 5.05 60.86
13.96 11.06 3.37 6.73 5.14 59.75 14.16 11.21 1.98 6.83 5.21 60.60
13.66 10.67 3.72 7.02 5.44 59.50 13.82 10.79 2.59 7.10 5.50 60.19
13.22 10.27 4.34 7.04 5.96 59.18 13.31 10.34 3.67 7.09 6.01 59.59
Liquid +95% of Vapor Phase -50% of Vapor Fe
17.00 7.89 3.80 5.08 5.75 60.47 17.33 8.05 1.94 5.18 5.86 61.64
16.99 7.89 3.80 5.11 5.75 60.47 17.32 8.04 1.94 5.20 5.86 61.64
16.99 7.87 3.80 5.12 5.75 60.46 17.32 8.02 1.95 5.22 5.86 61.62
16.98 7.85 3.80 5.16 5.75 60.45 17.30 8.00 2.00 5.26 5.86 61.59
16.97 7.83 3.81 5.19 5.76 60.44 17.27 7.97 2.11 5.29 5.86 61.51
16.94 7.81 3.83 5.22 5.78 60.42 17.19 7.93 2.42 5.29 5.86 61.31
16.90 7.79 3.87 5.22 5.81 60.40 17.05 7.86 2.98 5.27 5.87 60.96

Mare Agglutinates 17.35 7.72 3.53 5.27 5.53 60.61
Mare soil <10 µm 17.17 7.61 3.84 5.09 5.80 60.49
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