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Abstract

Group IIIF was established as a magmatic iron-meteorite group based on similar Ga and Ge abundances, unusually high
Ga/Ge ratios, and the IIIAB-like interelement trends in its members; recent Mo and Ru isotopic data indicate that three of its
members exhibit the isotopic signature of carbonaceous-chondrite (CC) irons. Here we report the elemental chemistry of this
group and model its crystallization history. Included are new elemental data for IIIF irons acquired by both instrumental
neutron activation analysis (INAA) and laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS). A
fractional-crystallization model was used to evaluate the IIIF compositional trends for 19 elements and was unable to explain
the observed fractionation trends for several key elements (Co, Ga, Ge). In particular, the inability of this model to match Co
in the IIIF irons is striking because (1) group IIIF has the widest Co variation among all magmatic iron groups and (2) none
of the tested initial S contents (0-20 wt.%) explains both the wide Co variation and steep Co-As slope. Attempts to fit subsets
of the IIIF irons were also unsuccessful. In addition, group IIIF has the greatest variety of structural classes and kamacite
bandwidths among all established magmatic iron groups. If the IIIF irons constitute a coherent group, they were derived from
a parent body that experienced more complex processes than simple fractional crystallization of the core.

The Zinder and Northwest Africa (NWA) 1911 pyroxene-bearing pallasites were recently suggested to be related to group
ITIIF based on their Ga and Ge contents, and we completed a petrographic study of the pallasite silicates and LA-ICP-MS
analyses of their metal fractions. The two pallasites are related to one another: they have nearly identical mineralogical, ele-
mental and O-isotopic compositions in their silicates and metals. Their metallic compositions resemble those of the IIIF irons
Moonbi, St. Genevieve County, and Cerro del Inca, but their O-isotopic compositions resemble those of non-carbonaceous
(NC) achondrites. Additional isotopic measurements are needed to test the potential genetic relationship to group IITF.
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1. INTRODUCTION

Magmatic iron meteorites are thought to represent the
cores of differentiated asteroids (e.g., Scott, 2020). Group
IIIF was first defined as a group based on distinct ranges
of Ga (6.3-7.2 ppm) and Ge (0.7-1.1 ppm) (Scott and
Wasson, 1976). Because IIIF irons have element vs. Ni cor-
relations similar to those of other magmatic groups
(Kracher et al., 1980), they are thought to have formed
via fractional crystallization of a metallic core. Nickel,
Ga, Ge, Ru, Re, Os, Pt, Ir, and Au concentrations in the
IIIF irons (determined by radiochemical neutron activation
analysis, RNAA) have previously been reported (Schaudy
et al., 1972; Scott and Wasson, 1976; Kracher et al., 1980;
Pernicka and Wasson, 1987). New highly-siderophile-
element (HSE, Re, Os, Ir, Ru, Pt, and Pd) data determined
by inductively coupled plasma mass spectrometry (ICP-
MS) were reported by Hilton et al. (2021).

According to the Meteoritical Bulletin Database, group
IIIF currently has nine members (all finds): Binya, Cerro
del Inca, Clark County, Fitzwater Pass, Klamath Falls,
Moonbi, Nelson County, Oakley (iron), and St. Genevieve
County. Table 1 provides a summary of the petrography
and metallography of these nine irons (Buchwald, 1975;
Kracher et al., 1980). All IIIF members are octahedrites,

with structures varying from fine to coarsest (Table 1).
Schreibersite is common in several samples, occurring on
the micrometer-to-millimeter scale. Troilite is present as
millimeter-size crystals in Clark County, Nelson County,
and Oakley (iron).

Hafnium-W chronometry of Nelson County suggests
that mantle-core differentiation of its parent body (pre-
sumed to be that of group IIIF) occurred 1.5 4+ 1.7 Ma after
CALI formation (Qin et al., 2008), and a later estimate based
on Clark County and Klamath Falls shows 2.2 + 1.1 Ma
(Kruijer et al., 2017). The Hf-W age of the IIIF irons has
recently been revised to 3.0 + 1.2 Ma due to the discovery
of nucleosynthetic Pt isotope anomalies (Spitzer et al.,
2021). Molybdenum and W isotopic measurements of Clark
County and Klamath Falls show that they are
carbonaceous-type (CC) irons (Kruijer et al., 2017). Addi-
tional Ru isotopic analyses of Clark County, Klamath
Falls, and Oakley (iron) confirmed the CC classification
(Worsham et al., 2019). The S-isotopic compositions of
Moonbi, Cerro del Inca, and Klamath Falls show signifi-
cant >3S depletions relative to those of other iron-
meteorite groups (Antonelli et al., 2014; Peters et al., 2020).

The metallic fractions of two pyroxene-bearing palla-
sites, Zinder and Northwest Africa (NWA) 1911, were
reported to have elemental concentrations close to the IIIF

Table 1

Summary of the petrography and metallography of IIIF irons.

Sample Find Structure’ Kamacite Schreibersite Modal P Troilite Modal S
location bandwidth (mm) (wt.%) (Wt.%)

Clark County Kentucky, Om 1.00 £ 0.10 25-50 pm nodules 0.05 3 x 1 mm lenses, 0.05°
USA shock melted

Nelson Kentucky, Ogg 1-10 rare, 2-30 pm wide 0.18 mm-scale lenticular or

County USA lamellae platy bodies

Oakley (iron) Idaho, Og 1.40 + 0.30 20-80 um wide grain 0.28 irregular nodules, 0.016"
USA 50 pm to 5 mm

Binya Australia Og* 1.0-1.5%

Cerro del Chile Of-Om*  0.5*

Inca

St. Genevieve Missouri,  Of 0.49 £+ 0.07 10-60 pm wide grains and  0.22 monocrystalline 0.001*

County USA 2-40 pm blebs

Moonbi Australia Om 0.55 +0.10 0.2-0.6 mm skeletal 0.22 not present

crystals
Klamath Oregon, of’ 0.5+0.1" more schreibersite than
Falls USA other IIIFs’

Most information is from Buchwald (1975) otherwise labeled, and blank fields denote unreported data.

* Meteoritical Bulletin Database.
T Kracher et al. (1980).

* Of = fine octahedrite, Om = medium octahedrite, Og = coarse octahedrite, Ogg = coarsest octahedrite.

¥ Cohen (1905).
1 Merrill (1927).
# Moore et al. (1969).
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irons, indicating a possible linkage of these pallasites with
the IITF parent body (Boesenberg et al., 2012; Boesenberg
et al., 2017, Humayun et al., 2018). Only a few other palla-
sites have previously been linked to specific iron-meteorite
groups, e.g., IIIAB and main-group pallasites (Wasson
and Choi, 2003) and IIF and Eagle Station pallasites
(Hilton et al., 2020). However, Humayun et al. (2018)
found that the O-isotopic compositions of Zinder and
NWA 1911 are similar to non-carbonaceous (NC) achon-
drites (see Section 4.6 for details), in contrast to the CC
classification of IIIF irons derived from Mo, W, and Ru
isotopes (Kruijer et al., 2017; Worsham et al., 2019). To
date, no studies have modeled the crystallization of the IITF
core to investigate its possible genetic relationship to these
two pallasites.

In this study, we report the first comprehensive elemen-
tal concentrations of group IIIF irons, using both instru-
mental neutron activation analysis (INAA) and laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS). We also report new siderophile-element
data for the metal portions of the pallasites Zinder and
NWA 1911 along with comprehensive petrographic studies
of these meteorites. We undertake modeling to test if frac-
tional crystallization can explain their interelement trends
and whether the two pallasites are related to group IIIF.

2. ANALYTICAL METHODS AND RESULTS
2.1. Neutron activation analysis (NAA)

For each IIIF sample, Fe (for internal normalization)
and 12 other elements in two to three specimens of a sample
(from a single source) were analyzed by INAA. The methods
are described in Wasson et al. (1989) and Wasson et al.
(2007). The specimens have a mean thickness of 3.0 mm
and a mass of ~550 mg. Samples were then irradiated at
the University of California, Irvine nuclear reactor. After
irradiation, each specimen was acid-leached using dilute
H,SO,, HCI, and HNOj; solutions to remove superficial
contaminations. Each irradiated specimen was counted four
times (6, 15, 80, and 600 hours, respectively, after the irradi-
ation) on a hyperpure planar germanium detector over the
course of a month at UCLA. Some sample-specific geomet-
ric corrections (0.95-1.05) to the Ni and Co values were
made to be consistent with the third and fourth counts, in
which Fe + Ni is corrected to be 990 mg/g. For analyses
made in the last two decades, the standards used were a
Filomena specimen of North Chile (IIAB), a Coahuila spec-
imen (ITAB), and NBS steel NBS809B. In analyses prior to
1986, Filomena was not used as a standard; instead, aliquots
of standardized solutions were used. Some of the older data
were re-calculated by re-standardizing them by newer anal-
yses; the recalculations make <5% difference. Except for the
irradiation, all experimental procedures and data processing
were performed at UCLA.

Concentrations of Ge were previously analyzed by
radiochemical neutron-activation-analysis (RNAA)
because Ge concentrations were below INAA detection
limits. Therefore, the Ge RNAA data shown in this study
are mainly from the literature (Schaudy et al., 1972; Scott

Table 2

Mean compositions of seven IIIF irons and one IIIF-an iron determined by NAA.

Pt Au

Re Ir

Ga Ge As Ru

Cu

Co

Cr

Meteorite

(mg/g) (mg/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/e) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

(ng/g)

IIF

0.325

8.2
9.6
9.2
8.0

8.1

7.57
8.87
5.61
3.34
2.00
1.41

10.1

805
942
532
321

1.81
1.68
1.62
1.06
1.02
1.07
0.39

6.5

1.22
1.25
1.43
4.34
4.60
5.74

23.9

1.02*
0.89*

6.70*

96
91

69.3

3.13
3.10
3.21
3.79
3.83
3.86
4.86

313
326
240
291
359
215
30

Clark County

12.9 0.311

7.8

6.31%

70.6

Nelson County
Oakley (iron)

1.13"

<50

7.03"

0.385

93
174

72.5

0.537

6.17°

76.9

Cerro del Inca

0.598
0.710

185 2.1

4.86
5.32

170 6.35% 0.779*
0.822*
0.701*

189

77.1

St. Genevieve County

Moonbi

8.1

1.0

140

6.64*
7.05

81.6

3.238

23

0.0050

<20

169

87.3

Klamath Falls

IIIF-an
Binya

0.513

10.9

9.59

1174

1.44

4.17 76.7 112 9.48" <65° 2.71

192

Ge data and one replicate of Ga from Schaudy et al (1972).
" Ge data and one replicate of Ga from Scott and Wasson (1976).

¥ Ge data and one replicate of Ga from Kracher et al. (1980).

¥ Ga or Ge data analyzed solely by INAA.

*

-
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and Wasson, 1976; Kracher et al., 1980), except for Binya
and Cerro del Inca (determined by INAA in this study
because Ge was not below detection). Gallium data were
calculated from both our new INAA data (when available)
and the RNAA data from the literature (Schaudy et al.,
1972; Scott and Wasson, 1976; Kracher et al., 1980). The
INAA data of group IIIF were collected over the past
four-plus decades; starting in 1986, the data quality signif-
icantly improved. Except for two replicates of Klamath
Falls, all other analyses were carried out after 1986 (see
details in Appendix 1). For Klamath Falls, the specimen
analyzed after 1986 was given 2x weight in the mean calcu-
lation. In the following sections, “NAA” refers to data
derived from both INAA and RNAA, while “INAA” and
“RNAA” denote data solely from INAA and RNAA,
respectively.

The abundances of 14 elements determined by NAA are
listed in Table 2, and replicate values of each specimen are
shown in Appendix 1. The relative 95% confidence limits on
the mean values in Table 2 are: 1.5-3% for Co, Ni, Ga, Ir
(concentrations >0.1 pg/g) and Au; 4-6% for As, Ge (by
RNAA) and Sb; 7-10% for W (values >0.3 ng/g), Re
(>50 ng/g), Ru (>4 pg/g) and Pt (>2 pug/g). Chromium most
commonly occurs in minor phases such as chromite and
daubréelite, and such sampling bias induced high relative
confidence limits (>10%) on the means of Cr. Moreover,
Fe produces interference in the determination of Cr due
to the >*Fe(n,0)>'Cr fast-neutron reaction. The degree of
interference is about 6 png Cr per gram of Fe (Wasson
and Richardson, 2001). Our data were not corrected for this
interference.

2.2. LA-ICP-MS

Samples of Cerro del Inca (museum number USNM
7062), Clark County (USNM 1304-a), Fitzwater Pass
(CML 0413-6), Klamath Falls (USNM 7008-a and AMNH
4926-psl), Moonbi (USNM 1457-a), Nelson County
(USNM 674-b), Oakley (iron) (USNM 780-d), and St. Gen-
evieve County (USNM 454-a) were obtained as polished
slabs. A mount of Zinder (~3 cm per side) was provided
by Northern Arizona University. A small, 4 x 12 mm thin
section of NWA 1911 was borrowed from the collection of
Ted Bunch. Trace-element data on metals were collected by
LA-ICP-MS at Florida State University (FSU).

LA-ICP-MS analyses were performed on an ElectroSci-
entific Instruments New Wave™ UP193FX laser system
coupled to a Thermo Element XR™ ICP-MS at the Plasma
Analytical Facility, FSU. A low mass resolving power
(AM/M = 400) and triple mode detection at 65% duty cycle
were used to acquire the peaks 3p Sty 3Cr, Mn, Y'Fe,
9Co, ONi, ©Cu, "'Ga, “Ge, "SAs, *Mo, '©Ru, ©Rh,
106pg, 120Gy 121G}, 182y 185 1900g 19311 195p¢ and
197Au. Trons were analyzed using a raster scan over a few
millimeters with a 50 um beam spot, scanned at 10 um/s,
50 Hz laser repetition rate. This technique yielded more rep-
resentative sampling of the kamacite-taenite banding but
failed to yield useful Ge abundances for Klamath Falls.
To obtain more precise Ge, a set of five 150 pm spots were
analyzed at 50 Hz for 20 s on five of the irons, including

Table 3

Compositions (raster averages) of 23 elements in seven IIIF irons and two pallasites determined by LA-ICP-MS. Concentrations below detection limits are not shown.

Au

(ng/e) (ngle)

Ir Pt

Mn Fe Co Ni Cu Ga Ge As Mo Ru Rh Pd Sn Sb \%% Re Os
(mg/g) (ng/g) (ng/g) (ng/g) (mg/g) (mg/g) (mg/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/e) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

Cr

Meteorite

(ng/g)

IIIF

129 0.33
114 0.38
11.6  0.39
10.2  0.49

12.7

18.8

11.8

1.32
0.85
0.78

0.057 0.017 2.15
3.16 0.257 0.036 4.39 0.405

942 129 247
8.50 1.27 2.86 0.057 0.007 2.15

0.95 3.61

0.81
0.78
0.76
0.61
0.59
0.87

6.3

80
73

67

3.18
3.27
3.36
3.69
3.87

3.86

0.74 269 0.59 928

2.01
1.50
1.68
5.90
3.16
3.26

3.

Nelson County
Clark County
Oakley (iron)

82

8.

097 5.88

1.0

6.8

73
74

923
923

1.43 916

7.79
4.

9.68
3.

0.081 0.009 2.48

3.23

8.42 1.33

7.46

1

6.4
6.2

6.3

72

20

81

8.60 1.31

3.01 17.1

111
111
151

161

291

1.05

Cerro del Inca

8.46 0.55
104 0.75

2.18
2.

1.59
1.53

1.29 0.199

1.33

0.436 0.040% 0.51

3.28 0.088 0.009

7.01 1.23

4.58 14.7

76
76
84

920
1.80 916
2.01 907

St. Genevieve County

Moonbi

23

0.269

580 9.36 7.46 1.34 3.87 0.360 0.042

25.8

6.9
6.8

302
24

1.12
1.25

1.97 3.33

0.003* 0.006*

0.002*

5.55

6.10 2.00 0.96

0.26*

5.12

52

Klamath Falls

Pallasite
Zinder

132 0.74
129 0.90

8.48
7.48

10.0

1.66 0.92

1.43

3.37 0.556 0.006

372 0.77

3.54  9.62 10.85 1.58

0.73

5.6
6.1 1.11

110
132

0.08 3 2.65 926 426 69
18.55 907 77

1.34
2.

8.58

0.69

0.06

529 6.09 9.83 1.57

4.12

1.50 29

18

NWA 1911

Data for Ge, Sb, Re, Os, Ir with lower detection limits are calculated from the mean of the spot average (Appendix 2) and the raster average in this table.

*
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Fig. 1. Comparison between NAA and LA-ICP-MS data. A: relative difference between NAA and LA-ICP-MS. The relative difference is
calculated using (Cnaa — Cicpms)/Cinaa X 100%, where C denotes concentration data. B: NAA and LA-ICP-MS data normalized to CI
chondrites. Abbreviations: St. GC for St. Genevieve County, CdlI for Cerro del Inca, CC for Clark County, NC for Nelson County, KF for
Klamath Falls. The CI-chondrite composition is from McDonough and Sun (1995). (For interpretation of the colors in the figure, the reader is

referred to the web version of this article.)

both slabs of Klamath Falls. This produced a sufficiently
bright beam to resolve Ge from background argide interfer-
ences. Standardization techniques followed those of
Humayun (2012). The standard used for Fe, Co, Ni, Cu,
Ga, Ge, As, W, and Au is North Chile (Filomena; IIAB)
(Wasson et al., 1989), and the standard for Ru, Rh, Pd,
Re, Os, Ir, and Pt is Hoba (IVB) (Walker et al., 2008).
NIST SRM 1263a V-Cr steel was also used for V, Cr, Fe,
Co, Ni, Cu, As, Mo, W, and Au (Campbell and
Humayun, 2005). The abundances of the 23 elements deter-
mined by LA-ICP-MS raster averages taken on polished
surfaces of IIIF irons are listed in Table 3 and spot averages
in Appendix 2.

2.3. Comparison between NAA and LA-ICP-MS data

The elemental data from the NAA and LA-ICP-MS are
compared by relative variations (Fig. 1A) and by absolute
variations on the Cl-chondrite-normalized diagram
(Fig. 1B). The difference in data obtained by these two ana-
lytical methods mostly varies within the range of +40%
(LA-ICP-MS relative to NAA) (Fig. 1A). The largest diver-
gence is in the W measurement of Cerro del Inca: 1.06 ng/g
by INAA and 4.39 ng/g by LA-ICP-MS. The differences in
Au and As between INAA and LA-ICP-MS go up to 30%,
and this indicates that data from the larger sample size of
NAA (minimizing the effects of variable kamacite/taenite
sampling and/or local minor inclusions) are more suitable
for fractional-crystallization modeling based on element-
Au and element-As trends. For Ni, Co, and Ga that vary
less in concentrations within a group, their concentrations
measured by NAA and LA-ICP-MS are very comparable
(difference within £10%). Nevertheless, all measurements
by NAA and LA-ICP-MS agree with each other on a log-
arithmic scale (Fig. 1B). Because the NAA specimens were
larger, they would provide a more representative bulk mea-

surement. Thus, for the composition of each IIIF iron used
in the fractional-crystallization modeling of this study, we
chose to use the elemental concentrations from NAA, and
supplement those with the LA-ICP-MS measurements to
extend the modeling to more elements. Given the consistent
analysis values on the logarithmic scale between the two
measurement approaches, the choice of using NAA or
LA-ICP-MS values in the modeling made no significant dif-
ference in the conclusions.

2.4. Classification of Fitzwater Pass and Binya

Fitzwater Pass was previously classified as a IITF mem-
ber (As = 17.9 pg/g, Au = 1.8 pg/g, Ga = 10 ng/g,
Ge < 10 pg/g, Ir = 2.54 pg/g) based on results from a com-
mercial INAA lab (Meteoritical Bulletin Database).
Fitzwater Pass has not been analyzed by NAA at UCLA.
Our LA-ICP-MS analysis (As = 8.9 pg/g, Au = 1.36 pg/g
, Ga = 79 pg/g, Ge = 301 pg/g, Ir = 3.12 ug/g) revealed
higher abundances of Ga and Ge, but similar Ni, Co, As,
Au, and Ir concentrations (see details in Appendix 3). If
the piece of metal provided for this study was indeed
Fitzwater Pass, then it is more compatible with group
IAB than IIF (Humayun et al., 2018). Binya is on the
interelement trends of other IIIF irons, despite its slightly
higher Co and Ga concentrations. We tentatively classify
Binya as IIIF-an. Binya and Fitzwater Pass are excluded
from the fractional-crystallization modeling of group IIIF.

2.5. Electron microprobe analysis (EMPA) and pallasite
petrography

Quantitative analysis, mixed WDS/EDS element map-
ping, and characterization of the mineral phases from
NWA 1911 and Zinder were performed on the Brown
University CAMECA SX-100 electron microprobe.
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Table 4

207

Mineral compositions of Zinder and NWA 1911 and other pyroxene-bearing pallasites. Data of Choteau, Vermillion, and NWA 10019 from
Gregory et al. (2016), Boesenberg et al. (2000), and Boesenberg et al. (2016), respectively.

Pallasite Metal (vol.%) Pyroxene Olivine Chromite*
Opx Cpx Fe* Al*
Zinder 43 Wo, oEngg ¢Fsi14 Wo393Enss »Fss 5 Fa; o 51.4-77.6 12.5-31.4
NWA 1911 243 Wo, 6 1.8Engs s s7.0(core) Wo412468En535 49 Fajos123 44.6-66.0 13.9-18.6
Woy.9 23Enge 3 86.6 (1im)
Vermillion 86 W01A7Eng7.6 WO44}27E1’151‘0 Fall‘l,lz‘l ~60 ~6
Choteau Wo1.0-3.0En862 893 Wo030.443.6Ens522.63.2 Fags 126 52.9-64.2 11.4-17.1
NWA 10019 32.7-33.7 Woo.2 72En77.4 850 Wo443 489En459 480 Faisz7172 49.1-51.0, 58.8-59.3,
61.5-74.1 27.7-44.2

" Fe# = 100 x Fe/(Fe + Mg) (molar), Al# = 100 x Al/(Cr + Al) (molar). Chromite in Vermillion exists in symplectic intergrowths with Cpx

and can only be estimated due to its small size.

NWA 1911

Fig. 2. Three-element X-ray map overlays for Zinder and NWA 1911 thin sections. Px = pyroxene, Ol = olivine. (For interpretation of the
colors in the figure, the reader is referred to the web version of this article.)

Quantitative analysis was performed with three separate
calibrations: one for olivine and pyroxene, a second for
chromite and phosphate, and a third for metal, phosphide,
and sulfide. Operating conditions of the instrument con-
sisted of 15 kV voltage, 20 nA current, and a point beam
for all three calibrations. Counting times were 45 s for
on-peak, and 22.5 s for backgrounds for all elements except
Na (when analyzed), which had an on-peak time of 30 s.
The data were calculated using PAP correction procedures
(Pouchou and Pichoir, 1991). One-sigma standard devia-
tions are <1% for major elements and 3-8% for minor ele-
ments. Element mapping was performed at a resolution of 5
micrometers per pixel for NWA 1911 and 6 micrometers
per pixel for Zinder with dwell times of 0.015 s for both
meteorites. Silicon, Al, Cr, Fe, Mg, Ca, Na, P, and Ni maps
were generated for both Zinder and NWA 1911 along with
backscattered electron (BSE) maps. The analytical spots
and lines of Zinder and NWA 1911 are shown in Appendix
4, EMPA standard details in Appendix 5, and detailed
EMPA data of Zinder in Appendix 6 and NWA 1911 in
Appendix 7.

A summary of mineralogical compositions of Zinder,
NWA 1911, and other pyroxene-bearing pallasites is shown
in Table 4. Zinder is a pyroxene pallasite (cf. Boesenberg
et al., 2000) and consists of ~43 vol.% Fe-Ni metal (ka-
macite and trace taenite) and 55 vol.% silicate with olivine
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Fig. 3. Fe/(Fe + Mg) versus Al/(Al + Cr) plot showing chromite
from NWA 1911, Zinder, other pyroxene pallasites (Choteau,
Vermillion, and NWA 10019), and the PMG. The data of Choteau,
Vermillion, and NWA 10019 are from Gregory et al. (2016),
Boesenberg et al. (2000), and Boesenberg et al. (2016), respectively.
(For interpretation of the colors in the figure, the reader is referred
to the web version of this article.)
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and orthopyroxene present in near-equal proportions
(Fig. 2). Trace amounts of clinopyroxene, chromite, merril-
lite, troilite, and schreibersite are present. Fine-grained
inclusion assemblages of chromite + troilite + merrillite +
metal are scattered inside the large olivine and orthopyrox-
ene grains. Orthopyroxene + troilite or chromite + clinopyr
oxene symplectites also occur. Olivine and orthopyroxene
are composed of rounded, 1-2 mm grains, and some small
fragments. Both olivine and orthopyroxene are present as
rare inclusions in the other phases. The large olivine
(Fa;;9, Fe/Mn = 33.6) and orthopyroxene (Wo, oEngg ¢-
Fsy14, Fe/Mn = 20.6) grains show no chemical variations
between different grains and are thus equilibrated. The
inclusions, however, have slightly different compositions,
with the olivine being more FeO-rich (Faj,; Fe/
Mn = 34.7) and the orthopyroxene being more MgO-rich
(Wo, oEng; 7Fsy; 3, Fe/Mn = 11.3) than the larger grains.
Clinopyroxene is present as both a 100 x 20-um-long rim
along an olivine grain (Wos93Enss,Fsss, Fe/Mn = 17.5)
and as 20-50 pm rounded inclusions (Woyse 47.8Ensg -
495FS40.63, Fe/Mn = 7.5-11.6) in both olivine and
orthopyroxene. Chromite is present in different textural set-
tings: as a large grain, small inclusions within olivine and
orthopyroxene, and in fine-grained symplectites. The com-
positions vary (100 x Fe/(Fe + Mg) = 51.4-77.6,
100 x Al/(Cr + Al) = 12.5-31.4) and are similar to the most
Al,Oj3-rich chromite grains found in the main-group palla-
sites (PMGQG) (Fig. 3). Merrillite is the only phosphate
present.

NWA 1911 is another pyroxene pallasite, very similar to
Zinder; it has modal mineralogical abundances (vol.%) of
olivine 40.2%, orthopyroxene 34.5%, metallic Fe-Ni
24.3%, and troilite and chromite 1% (Bunch et al., 2005).
A trace amount of merrillite was also identified in this
study. The olivine [(Fajog 123 mean = 11.9), Fe/
Mn = 35.6 (N = 56, 6 grains)] in NWA 1911 is rounded
to sub-angular and generally 2-4 mm in diameter. Pyroxene
occurs in a variety of settings and is present both as
orthopyroxene and clinopyroxene. The orthopyroxene
occurs as (1) rounded, up to 4-mm-diameter grains, (2) a
100-pum rounded inclusion within an olivine grain, and
(3) as small (<20 pm), irregular clinopyroxene and orthopy-
roxene inclusions within multiple symplectites that also
include troilite. The compositions of the large orthopyrox-
ene grains vary mildly from grain to grain, primarily in
CaO content, ranging from 0.85 to 1.3 wt.% CaO. The three
measured large orthopyroxene grains have core composi-
tions with a range of Wo; ¢ | gEngss g7.0, While rims are
Woi9.53Engs3 gses All three grains have approximately
equal concentrations of TiO, (~0.13 wt.%), Al,O5 (~0.95
wt.%), and Cr,O3 (~0.85 wt.%), and similar Fe/Mn ratios
of 20-23. The 100-um orthopyroxene inclusion found in oli-
vine contains similar TiO,, Al,O3, and Fe/Mn ratios as the
large grains, but lower Cr,O5 (~0.63 wt.%). The clinopy-
roxene occurs only as 10 pm or smaller inclusions
in the symplectites with a compositional range of
Wo41.54658En53.5 49, and Fe/Mn = 18.3 (N = 8, 8 grains)
with low Cr,O; (~0.28 wt.%) and TiO, (~0.15 wt.%).
Chromite is present both as small grains (tens of microme-
ters in diameter) and large grains (hundreds of micrometers

in diameter) between and adjacent to olivine and metallic
Fe-Ni; some chromite grains contain merrillite inclusions.
Chromite also occurs in the fine-grained symplectites along
with troilite, clinopyroxene, orthopyroxene, and olivine.
The chromite compositions (100 x Fe/(Fe + Mg) = 44.6
to 66.0, 100 x Al/(Cr + Al) = 13.9 to 18.6) are similar to
the most Al,Os-rich chromite grains found in the PMG
(Fig. 3) and overlap those in Zinder (although they cover
a larger Fe/(Fe + Mg) range). Merrillite is the only phos-
phate present. Troilite is uncommon and can be found in
multiple symplectite (troilite + orthopyroxene + clinopyr
oxene =+ olivine + chromite) regions. Olivine compositions
that border symplectite regions are slightly more MgO-rich
(Fa ~11) than other regions.

The chromite and merrillite compositions of Zinder and
NWA 1911 are richer in Al,O3 and Na,O than those of
PMG, but are otherwise similar. Nevertheless, pyroxene-
bearing pallasites are more complex than other pallasites
(Boesenberg et al., 2000). The presence of two pyroxenes
within Zinder indicates this meteorite likely formed on a
parent body with a lower degree of partial melting than
the PMG (Sunshine et al., 2007). The pyroxene also indi-
cates a radically different bulk silicate composition in the
respective parts of the core/mantle in which these meteorite
samples crystallized. The differences between the various
pyroxene pallasites (Vermillion, Yamato 8451, NWA
10019, Choteau, Zinder, NWA 1911) are more marked than
their similarities, particularly with respect to metal compo-
sition. In contrast to other pyroxene pallasites, Zinder has
metal with high Ir and significant depletions in volatile
elements. High abundances of refractory, compatible
elements also occur in the Eagle Station pallasites, although
O-isotopic compositions indicate no close relationship
between the Eagle Station group and Zinder (Bunch
et al., 2005).

In summary, NWA 1911 and Zinder are nearly identical
in their major, minor, and mineral compositions (Tables 3
and 4). All mineral-composition ranges overlap, including
olivine, orthopyroxene, clinopyroxene, chromite, merrillite
and metallic Fe-Ni. Some phases, such as chromite, have
a larger range in one meteorite or the other, but that may
be attributable to non-representative sampling.

3. FRACTIONAL-CRYSTALLIZATION MODELING
3.1. Modeling methods

A simple fractional-crystallization model method (with-
out the consideration of trapped melt) is described in
Chabot (2004), and a trapped-melt model method is
detailed in Chabot and Zhang (2021). Both fractional-
crystallization models calculate batch equilibrium crystal-
lization in small steps to model fractional crystallization
with values for the partition coefficients that change as
the liquid composition changes during crystallization. In
particular, the S and P contents are known to have a sub-
stantial influence on the solid metal/liquid metal partition
coeflicients of siderophile elements in the Fe-Ni-S-P system
that are relevant to the crystallization of iron meteorites
(e.g., Chabot et al., 2017), and we include those effects in
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our models. This fractional-crystallization approach
assumes a well-mixed core in which solid metal crystallizes
in small steps and is efficiently removed and isolated from
the liquid after each step. The remaining liquid, acting as
an initial composition, repeats this fractional crystallization
for another step, and so on. Previous modeling studies of
the IIIAB core (Wasson, 1999, 2003, 2016) and the IIAB
core (Wasson et al., 2007) invoked trapped pockets of
metallic melt during fractional crystallization, with some
IITAB and IIAB irons forming as products of equilibrium
mixing between solid and liquid. In the revised trapped-
melt model (Chabot and Zhang, 2021), the metallic portion
of the irons is envisioned to have resulted from mixing of
the solid metal from fractional crystallization and the solid
metal that crystallized from the trapped melt. The revised
trapped-melt model includes the influence on the element
concentrations due to the formation of troilite from the
trapped melt. More details of the modeling methods
described above are included in Appendix 8.

In the following text, “simple fractional-crystallization
model” means simple fractional crystallization of a metallic
melt without consideration of trapped melt; “trapped melt
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model” means that the influence of the formation of
trapped melt is considered; “fractional crystallization”
may refer to either model.

3.2. Modeling results

We began our modeling efforts by considering the sim-
plest model: a S-only model without trapped melt. While
both S and P can affect the solid metal/liquid metal parti-
tion coefficients (e.g., Chabot et al., 2017), the amount of
S that has been modeled to be present in the parent-body
cores of magmatic iron meteorites varies considerably, from
0 wt.% to 17 wt.% (Wasson, 1999; Wasson and Richardson,
2001; Chabot, 2004; Campbell and Humayun, 2005;
Wasson and Huber, 2006; Wasson et al., 2007; Walker
et al., 2008; Hilton et al., 2020; Tornabene et al., 2020).
Furthermore, measurements of the metallic phases of iron
meteorites do not provide any constraint on the amount
of S that might have been present during crystallization
because S does not partition into the crystallizing Fe-Ni
metal at the conditions under which iron meteorites solidi-
fied (Massalski and Subramanian, 1990). Thus, to model
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Fig. 4. S-only model (dashed lines; various initial wt.% S) and S + P model (solid black lines; initial 2.0 wt.% S and 1.3 wt.% P) for Co, Ga, Ir,
and Au vs. As plots. (For interpretation of the colors in the figure,the reader is referred to the web version of this article.)
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the fractional crystallization of a magmatic iron-meteorite
group, it is important to examine a range of different initial
S compositions.

Our model is based on the assumption that the lowest-
As irons were the first solids to crystallize in the IIIF core.
We tested various initial S contents (0 wt.%, 2 wt.%, 5 wt.%,
10 wt.%, 20 wt.%) to narrow down the range of S contents
that best fit the Co, Ga, Ir, and Au vs. As plots (Fig. 4).
Cobalt, Ga, Ir and Au are chosen here because they have
distinct crystallization behaviors, with partition coefficients
that are influenced by the presence of S to differing levels
(Chabot et al., 2017); thus, examining elements with a range
of behaviors as a function of the S content of the liquid can
provide multiple constraints to best evaluate the S content
of a parent body core (e.g., Chabot, 2004; Chabot and
Zhang, 2021; Wasson, 1999; Wasson and Richardson,
2001). The elements were plotted against As instead of
Au because (1) Au and As have almost the same partition
coefficients in the Fe-Ni-S-P system (e.g., Chabot et al.,
2017), (2) As can also be determined by INAA with high
precision (see Section 2.1) and (3) the chemical behavior
of Au is more poorly understood in low-S metallic melts
than that of As (Chabot et al., 2017). Wasson (1999) sug-
gested that either Au or As was a good choice against which
to plot elemental trends in magmatic iron meteorites.

Fig. 4 shows that all S contents do not fit these four
element-As trends at the same time. Cobalt and Ga are a
notable issue as none of the S contents can fully account
for their trends. The Ir-As trend can be reasonably fitted
using 2 wt.% S. The initial S contents of 0-10 wt.% work
for the Au-As trend, except that Moonbi, St. Genevieve
County, and Cerro del Inca deviate from the model trends.
Despite the poor fitting of Co and Ga, we prefer 2-5 wt.% S
for further modeling of other elements, because the range
works somewhat better than other S contents (if Klamath
Falls is included).

We next added the effect of P to the model, using the P
vs. As diagram (Fig. 5A) to constrain the initial P content
to a value of 1.3 wt.%. Modeling the crystallization trend
of P in iron meteorites is known to be complicated due to
the formation of schreibersite subsequent to crystallization
of the metal (Chabot and Zhang, 2021). It seems likely that
the amount of P now present in IIIF metal is lower than the
amount that was present in the metal during initial crystal-
lization, prior to the sub-solidus formation of schreibersite
(which removed P and Ni from the metal phase). Thus,
modeling P content of the initial liquid by fitting the
current-day IIIF P values of the solid metal is a lower limit
of the actual P content present during fractional
crystallization.

After setting the P content at 1.3 wt.%, a trial-and-error
method was used for the S + P model to find a S content
(within the range of 2-5 wt.%) that produced the best fits
to as many elements as possible. As a result, the S + P
model with initial concentrations of 2.0 wt.% S and 1.3
wt.% P was selected. The S + P model was used to model
19 element-As trends of the IIIF irons (Fig. 5). The figure
also includes the results from the application of the revised
trapped melt model (Chabot and Zhang, 2021), showing
how elemental concentrations change in the fractionally

crystallized metal, liquid, and trapped-melt metal. The mix-
ing curves of metals from fractional crystallization and
trapped melt are shown at 10%, 50% and 80% crystalliza-
tion. Chromium was not included in the modeling because
it is known to occur in accessory minerals such as chromite
as well as in metallic iron (Wasson and Richardson, 2001).
Vanadium and Mn were not included in the modeling
because parameterizations of their partitioning behaviors
are incomplete or absent for the Fe-Ni-S-P system
(Chabot et al., 2017). It should be noted that the influence
of the formation of minor phases on Ni, Cu, and Mo con-
tents is not considered in this study. Nickel and Mo are
known to partition into schreibersite and Cu into troilite,
which can affect the metallic composition of the remaining
Fe-Ni. These elements may preferentially partition into
schreibersite or troilite so that their concentrations in metal
do not follow fractional-crystallization trends (Chabot and
Zhang, 2021). Other siderophile elements are more suitable
for constraining the fractional-crystallization model as their
concentrations are not significantly affected by the occur-
rence of schreibersite or troilite. The initial concentrations
of elements used in the model is shown in Appendix 9.

4. DISCUSSION
4.1. Fractional-crystallization modeling

The S + P fractional-crystallization model shown in
Fig. 5 produces trends that are generally consistent with
those of the HSEs: Ru, Re, Os, Ir, Pt, and Au. The Mo con-
centrations of IIIF irons shown in Fig. 5F are very scattered
and do not suggest a fractional-crystallization trend. Simi-
larly, scatter in the trends or discrepancy with the
fractional-crystallization model in Fig. 5D for Cu may be
due to its chalcophile nature (Chabot et al., 2017). The
Co variation observed in IIIF irons is wider than what
the model predicts (Fig. 5B), and the Pd variation is less
than what the model predicts (Fig. 5J). The trends for both
Sn (Fig. 5K) and Sb (Fig. 5L) have members that do not
define a clear trend and hence cannot all be fitted by a single
fractional-crystallization model. The Rh data (Fig. 5I) sim-
ilarly do not appear to define a clear single trend among all
members of the group.

Additionally, the IIIF trends for both Ga (Fig. SE) and
Ge (Fig. 5G) are not matched by the fractional-
crystallization model. This inconsistency between the model
predictions and the meteorite analyses for Ga and Ge is
notable because the classification of group IIIF is based
on their similar Ga and Ge abundances. During the frac-
tional crystallization of a metallic core, a typical Ga- or
Ge-Au/As trend is part of a parabola opening downward
because the compatibility of Ga and Ge changes (incompat-
ible to compatible) as the S content in the liquid increases
(Chabot et al., 2017), as shown in Fig. 4B. The Ga- and
Ge-As trends of IIIF irons either show minimal variation
in their Ga and Ge contents, or they resemble a parabola
opening upwards; neither is consistent with the fractional-
crystallization trends produced by any S content
(Fig. 4B). Thus, the Ga and Ge concentrations in IIIF irons
cannot be fitted by the fractional-crystallization model.
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eling method is essentially the same as ours. Their HSE
data can be best fit using 5 wt.% S and 1 wt.% P. In their

A recent study used ICP-MS data and performed
model, most of the IITF irons stay on the solid tracks, while

fractional-crystallization modeling of HSEs, Re, Os, Ir,
Ru, Pt, Pd, in group IIIF (Hilton et al., 2021). Their mod-
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Fig. 5. S + P fractional-crystallization modeling of IIIF irons. The black solid lines are the solid tracks from simple fractional crystallization;
dotted lines are liquid tracks; gray lines are the solid formed from trapped melt; dashed lines denote the mixing lines of the two solid tracks at
20%, 50% and 80% crystallization of the core. Nickel, P, Cu, and Mo concentrations may be affected by the occurrence of accessory phases
(see Section 3.2). (For interpretation of the colors in the figure, the reader is referred to the web version of this article).
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Fig 5. (continued)

Klamath Falls deviates slightly from the solid tracks. Like-
wise, our modeling shows that HSE vs. As trends are gen-
erally consistent with the model tracks using a starting
composition of 2 wt.% S and 1 wt.% P. However, some cru-

cial elements, such as Co and Ga, that group IIIF was
based on initially, cannot be fitted using either 2 wt.% or
5 wt.% S (Fig. 4). The HSE model of Hilton et al. (2021)
does not take the constraints from Co and Ga into account,
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Fig 5. (continued)
and applying the Hilton et al. (2021) model to elements In brief, the IIIF trends for all the elements examined in
beyond the HSEs does not produce elemental trends that this study cannot be fitted by a single fractional-

can match these full IIIF compositions. crystallization model, and in particular, the IIIF Co, Ga
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Fig. 6. Co-As trends of magmatic iron groups. A: Gray symbols
denote CC-type iron groups, and beige symbols denote NC-type
iron groups. Group IIG has not been classified as CC or NC
classification by stable isotopic studies, but is assumed to be NC-
type due to its genetic relationship with group IIAB (Wasson and
Choe, 2009). Group IIIF is shown in yellow, blue, red, and green
symbols. Data of IIAB, IIC, 1ID, IIF, IIG, IIIAB, IVA, and IVB
are from Wasson et al. (2007), Tornabene et al. (2020), Wasson and
Huber (2006), Hilton et al. (2020), Wasson and Choe (2009),
Chabot and Zhang (2021), Wasson and Richardson (2001), and
Campbell and Humayun (2005), respectively. (For interpretation of
the colors in the figure, the reader is referred to the web version of
this article).

and Ge trends are not consistent with those expected from
fractional crystallization. Thus, group IIIF behaves differ-
ently than many other magmatic groups, e.g., IIAB
(Chabot, 2004), IID (Wasson and Huber, 2006), IIIAB
(Chabot and Zhang, 2021) and IVB (Campbell and
Humayun, 2005). This conclusion led us to consider the
crystallization of group IIIF in more detail, as discussed
in the next four sections.

4.2. The Co vs. As trend

The range of Co concentrations in IIIF irons is the
widest among those in all magmatic iron-meteorite groups
(Fig. 6). Cobalt concentrations in a magmatic group typi-
cally exhibit minimal variation as the metal/liquid partition
coefficient for Co stays near unity over the course of frac-
tional crystallization of metallic melts (Chabot et al.,
2017). The steep slope of the IIIF Co vs. As trend is also
exceptional among magmatic iron groups (Fig. 6). Such a
steep slope may be produced by high initial S contents, such
as ~20 wt.% S as shown in Fig. 4A, but in this case, the Fe-
FeS eutectic composition would be reached significantly
before the formation of Klamath Falls. Additionally, such
a high initial S content of 20 wt.% would be completely
inconsistent with the IIIF Ir vs. As trend (Fig. 4C). The
wide variation of Co for IIIF irons do not conform to frac-
tional crystallization.
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Fig. 7. Au-As trends of selective magmatic iron groups. Gray
symbols denote CC irons; beige symbols denote NC irons. The NC
and CC classification is based on Kruijer et al. (2017). Group IIIF
is marked by red, blue and green symbols. Group IIG is assumed to
be NC-type due to its genetic relationship with group I1IAB
(Wasson and Choe, 2009). Data of IIAB, IIG, IIIAB, IVA, IID are
from Wasson et al. (2007), Wasson and Choe (2009), Chabot and
Zhang (2021), Wasson and Richardson (2001), and Wasson and
Huber (2006), respectively. Only INAA data are plotted here
because ICP-MS data in the literature usually have relatively large
analytical errors (sometimes >10%) for Au and As, which may
induce Au-As displacements, and a consistent dataset is needed to
distinguish the subtle trend differences shown in this Au-As plot.
(For interpretation of the colors in the figure, the reader is referred
to the web version of this article.)

4.3. The Au vs. As trend

The three irons Moonbi, St. Genevieve County, and
Cerro del Inca (which we refer to as the Moonbi grouplet)
are displaced from other IIIF irons on the Au-As diagram
(Fig. 5R). Gold and As have almost identical chemical
behaviors during the fractional crystallization of metallic
melts (Chabot et al., 2017); thus, the Au-As trend is typi-
cally linear for a magmatic iron group. The position of a
magmatic group on the Au-As trend is determined mainly
by the initial Au/As ratio of the group’s parent melt. We
compiled the Au-As trends of five magmatic iron groups
together with group IIIF in Fig. 7. It shows that the
Moonbi grouplet does not fall on the Au-As trend formed
by the other IIIF irons, but it does fall on the trends of
other major magmatic iron groups.

Such Au-As displacement within a single group has not
been found previously (Fig. 7) (Wasson et al., 2007; Wasson
and Choe, 2009; Chabot and Zhang, 2021; Wasson and
Richardson, 2001; Wasson and Huber, 2006) (although it
was reported between the genetically related groups ITAB
and IIG; Wasson and Choe, 2009). Groups IIAB and IIG
may have originated in the same asteroid, wherein 1TAB
irons were from a magma richer in S and IIG irons were
from a related P-rich magma (as signified by their very high
schreibersite contents: 11-14 wt.%) (Wasson and Choe,
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2009). The Au-As offset between the IIAB and IIG groups
shown in Fig. 7 was likely caused by the high As contents in
IIG irons potentially due to the diffusion of As (a congener
of P) from schreibersite to metal at lower temperatures
(Wasson and Choe, 2009). Unlike group IIG, the Moonbi
grouplet has very low contents of schreibersite (modal
P = 0.18-0.28 wt.%) (Table 1), so the Au-As displacement
of the Moonbi grouplet irons is unlikely to have been
caused by As transferred from schreibersite into metal. If
the IIIF irons constitute a coherent group and all hail from
the same parent body, the As-Au displacement implies that
the crystallization of IIIF irons probably involves more
complicated processes in addition to fractional
crystallization.

4.4. Structural variation among IIIF irons

Wasson and Kimberlin (1967) stated the possession of
“similar structures” is one of the key criteria needed to
define an iron-meteorite group. Before the chemical classifi-
cation of irons was proposed (Goldberg et al., 1951), Wid-
manstdtten patterns (kamacite bandwidths) were used to
classify iron meteorites (e.g., Scott, 2020). Most iron-
meteorite groups have a relatively narrow range of struc-
tural types (e.g., Lovering et al., 1957, Scott, 2020;
Wasson and Kimberlin, 1967. Table 5 summarizes the
structural classes and kamacite bandwidths of magmatic
iron groups (Buchwald, 1975). There are eight structural
classes and some iron groups share the same structural
classes. For example, groups IID and IIAB are both dom-
inated by medium octahedrites, whereas group IVB is the
only magmatic group whose members are all ataxites.

Table 5

According to Table 5 summerized from Buchwald (1975),
a single iron group typically has a primary structural class
that comprises >80% of the members (except for group
IC) and exhibits only small variations in kamacite band-
width (coefficient of variation <0.20). The structural simi-
larity applies both to groups with hundreds of members
(e.g., IITAB) and groups with few members (e.g., IIF). In
contrast to other groups, group IIIF has four structural
classes and only three out of seven members (43%) have
the primary octahedrite structure (Fig. 8). The coefficient
of variation of the kamacite bandwidths of group IIIF is
0.47, more than twice as high as those of other groups.
Group IIIF has the greatest variety of structural classes
and kamacite bandwidths among all established magmatic
iron groups; the structural variation makes the group devi-
ate from the criterion that a coherent iron-meteorite group
should have similar structures (Wasson and Kimberlin,
1967). The striking structural variation and the discrepancy
between fractional-crystallization tracks and analytical data
differentiate group IIIF from other magmatic groups.

4.5. Group IIIF: Not a simply fractionally crystallized group

We now examine if, by excluding certain members from
group IIIF, the remaining members would be consistent
with belonging to a fractionally crystallized core. In partic-
ular, based on the Au-As displacement of the Moonbi grou-
plet (Section 4.3) and the grouplet’s Ga and Ge contents
(Section 4.1), we exclude the Moonbi grouplet from IIIF
in this exercise to test fractional-crystallization modeling
on the remaining IIIF members. The exclusion of the
Moonbi grouplet would leave four meteorites within group

Structural and kamacite-bandwidth statistics of primary magmatic iron groups.

Group Total records™ Number of  Primary Fraction with primary Kamacite bandwidth (mm)
struc_}ural class’ Average Standard Coefficient of
class deviation  variation

IIC 8 1 Opl 100% (N = 6) N/A N/A N/A

11D 26 2 Om 92% (N = 22) 0.72 (N = 20) 0.15 0.20

IIF 7 2 Opl 83% (N = 6) N/A N/A N/A

IIIF* 9 4 Of or Om'  43% (N =7) 0.74 (N =06) 0.35 0.47

IVB 18 1 D 100% (N = 17) N/A N/A N/A

IC’ 13 3 Og 50% (N = 10) 2.47 (N = 3) 0.48 0.19

IIAB + 11IG* 141 + 6 2 H 83% (N = 18) N/A N/A N/A

IIIAB 321 1 Om 100% (N = 30) 1.04 (N = 30) 0.21 0.20

IIIE 18 2 Og 90% (N = 10) 1.44 (N = 10) 0.10 0.07

IVA 81 1 of 100% (N = 23) 0.32 (N = 23) 0.05 0.14

* Total records of these groups are from the Meteoritical Bulletin Database. The anomalous irons of a group are not included.
T Information and data from Buchwald (1975). Data of large Groups ITAB and IITAB only used those recorded in Buchwald (1975) to ensure
consistent measurements and petrographical observations. “N” equals the total number of irons recorded in Buchwald (1975), as it does also
in the Average column. D = ataxite, Opl = plessitic octahedrite, Of = fine octahedrite, Om = medium octahedrite, Og = coarse octahedrite,
H = hexahedrite.
 Only seven IIIF (here excluding Fitzwater Pass and Binya) recorded in the Meteoritical Bulletin Database are included in the statistics. See
Table 1 for more information.
¥ Cerro del Inca has a transitional texture between Of and Om, so it is counted as either of the two structures.
Y The kamacite-bandwidth average and standard deviation of Group IC may not be representative because there are only data for three
members available.

# Groups ITAB and IIG may be from the same parent body but different portions of the core (Wasson and Choe, 2009).

™ Coefficient of variation equals to standard deviation divided by average.
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Fig. 8. Kamacite-bandwidth distribution of group IIIF compared
with those of other major magmatic iron groups. All structural
classes and kamacite bandwidths are from Buchwald (1975), except
for those of Klamath Falls from Kracher et al. (1980) and Cerro del
Inca from the Meteoritical Bulletin Database. Groups IIF, IIC and
IVB are ataxites or plessitic octahedrite, so their kamacite
bandwidth data are absent. The seven IIIF members shown here
have four structural classes, and Nelson County has a range of
bandwidth of 1-10 mm. The NC-CC classifications of magmatic
iron groups from Kruijer et al. (2017). D = ataxite, Opl = plessitic
octahedrite, Of = fine octahedrite, Om = medium octahedrite,
Og = coarse octahedrite, Ogg = coarsest octahedrite. (For
interpretation of the colors in the figure, the reader is referred to
the web version of this article.)

IIIF. The range of Ir contents in such a group would still be
quite large: Klamath Falls has an Ir concentration >1000
times lower than that of the four other remaining IIIF
irons. If these four irons indeed originated by fractional
crystallization of the same parent melt, they should repre-
sent very early (<10%) and late (>85%) crystallization prod-
ucts, according to the models of Figs. 4 and 5. We can test
whether Klamath Falls and the Clark County grouplet
(Clark County, Nelson County, Oakley (iron)) are plausible
end members of a fractional-crystallization model.

We adjusted the model with a slightly lower initial S (1.2
wt.%) and higher P (1.4 wt.%) and other initial elemental
concentrations to make the Clark County grouplet the
starting point of crystallization. The resultant diagrams
are shown in Appendix 10. The revised model works rea-
sonably well for the Ni and Ga vs. As trends of the four
remaining members and for the Ni, Ga, Ge, Ru, Os and
Au vs. As trends of the Clark County grouplet and Kla-
math Falls, but the model still cannot account for other
element-As trends. As mentioned in Section 4.2, the wide
Co variation provides evidence that Klamath Falls may
not be a fractional-crystallization product from the same
parent melt as the Clark County grouplet.

Another scenario is to consider if the Clark County
grouplet and Moonbi grouplet constitute a single
fractional-crystallization sequence. On the Co- and Ga-As

diagrams (Figs. 4A and 4B), the two grouplets can be fitted
using 10-20 wt.% S, while on the Ir-As diagram (Fig. 4 C),
they can be fitted with 0-5 wt.% S. The Au-As trend of the
Clark County grouplet and Moonbi grouplet cannot be fit-
ted using any S contents (Fig. 4D). It seems that, as in the
previous models, the two grouplets cannot be fitted for the
four key interelement trends using a single S content. The
fractional-crystallization models of the truncated group
IIIF further demonstrate that fractional crystallization
alone cannot explain the interelement trends of group IIIF.

The classification of group IIIF irons was made origi-
nally on the basis of the narrow range of Ni, Ga, and Ge
contents, unusually high Ga/Ge ratios, low Co contents,
and IITAB-like or steeper chemical trends for many ele-
ments (Scott and Wasson, 1976; Kracher et al., 1980).
The background density of ungrouped irons in Ni-Ga-Ge
space in the IIIF region is very low (Scott and Wasson,
1976), which could be evidence that it is unlikely that the
IIIF members are unrelated irons that happen to have sim-
ilar chemical compositions. It also seems unlikely that seven
ungrouped irons would define IIIAB-like chemical trends
on interelement plots. Our fractional-crystallization model-
ing relies on the assumption that a magmatic iron core frac-
tionally crystallized from a homogeneous melt that has
vigorous convection, during which no significant secondary
processes (e.g., impact disruption, substantial dendrite
growth, non-equilibrium mixing of liquids and solids, etc.)
occurred. Therefore, although group IIIF displays elemen-
tal trends that are not well matched by a fractional-
crystallization model and wide structural variations that
are distinct from any other magmatic groups, it is possible
that the IIIF irons may have crystallized from a single
metallic melt with additional secondary processes involved.
If so, group IIIF would provide a unique opportunity to
investigate iron-meteorite crystallization under more com-
plex conditions.

However, more isotopic data are needed to provide tigh-
ter constraints on the origin and genetic relationships of
IIIF irons. Currently, the CC classification of group IIIF
is primarily based on Oakley (iron), Clark County, and
Klamath Falls, and their Mo and Ru isotopes point
towards a CC origin (Kruijer et al., 2017, 2019; Worsham
et al., 2019). Nitrogen isotopes of Nelson County support
the CC classification of group IIIF (Prombo and Clayton,
1993; Grewal et al., 2021). Klamath Falls deviates slightly
from other magmatic groups in the '8’Re/'*%0s vs.
1870s/'380s isochron (Hilton et al., 2021), which could
imply that the system was disturbed, although this measure-
ment may also be complicated due to the very low concen-
tration of HSEs in this meteorite. The Moonbi grouplet has
not been analyzed for Mo, Ru, or W isotopes that would
permit further evaluation of its origin. Sulfur isotopes of
Moonbi and Cerro del Inca were analyzed by Antonelli
et al. (2014). The two Moonbi grouplet irons have the low-
est A*3S and A*°S values among all iron-meteorite groups.
The S-isotopic data of the Moonbi grouplet do not provide
sufficient information to distinguish its CC-NC classifica-
tion or its genetic connection to other IIIF irons.
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4.6. Cogenetic Zinder and NWA 1911 and their possible
relationship to the Moonbi grouplet

Our petrographic observations and EMPA analyses
show that Zinder and NWA 1911 are nearly identical in
their major, minor, and trace-element mineral compositions
(Section 2.5). The similarity carries over to their O-isotopic
compositions. Zinder (3'"%0 = 3.39, 3.27 and 870 = 1.79,
1.81 and A0 = 4001, +0.09) and NWA 1911
(3'*0 = 323, 342 and 80 = 1.51, 1.62 and
A0 = —0.20, —0.19) have essentially the same average
8'%0 composition (Bunch et al., 2005), but slightly different
370 compositions with Zinder having higher A'’O and
plotting above NWA 1911 in Fig. 9. The silicate samples
measured by Bunch et al. (2005) were carefully acid washed,
but we suspect that one or both meteorites have had their
O-isotopic compositions affected by terrestrial contamina-
tion. NWA 1911 appears more weathered than Zinder.
Even if we assume that the O-isotopic difference is resolved
by subsequent measurements, a difficulty with pairing these
two meteorites is that their find locations (NWA 1911:
Rissani, Morocco; Zinder: Zinder, Niger) are separated
by ~2400 km. Tektite strewn fields are known to be this
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Fig. 9. Oxygen isotopes of Zinder and NWA 1911 plotted along
with those of other meteorites. NWA 10019 and Vermillion-Y8541
(Vermillion and Yamato 8451) are pyroxene pallasites. Choteau is
an ungrouped pallasite, possibly linked to Vermillion and Yamato
8451. Sombrerete (Worsham et al., 2017) and ALHA77255 (Spitzer
et al., 2020) are CC-type ungrouped irons. Oxygen isotopes of
Zinder and NWA 1911 are from Bunch et al. (2005), and those of
Choteau, Vermillion-Y8541, and NWA 10019 are from Gregory
et al. (2016), Boesenberg et al. (2000), Boesenberg et al. (2016);
those of iron meteorites and achondrites are from Clayton and
Mayeda (1996). PMG = main-group pallasites, ANG = angrites,
HED = howardites, eucrites, diogenites, SNC = shergottites,
nakhlites, and chassignites, AUB = aubrites, URE = ureilites,
ACA-LOD = acapulcoites and lodranites, WIN = winonaites,
BRA = brachinites, MES = mesosiderites, PES = Eagle Station
pallasites. Groups IAB (Worsham et al., 2017), IIE (Kruijer and
Kleine, 2019), IIIAB (Kruijer et al., 2017), and IIICD (Worsham
et al., 2017) are NC-type. Groups IAB and IIICD are now
considered as part of group IAB complex (Wasson and Kallemeyn,
2002).

wide (Glass, 1990), but not meteorite strewn fields. Never-
theless, the similar elemental composition of the metals of
Zinder and NWA 1911 and the close O-isotopic composi-
tions of their silicates indicate that these two pallasites
likely originated on the same parent asteroid.

The chemical compositions of the metal in Zinder and
NWA 1911 are very close to those of the Moonbi grouplet
(Fig. 5). Due to the low density of ungrouped irons in Ni-
Ga-Ge space in the IIIF region (Scott and Wasson, 1976),
the similar compositions of Zinder and NWA 1911 and
the Moonbi grouplet are highly suggestive of a genetic rela-
tionship. However, the O-isotopic compositions of NWA
1911 and Zinder plot with the NC achondrites, including
angrites, HEDs and SNCs (Fig. 9). We are unable to use
O isotopes to confirm the relationship between these two
pallasites and the Moonbi grouplet because (1) O- and
Cr-isotopic data are not currently available for any IIIF
irons due to the low concentrations of these elements, and
(2) oxygen isotopes are less definitive for CC-NC classifica-
tion. Stable isotopic data (Mo, Ru, and W) for the two pal-
lasites and the Moonbi grouplet are needed to confirm their
genetic relationship and evaluate their CC-NC affiliation. If
new isotopic measurements determine that the Moonbi
grouplet and the pallasites have the same CC or NC affili-
ation, their genetic relationship would be plausible; if such
measurements show the opposite, a close relationship
would be unlikely. In either scenario, an NC classification
of the Moonbi grouplet would require a reevaluation of
the grouping of IIIF irons.

5. SUMMARY

We report a new set of elemental data for group IIIF
using both INAA and LA-ICP-MS techniques. The new
data show that Fitzwater Pass should be reclassified as
IAB and Binya as IIIF-an.

The fractional-crystallization modeling for the remain-
ing IIIF irons shows that the HSE vs. As trends can be
explained, but some key elements cannot. Multiple initial
S contents (0 wt.%, 2 wt.%, 5 wt.%, 10 wt.%, and 20 wt.
%) cannot account for the Co vs. As trend, because group
IIIF has the widest Co variation among all magmatic iron
groups. None of the tested initial S contents can explain
the Ga-As or Ge-As trends, and notably, the IIIF classifica-
tion was partially based on their similar Ga and Ge concen-
trations. The Moonbi grouplet (Moonbi, St. Genevieve
County, and Cerro del Inca) diverges from other IIIF irons
on the Au vs. As diagram.

The structural variation within the IITF irons is striking.
Group IITF, currently with nine members according to the
Meteoritical Bulletin Database, has at least four different
structures, and the kamacite bandwidths of the members
have a very high coefficient of variation (0.47) compared
with those of other magmatic iron groups (all <0.20), while
an iron-meteorite group is expected to have similar struc-
tures (Wasson and Kimberlin, 1967). The inconsistency
between model tracks and some key element vs. As trends,
plus the great structural variation among IIIF irons,
indicate that the crystallization of IIIF irons differs from
those of other magmatic iron-meteorite groups. If the IITF
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irons all formed on one parent body, the irons experienced
more complex processes than straightforward fractional
crystallization. Additional stable isotopic studies, of the
Moonbi grouplet in particular, are needed to unveil the
crystallization history and origin of group IIIF.

Two ungrouped pyroxene-bearing pallasites, Zinder and
NWA 1911, have almost identical petrographic characteris-
tics and chemical compositions (major, minor, and mineral
compositions). They are clearly related to each other. The
elemental compositions of metals from Zinder and NWA
1911 are close to those of the Moonbi grouplet. It is possi-
ble that the two pallasites and the Moonbi grouplet share
the same parent body. The O-isotopic compositions of Zin-
der and NWA 1911 point to a NC-type parent body (Bunch
et al., 2005; Humayun et al., 2018), but future isotopic mea-
surements of the pallasites are necessary to constrain their
CC-NC affiliation and their genetic relationship to the
Moonbi grouplet.
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