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Abstract—The abundance of metallic iron is highly variable in different kinds of chondrites. The precise
mechanism by which metal fractionation occurred and its place in time relative to chondrule formation are
unknown. As metallic iron is abundant in most Type | (FeO-poor) chondrules, determining under what
conditions metal could form in chondrules is of great interest. Assuming chondrules were formed from low
temperature nebular condensate, we heated an anhydrous Cl-like material at 1580°C in conditions similar to
those of the canonical nebula, (P= 1.3 X 105 atm). We reproduced many of the characteristics of Type

IA and IIA chondrules but none of them contained any iron metal. In these experiments FeO was abundant
in charges that were heated for as long as 6 h. At a lower temperature, 1350°C, dendritic/cellular metal
crystallized from Fe-FeS melts during the evaporation of S. However, the silicate portion consisted of many
relict grains and vesicles, not typical of chondrules.

Evaporation experiments conducted gt,P- 1 atm and 1565°C produced charges containing metallic iron
both as melt droplets and inclusions in olivine, similar to those found in chondrules. Formation of iron in these
experiments was primarily the result of desulfurization of FeS. With long heating times Fe® was lost by
evaporation. Apart from some reduction of FeO by kerogen to make metal inclusions within olivine grains,
reduction of FeO to make Fe° in these charges was not observed.

This study shows that under canonical nebular conditions FeS and iron-metal are extremely volatile so that
metal-rich Type | chondrules could not form by melting “CIl.” Under these conditions FeO is lost predomi-
nantly by hydrogen stripping and, due to the relative low abundance of hydrogen at low pressures, remains
in the melt for as long as 6 h. Conversely, at higher total pressures (1-gtinoH metal (produced mainly
by the desulfurization of troilite) is less volatile and remains in the melt for longer times (at least 6 h). In
addition, due to elevated pressures of hydrogen, FeO is stripped away much faster. These results suggest that
chondrule formation occurred in environments with elevated pressures relative to the canonical nebula for iron
metal to be present.Copyright © 2004 Elsevier Ltd

1. INTRODUCTION FeO-reduction in the presence of a reducing agéonfolly et

al., 2003, or it may have originated by recondensation of Fe®
previously lost from chondrule melts. In some chondrites,
chondrules and iron metal were suggested to have formed by
direct condensation from the solar nebula (eKrot et al.,
2000.

Chondritic meteorites bear evidence of vast nebular fraction-
ations, of volatile elements from refractory, and of silicate
phases from metallic (e.d-arimer and Wasson, 1988Chon-
drule formation is associated with heating episodes during
which volatile loss would have been unavoidable for canonical
nebular conditionsYu and Hewins, 1998 Although Gross-
man (1996)disputes the possibility that major fractionations
occurred as a result of chondrule formation, others (8ears
Ft al., 1992; Scott and Haack, 1993; Scott et al., }986/e
suggested separation of chondrules and metal grains with dif-
ferent aerodynamic properties to explain differences in chon-
drite bulk compositionsGrossman and Wasson (198%¢m-
onstrated that metal droplets could have separated from liquid
chondrules, and it is possible that chondrule formation, in
which FeO-silicates are melted under reducing conditions,
could give rise to metal-silicate fractionation in chondrites
(Haack and Scott, 1993The conditions of formation of chon-
dritic metal are therefore of great interest.

Several experiments have successfully produced iron-metal
in chondrule-like compositions (e.gTsuchiyama and Mi-
*Author to whom correspondence should be addressed Yamoto, 1984; Connolly et al., 1994; Libourel and Chaussidon,
(bosmat@rci.rutgers.edu). 1995, but none of them were conducted under the conditions
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Chondrules, the principal constituent in chondritic meteor-
ites, are crystalline silicate droplets. Type | and Type Il chon-
drules contain FeO-poor and FeO-rich silicates respectively
(McSween, 1977; Scott and Taylor, 1983; Jones and Scott,
1989. The main opaque phases are FeNi-metal in Type chon-
drules and troilite and pentlandite in Type Il. Metallic iron-
nickel in Type | chondrules occurs in several forms. In some
Type | chondrules, metal is distributed throughout the silicates,
especially in the mesostasis, and is evenly distributed through-
out the chondrules from core to riMddnes and Scott, 1989n
others it forms round blebs, several tens of microns across
usually situated close to the center of the chondrule or in
smaller beads around its rim. The metal blebs are larger in
coarser grained chondrules, suggesting coalescence of metal
droplets in more extensively melted chondrulgar{da et al.,
1993; McCoy et al., 1999; Zanda et al., 200Rletallic iron
also appears in chondrules as fine dusty speckles in relict
olivine grains commonly known as “dusty olivine.” These
grains are commonly forsteritic and contain micron-size blebs
of Ni-poor Fe-metal lagahara, 1981; Rambaldi, 1981

There are several possible origins for iron-metal in chon-
drules. Iron may have been present in the precursors of chon-
drules (either as iron-metal or FeS), it may be the product of
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Table 1. Starting material (based on Anders and Grevesse, 1989)
from DCP analysis plus FeS and kerogen as weighed (in wt%).

Oxide Starting material
SO, 30.69
Al,Oq4 2.56
TiO, 0.06
FeO 18.21
MnO 0.21
MgO 21.35
Ca0 1.65
Na,0 1.08
K,0 0.14
FeS 20.27
Cc 3.77
Total 100

of low hydrogen pressure in which chondrules are believed to
have formed. Any study of iron metal aimed at understanding
chondrule origins must clearly be in conjunction with studying
their silicates, and considering possible effects of evaporation
and reduction of FeO in them. In this study we conducted
several sets of experiments to restrict the physical conditionsin
which metal-bearing chondrules are generated by melting low
temperature nebular condensates (since S is found in chon-
drules). In these experiments we used a Cl-like starting material
composed of phases stable in the nebula at 500 K (Wood and
Hashimoto, 1993). It contained troilite and kerogen to examine
the possible formation of metallic iron by the reduction of FeO
in silicates and/or desulfurization of FeS, and its apparent
stability under three different sets of conditions. Conditions
were (1) low pressure (1.3 X 107° atm H,) and typical high
chondrule-forming temperature (1580°C) (2) low pressure (1.3
X 1075 atm H,) and low temperature (1350°C) and (3) high
pressure (1 atm H,) and high temperature (1565°C).

2. EXPERIMENTAL METHODS

Experiments were conducted in two Del-Tech vertical muffle tube
furnaces at the Department of Geological Sciences at Rutgers Univer-
sity. A low-pressure furnace with T,,,,, = 1580°C and a 1-atm furnace
with T, = 1565°C. The starting material was designed to match ClI
elemental abundance (Anders and Grevesse, 1989) using the phases
stable at 500 K under canonical nebular conditions (Wood and Hashi-
moto, 1993). The starting material was a mineral mixture of 50 wt%
Kiglapait olivine (Fogg), 10 wt% San Carlos olivine (Fogg), the two
together giving the abundance and composition of the nebular olivine,
equal amounts (8 wt%) of diopside and plagioclase, 20.3 wt% Canyon
Diablo trailite (63.4 wt% Fe and 36.5 wt% S) or terrestrial pyrrhotite
(61.8 wt% Fe and 38.3 wt% S) and 3.8 wt% Sarro-Lorraine kerogen
(composed of 77.3% C, 12.4% O, 4.8% H, 1.3% N, 0.8% S, 0.1% Fe
and 0.8 loss on ignition). The oxide composition is shown in Table 1.
The calculated liquidus temperature of the silicate portion was 1633 +
30°C (Herzberg, 1979). Minerals were crushed into a 45-63 wm grain
sized powder. In al runs, pressed pellets (~50 mg) were hung on an
iron-plated rhenium wire. Temperatures were measured using aType S
thermocouple calibrated against the melting point of palladium
(1544°C) or gold (1064°C).

Bulk chemistry analyses of the experimental charges were performed
by Direct Current Plasma Atomic Emission Spectrometry (DCP-AES).
Charges, crushed into 200 mesh powders, were mixed with LiBO,,
fluxed and dissolved in HNO; solution. The solutions were run on the
DCP-AES together with USGS standards such as BHVO-1, BIR-1 and
PCC-1 and working standards. Standards were used for both calibration
and as control samples.

Analyses of the olivine crystals and mesostasis were performed on a

JEOL 8600 microprobe using an accelerating potential of 20 kV, a
beam current of 15-20 nA. Counting times varied between 20—40 s.
Sodium and potassium were analyzed first with shorter counting times
to minimize loss during analyses. Mesostasi s analyses were performed
using a S5um-rastered beam.

2.1. Low P and High T Experiments

These experiments were conducted at atemperature of 1580°C in the
low-pressure furnace, the design of which has been described in Yu et
al. (2003). After the pressure, monitored by an HPS 941 cold cathode
pressure gauge, reached 1 X 10~“ torr (1.31 X 10~ 7 atm), hydrogen
gas was introduced into the furnace to atotal pressure of 1 X 102 torr
(1.31 X 1075 atm).

The oxygen fugacity in the vacuum furnace was cal culated using the
H,O/H, ratio in the furnace. Air to hydrogen ratio, based on the
Py acuun! Pazs Was 1/100. The oxygen to hydrogen ratio was therefore
1/500, for which the H,O/H,, ratio would be /250 (upper limit). The
vol% of H,O in (H,+H,0) is ~0.4. Based on calculations by Deines
et a. (1974), an H,O volume percent of 0.4 at 1580°C correlates with
an oxygen fugacity log fO, = —11.8 am. For caculating the IW
buffer at 1853 K and P of 1.31 X 10~° atm we used the following
equation (Darken and Gurry, 1945; Eugster and Wones, 1962):

logf O, = —27215/T + 6.57 + {0.055(P — 1)/T}

The IW buffer at the experiment conditionsisat log f O, = —8.12 atm.
The oxygen fugacity during our experiments is therefore at most 3.7
below the IW buffer, and fell during experiments because of continued
flow of hydrogen.

Runs were conducted under continuous hydrogen flow and pumping.
Experimental runswere 1, 2, 4, 6, 12 and 18 h long and were quenched
in the furnace by elevating the sample into the antechamber
(=10000°C/h). In these experiments the sulfide in the starting material
was Canyon Diablo troilite.

22. Low P and Low T Experiments

These experiments were conducted at 1350°C in the low-pressure
furnace. Hydrogen pressurein these runs was similar to the onein 82.1.
However, due to the lower temperature the initial oxygen fugacity in
these experiments is slightly lower and was calculated to at most 4.8
log units below the IW buffer. The oxygen fugacity was calculated as
in §2.1 except for 1350°C. Experimental charges were heated isother-
mally for 2, 10 and 30 min at atime and were quenched in the furnace
by elevating the sample into the antechamber (~10,000°C/h). The
sulfide in the starting material was Canyon Diablo troilite.

2.3. High P and High T Experiments

These experiments were conducted at 1-atm pressure and a temper-
ature of 1565°C. A mixture of H,-CO, yielded an oxygen fugacity,
measured with azirconiacell (Nafziger et a., 1971; Huebner, 1987), of
3 log units below the IW buffer curve. Samples were heated for 1, 2,
4,6, 12 and 18 h. At the end of each run the sample was pulled out of
the furnace and immediately quenched in water. In these experiments
the sulfide in the starting material was terrestrial pyrrhotite.

3. RESULTS

3.1. Low P and High T Experiments

The experimental charges produced in these experiments
contained only olivine and mesostasis (for more texture and
composition details, see Cohen et al., 2000). Chemical analyses
have shown that FeS, and alkalis were lost within thefirst hour.
During the first 6 h of heating the major component being lost
was FeO and after 12-18 h it became SiO,. Minor amounts of
MgO were lost as the residues attained the composition of an
Al-enriched Type IA chondrule (Jones and Scott, 1989).

The concentration of FeO in the bulk composition gradually
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Fig. 1. The bulk concentration of FeO and MnO (wt%) versus
heating times (hours) in the charges produced at 1580°C in H, at 1.3 X
107° am.

decreased from ~25 wt% in the starting material to less than 5
wt% after ~6 h of evaporation (Fig. 1). The evaporation of FeO
from our charges is consistent with hydrogen reaction rather
than free evaporation (Nagahara and Ozawa, 1996; Tsuch-
iyama, 1999) and may have occurred in severa ways. Iron
oxide could have been lost in a two-step mechanism, first
reduction to Fe® in the melt and later evaporation of Fe°:

FeO(LS) + Hz — Fe(|) + Hzo (1)

Fey) — Fey) 2

Otherwise, FeO could have been stripped from the charges by
hydrogen molecules (hydrogen stripping), following the reac-
tion:

To distinguish between the two mechanisms for FeO-loss we
used the dichotomy in the behavior of FeO and MnO under
reducing conditions. In melts of chondrule composition, the
volatility of MnO is similar to that of FeO (Cohen et ., 2000),
but under reducing conditions Fe enters the metal phase while
Mn remains in the silicate. In our experiments, the bulk con-
centrations of FeO and MnO (in wt%) decrease following a
similar pattern as heating times increase (Fig. 1). For this
reason MnO is lost solely by hydrogen stripping (similar to
Egn. 3). The contents of FeO and MnO in the olivine and
mesostasis are presented in Table 2. A comparable decrease in
the content of FeO and MnO in the olivine and the mesostasis
is observed as well (Fig. 2). The trends shown in Figures 1 and
2 firmly support FeO-loss by hydrogen stripping rather than the
two step mechanism of reduction to Fe-metal followed by
evaporation. It is important to note that comparison between
FeO and MnO contents as a proxy for inferring FeO reduction
can only be possible if the evaporation rate of MnO is different
than the reduction rate of FeO.

The amount of FeO (in moles) lost in each experiment was
calculated on the basis of the initial and final weights of the
different charges and their bulk chemistries. Dividing the dif-
ference in FeO loss between two successive runs by the time
difference and the surface area of the charge gives evaporation
rates in hydrogen. Evaporation rates varied between 3.94
X 107°® and 1.17 X 10 8 mole/lcm?s for 0—1 to 12-18 h,
respectively (solid circles in Fig. 3).Wang et a. (1994) used
data from Barin (1989) to calculate theoretical evaporation
rates for a number of reactions involving the evaporation of
Fe,, from pure phases as a function of temperature (Fig. 3).
The evaporation rates obtained in this study are about an order
of magnitude higher than the theoretical values for FeQ,y, —
Feg + ¥2 Oyg). These results are related to the presence of
hydrogen and to the fact that FeO is predominantly lost by
hydrogen stripping (Egn. 3). The effect of the presence of

Table 2. Final compositions of olivine and mesostasis (wt%) in the experimental charges performed at P, = 1.31 X 10~° atm and 1580°C.

Oxide (Wt%) 1h sd.? 2h 4h 6h 12 h 18 h
Olivine

No. of analyses 19 16 21 17 15 16

SO, 38.48 0.50 39.47 40.68 41.99 42.66 42.55
AlL,Oq 0.02 0.051 0.03 0.02 0.03 0.07 0.32
TiO, 0.03 0.019 0.00 0.01 0.01 0.01 0.02
FeO 16.79 0.63 15.81 10.65 4.73 0.60 0.33
MnO 0.21 0.019 0.05 0.07 0.06 0.01 0.00
MgO 43.56 0.63 44,19 47.95 52.84 55.62 55.51
CaO 0.13 0.066 0.14 0.09 0.12 0.25 0.64
Total 99.21 99.69 99.47 99.77 99.23 99.38
Fo content 82.22 83.28 88.92 95.22 99.40 99.66

Mesostasis

No. of analyses 13 14 11 12 14 10

SO, 44.69 151 45.63 48.98 52.42 45.50 37.62
AlL,Oq 5.46 0.044 5.44 4.84 7.02 14.26 17.18
TiO, 0.11 175 0.11 0.10 0.15 0.29 0.42
FeO 25.95 0.92 21.74 13.19 2.20 0.11 0.02
MnO 0.24 0.027 0.20 0.14 0.06 0.01 0.00
MgO 19.64 6.00 21.82 28.07 3121 29.15 26.69
CaO 4.08 1.97 4.03 3.96 5.84 10.96 17.90
Total 100.14 99.00 99.32 98.92 100.31 99.85

2 Averaged standard deviations.
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Fig. 2. The concentration of FeO and MnO (wt%) in the olivine and
the mesostasis phases versus heating times (hours) in the charges
produced at 1580°C in H, at 1.3 X 107° am.

hydrogen on the evaporation rate of FeO is further demon-
strated when compared with results by Wang et al. (2001) who
have conducted vacuum evaporation experiments at 1800°C
using a similar composition but with residual air as the ambient
gas. The evaporation rates they measured varied between 1.6
X 107% and 1.5 X 108 mole/cm?/s for 0—7 to 40—60 min.,
respectively (open circlesin Fig. 3) and are lower than the rates
observed in the current experiments despite the higher temper-
ature in their runs. Nagahara and Ozawa (1996) and Tsuch-
iyama (1999) observed an increase in the evaporation rate of
forsterite with increasing hydrogen pressure.

3.2. Low P and Low T Experiments

Following the results of experiments conducted at low P and
high T, in which neither sulfide nor metallic metal was found,
experiments on the survival of these components at lower T
were conducted. Conditions in these experiments were set to
1350°C, hydrogen pressure of 1.31 X 10> atm and heating
times of 2, 10 and 30 min. (Fig. 4). The charge produced by 2
min. heating (Fig. 4a) contains large metal-sulfide blebs, espe-
cidly on or near the charge surface. The troilite is the host
phase of these blebs and it contains large cellular-dendritic
kamacite crystals plus pores. Figure 5 shows BSE images of
three different regions on the surface of this charge, with
different sulfide-metal ratios. The troilite occurs as feathery
dendritic crystals grown on the quench, in the sulfide-rich
metal-poor regions (Fig. 5a). In more metal-rich areas, surface
kamacite grains have a bowl shape, in some cases containing
residual sulfide puddles (Fig. 5b). Where they are empty, the
kamacite bowls have etched or terraced interiors (Fig. 5c)
similar to those produced by Tsuchiyama and Fujimoto (1995).

® 12-18hr
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Fig. 3. Arrhenius relation of the evaporation of FeO and Fe-metal for several reactions involving pure phases modified
after Wang et al. (1994), caculated using thermochemical data from Barin (1989). The results from our low pressure
experiments fall above the FeO — Fe) + ¥20,, and are marked by the solid circles. Results from similar experiments,
performed in air by Wang et al. (2001), are shown as open circles.
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Fig. 4. Cross sections through charges produced at 1.3 X 10> atm
and 1350°C. (&) 2 min run. (b) 10-min run. (c) 30-min run. Metal
dendrites have grown in sulfide melt with voids (a) which is later
replaced by silicate melt (b, ). The presence of vesicles is due to the
low degree of melting. The apparent porous rinds on the charges are
due to unpolished material lying below the epoxy.

The charges produced by 10 and 30 min. heating contain iron
metal but no sulfide. The kamacite is globular-dendritic and set
in silicate glass (Figs. 4b,c), the two phases being pseudomor-
phous after sulfide blebs. The metal in these charges exhibits a
slight decrease in the amount of iron and a similar increase in
the amount of nickel between the 10 min and the 30 min runs
(Table 3). These changes are expected as elements such as
sulfur and copper evaporate from the metal (Zandaet al., 2002).

e, g LAl
[E T

9 troilite

Fig. 5. Back scattered electron images of 3 different areas on the
surface of the 2-min charged produced at 1.31 X 107 atm, fO, of
IW-4.8 and 1350°C. The images represent different stages in the
desulfurization process of trailite.

The occurrence of nickel in the metal phase is associated with
the partial melting of the starting material. Under highly reduc-
ing conditions nickel would migrate from the silicate phase to
the metal.

The silicate portion in the 10 and 30-min charges contains
vesicles and many relict grains, indicating very low degrees of
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Table 3. Chemical composition (in wt%) of troilite and the metal phases from thelow P and T experiments and of the pyrrhotite and the metal phases
from the high P and T experiments. Analyses were performed on an electron probe.

Heating Fe S Ni

Co P Cu Total

Low P and low T experiments

Troilite 63.4 36.5 bd?
2 min 97.67 0.059 0.126
10 min 98.49 0.011 0.182
30 min 98.02 0.009 0.202

bd bd bd 99.9
0.203 0.004 0.133 98.19
0.189 0.007 0.014 98.89
0.209 0.014 0.039 98.49

High P and high T experiments

Pyrrhotite 61.8 38.3 bd
1h 97.22 bd 1.007
2h 98.06 bd 1.274
4h 96.82 bd 1.097
6h 96.78 bd 1.174

bd bd bd 100.1
0.193 0.432 0.003 98.86
0.169 0.492 0.017 100.01
0.168 0.517 0.000 98.60
0.198 0.598 0.006 98.75

2hd = below detection.

melting. The relict grains have reverse zoning, indicating dis-
solution of the fayalite component into the melt. These types of
textures, clast-laden melts and metal-glass intergrowths, are
rare to nonexistent in natura chondrules, which for the most
part did not experience evaporation at low degrees of melting
(Hewins and Radomsky, 1990).

3.3. High P and High T Experiments

Back scattered electron images of the experimental charges,
heated for 1, 2, 4, 6, 12 and 18 h at 1 atm, in H,-CO,, fO, of
IW-3 and 1565°C, are presented in Figure 6. These charges
consist of olivine grains, mesostasis and iron meta. Olivine
grains vary in size. They are smaller in the shorter runs (10—
20um) and tend to be larger in the long-heating runs (up to
100m).

Metallic iron appears in two forms. The first consists of
round blebs present in the charges heated for 1, 2, 4 and 6 h and
contains various amounts of sulfur, nickel and phosphorus
(Table 3). Theseiron blebs are afew micronsin size (Fig. 6a),
but rapidly coagulate to form large metal globules of up to 1
mm across (Figs. 6a—d). In longer runs a decrease in the
globule sizes is observed (Fig. 6d) and charges heated for 12
and 18 h (Figs. 6ef) do not contain any. These forms of
metallic iron resemble the iron metal found for example in
Renazzo chondrules. Figures 7a,b compares a chondrule and a
charge with many small metal droplets, and Figures 7c,d a
chondrule and a charge with a very large metal globule. The
compositions of this form of metal are shown in Table 3. The
metal compositions consist mostly of iron with ~1 wt% nickel
and traces of cobalt and phosphor. The higher content of nickel
in these experiments relative to the high P low T is attributed to
the higher temperature, leading to higher degrees of melting.
The increases in Ni and P are consistent with observations by
Connolly et a. (2001) and Zanda et a. (2002). Zanda et al.
(2002) suggested that the unexpectedly elevated concentration
of Pin the meta is related to oxidation of Fe at the interface
between the metal and the surrounding silicate melt.

The second form of metallic-iron is observed in olivine
grains as dusty cores, whitein BSE, similar to the known dusty
olivines in chondrules (Nagahara, 1981; Grossman et al., 1988;
Jones and Danielson, 1997). In Figures 7d,e we show the

similar development of dusty olivine in our charges to olivine
grains in a chondrule from Semarkona. Dusty olivines exist in
al our charges even those heated for 12 and 18 h. In some of
the charges metal grains occur as linear arrays in the olivine
crystals (Fig. 7e). Such a display was observed in natura
chondrules as well and was interpreted by Jones and Danielson
(1997) as possible nucleation and growth of iron along pre-
ferred crystallographic directions in olivine during a reduction
process. Boland and Duba (1981) and Lemelle et al. (2000) also
produced this effect during experimental reduction of olivine.

The chemical compositions of the olivine and the mesostasis
from the different charges are shown in Table 4. The Fo content
in the olivine increases rapidly, from a nominal 70% in the
unheated starting composition to ~97-98% in the 1-2-h runs
and to ~99% in the 4-18-h ones. The iron loss from the olivine
after only 1 hin 1 atm is greater than the lossin the first 6 h at
low pressure. The loss of FeO from the mesostasis at 1 atm is
faster as well, for example after 1 h the mesostasis contains
4.01 wt% FeO in the 1-atm run compared to 25.95 wt% at the
low pressure.

The concentrations of CaO, Al,O; and TiO, in the meso-
stasis increased dramatically from 1 h to 6 h, to the levels
reached in 12 and 18 h at low pressure, indicating either
crystallization of olivine or evaporation (Table 4). However,
FeO, SiO, and MgO show a gradual decrease, which is in
agreement with an evaporative process rather than crystalliza-
tion (or dissolution) of olivine. After 6 h of evaporation, the
composition trends reverse, with refractory elements decreas-
ing and MgO increasing in the melt, indicating dissolution of
olivine. Silica, however, continues to decrease. Evidence for
the dissolution of olivine is observed in the charges of 12 and
18-h runs (Figs. 6ef), in which the olivine content is lower
relative to the previous runs. Massive evaporation of FeO
increases the relative abundance of SiO, in the melt, which
causes the dissolution of olivine grains. Olivine dissolution
would increase the concentration of MgO, decrease the SiO,,
and dilute the CaO, Al, O3 and TiO, in the melt of the 12 and
18-h runs (Table 4).

As in the low-pressure experiments, the manner in which
FeO was lost can be confirmed by comparison with the MnO
content. The concentrations of FeO and MnO in the olivine
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Fig. 6. Back-scattered electron images of experimental charges produced at 1 atm, fO, of IW-3 and 1565°C. They contain
Fe-metal blebs, olivine grains with or without “dusty” cores, mesostasis and olivine quench dendrites. Each image (a—f)

represents a different heating time (1-18 h).

grains and in the mesostasisin the experimental charges display
a similar decrease with increasing heating times (Fig. 8) im-
plying, as in the low-pressure experiments, that FeO was lost
due to evaporation, by way of hydrogen stripping. As was
noted earlier inferring the fashion in which FeO was lost by
comparison with MnO content is feasible only if the reduction
rate of FeO is different than the evaporation rate of MnO. The
likelihood that these rates are comparable in both sets of
experiments (each conducted at different T, P and P.,) and in
both phases (olivine and glass) is highly unlikely.

The Fo and CaO (wt%) contents of the olivinein the charges
from the low-pressure experiments, the 1-atm experiments and

natural chondrules are presented in Figure 9. It is noticeable
that the olivines produced in 1-atm experiments after only 1 h
of evaporation have Fo and CaO contents produced after at
least 6 h of evaporation at low H,-pressures. Within 4 h of
evaporation the olivines have compositions of Foge. Similar
olivine compositions require 12 h to form at lower H,-pressures.

The more rapid increase in the Fo content of the olivines and
the faster loss of FeO from the mesostasis in the 1-atm exper-
iments might be expected if reduction of Fe were the principle
mechanism for FeO removal. However, in that case MnO and
FeO should not decrease together as they do in Figure 8. With
a higher hydrogen pressure, more hydrogen molecules are
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Fig. 7. Limited degree of coalescence of small metallic blebsin a Renazzo chondrule (a) and in a 1-h charge run at 1-atm
H, (b). A large metal bleb at the center of a Renazzo chondrule with smaller blebs surrounding the rim (c), similar to alarge
metal bleb in the center of a 6-h charge produced at 1-atm H, (d). Dusty olivine in a Semarkona chondrule () and in a 1-h
charge produced at 1-atm H, (f).

available for stripping oxygen coordinated to volatiles such as
Fe, Mn and Na and we conclude that hydrogen stripping, and
not reduction, isthe dominant process responsible for FeO loss.
The fact that most FeO was lost due to evaporation rather than
reduction has extreme importance when interpreting the origin
of the iron metal, which is so pervasive in these charges.

4. DISCUSSION

4.1. Origin of Iron Metal Blebs in the Experimental
Charges

In low-pressure (1.31 X 107° atm) and high temperature
(1580°C) experiments, the compositions and textures of Type
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Table 4. Chemical compositions of olivine and mesostasis (in wt%) produced at 1-atm H,-CO, and 1565°C. Analyses were performed on an

electron probe.

Oxide (Wt%) 1h sd2 2h 4h 6h 12 h 18 h
Olivine
No. of analyses 12 23 29 11 10 20
SO, 42.47 0.43 4256 42.90 42,56 42.64 42.78
AlL,Oq 0.005 0.084 0.01 0.07 0.03 0.16 0.16
TiO, 0.01 0.009 0.01 0.01 0.01 0.01 0.02
FeO 2.62 0.64 178 071 071 0.37 0.33
MnO 0.09 0.021 0.05 0.02 0.015 0.006 0.003
MgO 55.93 0.40 56.66 57.32 57.53 57.39 57.41
Ca0 0.08 0.083 0.10 0.18 0.20 0.42 0.43
Fo content 97.44 98.28 99.30 99.31 99.64 99.68
Mesostasis
No. of analyses 7 9 5 12 10 8
SO, 53.35 0.43 52.25 49.80 43.39 40.21 41.30
AlLO, 452 0.53 7.27 12.64 18.21 17.44 16.06
TiO, 0.10 0.018 0.16 0.32 0.41 0.37 0.32
FeO 4.01 0.10 158 1.05 0.72 0.37 0.43
MnO 0.18 0.008 0.05 0.04 0.005 0.001 0.002
MgO 34.74 116 33.54 24.45 21.63 28.11 30.45
Ca0 3.70 0.50 6.25 12.38 16.02 14.05 12.12
Result Evaporation Evaporation Evaporation Evaporation Olivine Olivine
dissolution dissolution
2 Averaged standard deviations.
IA and IIA chondrules were produced, but iron metal blebs and
dusty olivines were not formed despite favorable conditions (20
wt% troilite in their starting material). In these experiments
Fe-metal was clearly lost by evaporation. 3 0.10
In the low pressure (1.31 X 10~° atm) and low temperature i 3
runs (1350°C), Fe-metal was observed to have formed by sulfur olivine | |*®
loss from a FeS melt (desulfurization). While these charges do s
not resemble natural chondrules, because of numerous relict 007 2
olivine grains and olivine dendrites with interstitial silicate =]
. - . - " 0.06 o
glass, they provide an insight into the stability of sulfide melt at =
relatively low temperatures. At 1350°C sulfur in FeS melt was 0% =
retained for less than 10 min. and was lost much faster than iron 0.04 §
metal. These experiments clearly show that the iron metal was 003
produced by gradual sulfur loss (Fig. 4). Low temperature
experiments also demonstrate that the presence of either Fe-Ni 002
sulfide or Fe-Ni metal in the precursor of chondrules is indis- 0.01
tinguishable as far as the end product is concerned. This is -
because after sulfur islost from sulfide melt, metal remains. As ’
chongrule formamon occurred at temperature well _abov_e 4 mesostasis 0.13
1350°C, no evidence of the former presence of sulfide is 0.16
expected, unless high ambient pressures of sulfur were present. 33
In charges produced at 1-atm H,-CO, and 1565°C iron metal o3 - g
was pervasive. This metal might have been produced in several ? 01z Q
ways. One possibility is that it formed by the reduction of FeO i i E
while moderately volatile lithophile elements are retained in the % 5 2
melt. Tsuchiyama and Miyamoto (1984) produced meta blebs P W =
on the surface of charges by reduction in a CO-CO, mixture at = 0.06
an oxygen fugacity of IW-1.5. Under similar conditions, Na 1 S
lossfrom the melt isrelatively slow (Y u and Hewins, 1998) and
Mn loss is minimal. However, in our experiments Na loss is & 0.0
0

complete, and Mn loss extensive. In addition MnO and FeO are
correlated both in the olivine grains and the mesostasis, which
supports FeO evaporation rather than reduction to Fe-metal.
An dternative source for theiron metal isthe desulfurization
of FeS similar to the results observed in the low T low P

heating times (hours)

Fig. 8. FeO (wt%) and MnO (wt%) in the olivine grains of 1-atm
experiments and in the mesostasis of 1-atm experiments.
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Fig. 9. CaO content in olivine in wt% vs. the Fo content in alivine,
in Semarkona chondrules (Jones and Scott, 1989; Jones, 1990, 1994,
1996) and in evaporation residues from low pressure and 1-atm exper-
iments.

experiments. At the experimental temperature, 1565°C, sulfur
is highly volatile but iron metal is much less so. Sulfur loss by
hydrogen-reduction leaves liquid metallic-iron, the external
pressure exceeding the vapor pressure of iron, asin the reaction
proposed by Tachibana and Tsuchiyama (1998):

This interpretation of our experimental results is consistent
with observations of natural chondrules where texture-compo-
sition correlations suggest desulfurization during chondrule
formation (Hewins et a., 1997) and where some iron-metal is
equilibrated with the hosting silicates (Zanda et al., 1994).

The experiments conducted at 1-atm hydrogen produced
Type | chondrule bulk compositions and, because of Sloss, the
typical metalic iron found in chondrules. These results suggest
higher than canonical pressures for chondrule formation. The
minimum pressure needed for maintaining Fe-metal in the melt
can not be inferred from the present study. In general our
experiments demonstrate the various effects of hydrogen pres-
sures on reactions such as hydrogen stripping and desulfuriz-
ation. In low hydrogen pressure runs, FeO in silicates lasted
longer and Fe-metal evaporated immediately. Conversely, at
1-atm hydrogen, FeO in silicates was lost faster while Fe-metal
remained in the melt for over 12 h.

4.2. Origin of Dusty Olivine in the Experimental Charges

Olivine with Fe-metal inclusions has been produced using
either graphite, as a crucible or incorporated in the starting
material, or reducing gasses (Boland and Duba, 1981; Connolly
et a., 1994; Danielson and Jones, 1995; Libourel and Chaussi-
don, 1995; Lemelle et al., 2000). It has been suggested that at
high temperatures dusty olivine be formed by the reduction of
Fe*2 in olivine, as in the reaction (Libourel and Chaussidon,
1995):

olivine (Fo,,) — olivine (Fo-)

+ Si-richmelt + Fe-metal + O, (5)

The evaporation of the Fe derived from sulfide melt into the
vapor suggests that gas did not create the metal inclusions in
our olivine. We therefore suggest that the kerogen, present in
the starting material, reduced the iron in the olivine to make
dusty olivine. This occurred within the first hour of heating
while the kerogen material was still present. In experiments of
longer heating times (2-18 h) newly grown olivine, either as
mantles surrounding old olivine cores or as newly grown crys-
tals, are clear of metal inclusions (Fig. 6). The lack of metal
inclusions in these grains is attributed to the nearly complete
loss of FeO from the olivine grains within the first hour and to
the evaporative nature of kerogen.

4.3. Origin of Iron Metal in Chondrules

Though some chondrules may have formed by direct con-
densation, we consider here the model of reheating of precursor
solid aggregates to produce chondrules. The occurrence of
Fe-meta in Type | chondrules could be related to the evapo-
ration and/or reduction of a low temperature precursor resem-
bling CI or Type Il chondrules. The occurrence of iron in the
precursors of chondrules may have been in the form of Fe-
silicate, Fe-sulfide or Fe-metal grains, whether they originated
as circumstellar or nebular condensates. The presence of Sin
many chondrules and the equilibrium low temperature assem-
blage given by condensation sequences (Grossman, 1972
Wood and Hashimoto, 1993; Ebel and Grossman, 1997, 2000)
indicate that the presence of Fe-metal in the chondrule precur-
sors was rather unlikely. In our low T and low P experiments
FeS becomes Fe-metal within minutes. Thus experiments with
sulfide are virtually identical to experiments with Fe in the
precursors.

Many have suggested that Fe-metal in chondrules is the
product of the reduction of Fe silicate (Scott and Taylor, 1983;
Johnson, 1986; Lee et a., 1992; Kong and Palme, 1999; Con-
nolly et al., 2001) by either carbon in the chondrule precursors
(Connally et al., 1994; Connolly et a., 2001) or by hydrogen
(Sears et a., 1996). Others have proposed sulfur loss (desulfu-
rization) from FeS as the generator of significant amounts of
metallic iron in chondrules (Zanda et a., 1994).

Experiments conducted under canonical nebular conditions
did not produce iron metal, despite the presence of two poten-
tially reducing agents, kerogen and hydrogen. Kerogen, which
could have potentially generated iron metal by reduction of Fe
silicates, is extremely volatile and was lost before substantial
reduction took place. Hydrogen at low pressure is clearly
effective at removing O and associated Na, Fe, etc., from the
melt and does not reduce FeO and leave Fe-metal behind. Iron
sulfide is also a potential source for iron metal as a result of S
loss, but Fe° is extremely volatile under these conditions, the
equilibrium vapor pressure exceeding the total pressure.

Although experiments conducted at lower temperature (i.e.,
1350°C) produced iron metal and sulfides, the textures exhib-
ited by these charges are not characteristic of natural chon-
drules. The experiment temperature was far below the liquidus
of the silicate precursors, which left a myriad of relict grains
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and vesicles. The metal produced in these experiments does not
resemble that in natural chondrules either (e.g., McSween,
1977; Jones and Scott, 1989) nor do the evaporation textures of
solid metal “dendrites’ (Figs. 4 and 5). Most Type | chondrules,
whether melted extensively or to a low degree, contain drop-
formed metal. They were therefore heated to at least 1500°C for
variable amounts of time.

The experiments conducted at 1-atm in H,-CO, produced
various types of iron-metal found in natural chondrules, i.e.,
metal iron blebs and dusty olivine. Elevated hydrogen pressure
was evidently extremely important in both allowing the desul-
furization of FeS and suppressing the evaporation of Fe-metal
from the melt.

Chondrules were not produced by a simple one-stage process
like the isothermal evaporation of our experiment. They prob-
ably experienced melting and evaporation followed by crystal-
lization and condensation during cooling. The iron metal,
which typically surrounds the rims of chondrules (as seen in
Fig. 7c), may be explained in asimilar way. This type of metal
contains lower Ni and Co concentrations relative to the interior
metal blebs (Lee et a., 1992), and probably formed by recon-
densation during cooling of chondrules (Connolly et a., 2001;
Zanda et al., 2002).

However to keep iron-metal in chondrules during their for-
mation, pressuresin the chondrul e formation region had to have
been higher than canonical, as demonstrated by our experi-
ments. High partial pressures of volatile elementsrelative to the
solar nebula appear necessary for the retention of volatile
elementsin the silicate melt, especially during the formation of
Typell chondrules (Yu et a., 2003 and Y u and Hewins, 1998).
Experiments have shown that iron sulfide can be retained in a
melt for aslong as 4 h due to high partia pressures of iron and
sulfur surrounding the melt (McCoy et a., 1999). However, it
is not clear whether high partial pressures of volatile elements
would have helped retain iron-metal in chondrules, as iron
metal is most abundant in those that lack volatile elements (i.e.,
Type | chondrules): the gas would have to be enriched in Fe but
depleted in Na.

Our results suggest that the occurrence of iron metal in Type
I chondrules requires higher total pressure than those of the
canonical nebula. Formation in a transient asteroidal or plane-
tary atmosphere has been suggested but is not well established
(Grossman, 1988). If chondrules are nebular in origin, a special
environment in the solar nebular needs to be sought. The
proposition that chondrule formation occurred at ambient pres-
sures higher than canonical has been raised in several studies
(Hood and Horanyi, 1993; Connolly and Love, 1998). Chon-
drules and their surrounding gas were conceivably compressed
during the passage of a shock wave. These pressures probably
reached ~10~3 atm for a minimum mass nebula (Desch, per-
sonal communication). Others like Galy et a. (2000), in an
effort to explain Mg-isotopic compositions in chondrules, pro-
posed that chondrules formed in the solar nebula at higher than
102 atm. The vapor pressure of Fe at the temperatures of
interest is ~10~* bars, so the presence of metal suggests a
higher pressure. Further experiments are obviously necessary to
determine the minimum pressure needed for maintaining iron
metal in the melt.

5. SUMMARY

A Cl analog heated at chondrule melting temperatures under
canonical nebular conditions produced evaporation residues
lacking iron metal, due to the high volatility of FeS and
iron-metal at these conditions. The presence of hydrogen was
shown to be effective in enhancing the evaporation of FeO,
rather than in reducing it to liquid metal.

At low peak temperatures (i.e.,, 1350°C) and low hydrogen
pressure sulfide and iron metal survived only with short heating
times. The abundant relict olivine grains and metal-sulfide
evaporation textures of these experiments are typically absent
in chondrules, indicating different conditions. The droplet tex-
tures of metal in Type | chondrules require at least 1500°C.

Experiments conducted in H,-CO,, at 1-atm, produced Fe-
metal blebs and dusty olivines, similar to those observed in
natural chondrules. The majority of metallic iron blebs (small
and large) are believed to have formed by sulfur loss within the
first hour of the experiment. We estimate that the only metal
grains formed by reduction of silicate were the iron inclusions
in olivine grains (dusty olivine), produced by kerogen reduction
within the first hour of evaporation.

The melts produced in these experiments exhibited evapo-
rative losses of FeO and SiO,. In the 1-atm experiments the
evaporation of FeO isfaster and that of Fe-metal is Slower than
in the low-pressure (canonical nebula) experiments.

Higher total pressures relative to the canonical nebula may
have been necessary for alowing metallic iron to survive at
chondrule peak temperatures. Elevated partial pressures of cer-
tain elements (such as Fe) due to dust evaporation in the
ambient gas may have contributed as well.
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