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Abstract–We report the results of an extensive study of the Fountain Hills chondritic meteorite. This
meteorite is closely related to the CBa class. Mineral compositions and O-isotopic ratios are
indistinguishable from other members of this group. However, many features of Fountain Hills are
distinct from the other CB chondrites. Fountain Hills contains 23 volume percent metal, significantly
lower than other members of this class. In addition, Fountain Hills contains porphyritic chondrules,
which are extremely rare in other CBa chondrites. Fountain Hills does not appear to have experienced
the extensive shock seen in other CB chondrites. The chondrule textures and lack of fine-grained
matrix suggests that Fountain Hills formed in a dust-poor region of the early solar system by melting
of solid precursors. Refractory siderophiles and lithophile elements are present in near-CI abundances
(within a factor of two, related to the enhancement of metal). Moderately volatile and highly volatile
elements are significantly depleted in Fountain Hills. The abundances of refractory siderophile trace
elements in metal grains are consistent with condensation from a gas that is reduced relative to solar
composition and at relatively high pressures (10−3 bars). Fountain Hills experienced significant
thermal metamorphism on its parent asteroid. Combining results from the chemical gradients in an
isolated spinel grain with olivine-spinel geothermometry suggests a peak temperature of
metamorphism between 535 °C and 878 °C, similar to type-4 ordinary chondrites.

INTRODUCTION

The CB chondrite class was first established by Weisberg
et al. (2001) and a detailed review of these meteorites is
presented in Krot et al. (2002). CB chondrites are primitive
meteorites that have the following characteristics: (1) they are
metal-rich and have widely varying metal modal abundances;
(2) they contain Fe-Ni metal with near-solar Co/Ni ratios and
a broad compositional range; (3) they are highly depleted in
moderately volatile lithophile elements and the extent of
depletion is correlated with increasing volatility; (4) their bulk
O-isotopic compositions plot near the CR-mixing line on a
three O-isotope diagram; (5) their bulk N-isotopic
compositions have large positive anomalies in δ15N; and (6)
they contain abundant Mg-rich (Fa and Fs <4 mol%)
anhydrous mafic silicates.

The CB chondrites have been further divided into two
subgroups: CBa and CBb (Weisberg et al. 2001). The CBa

chondrites Bencubbin, Weatherford, Gujba, and Miller Range
(MIL) 05802 are characterized by very high metal abundances
(40–60 vol%) (Mason and Nelen 1968; Kallemeyn et al. 1978;
Newsom and Drake 1979; Weisberg et al. 1990, 1998, 2001;
Prinz et al. 1993; Campbell and Humayun 2000; Rubin et al.
2001, 2003). Silicates are present in the form of large barred
olivine and cryptocrystalline chondrules. Both metal and
chondrules occur as centimeter-sized, angular to rounded
fragments. Interstitial to these clasts are silicate-metal melt
materials, which are presumably products of shock
metamorphism (Meibom et al. 2005). 

The CBb chondrites, Hammadah al Hamra (HaH) 237,
MacAlpine Hills (MAC) 02675, Queen Alexandra Range
(QUE) 94411, and QUE 94627 (last two are paired) are
similar in some respects to the CH chondrites (Righter and
Chabot 1998; Zipfel et al. 1998; Weisberg et al. 2001;
Campbell et al. 2005). These meteorites contain CAIs,
chemically zoned metal grains, and rare heavily hydrated
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matrix lumps (Greshake et al. 2000, 2002; Weisberg et al.
2001; Krot et al. 2001). They contain more than 70 vol%
metal, which occurs as discrete, rounded and deformed metal
grains. Most chondrules in these meteorites have barred-
olivine and cryptocrystalline textures. Chondrule sizes are
intermediate between those in the CH and CBa chondrites.
Their bulk O-isotopic compositions are very similar to those
of the CBa chondrites. 

In this manuscript we describe a new CB chondrite,
Fountain Hills, a recent find with a total mass of ~63 g
(La Blue et al. 2004, 2005; Lauretta et al. 2004, 2005, 2007;
Weisberg and Ebel 2005). Fountain Hills is a metal-rich
chondrite with abundant, well-defined chondrules. This
meteorite was purchased by Southwest Meteorite Laboratory
from a resident of Fountain Hills, Arizona, who found the
meteorite in the desert near his home. A specimen was loaned
to the University of Arizona for detailed analysis and
classification. A type specimen of 12 g was deposited with the
Lunar and Planetary Laboratory for distribution to the scientific
community. A portion of this material was made into two thin
sections for further study. Here we present the results of our
investigation of this meteorite. We describe its composition,
mineralogy, and texture. These features allow us to constrain

the thermal history of this meteorite as well as determine
some important implications for chondrule formation in the
early solar system. 

ANALYTICAL METHODS AND TECHNIQUES

Optical Microscopy

We surveyed two thin sections of Fountain Hills using
both transmitted-light (Fig. 1) and reflected-light (Fig. 2)
optical microscopy on a Leica DMLP petrographic polarizing
microscope. Combining individual optical images to produce
complete large scale thin section maps, provided information
on the meteorite texture and component abundances. We used
these data to determine the relative abundances of chondrule
sizes and size distributions.

Electron Microprobe Analysis

Mineral compositions were determined using electron
microprobe analysis. We surveyed a polished slab of Fountain
Hills with back-scattered electron imaging and X-ray
mapping using the Cameca SX-50 electron microprobe at the

Fig. 1. Plane-polarized overview of Fountain Hills in thin section.

Fig. 2. Reflected light overview of Fountain Hills in thin section.
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University of Arizona’s Lunar and Planetary Laboratory. We
used different analytical conditions to analyze silicates and
metals. 

We performed silicate analyses using a focused beam
with a current of 20 nA and an accelerating voltage of 15 keV.
For the silicate analyses, we quantified the abundances of
Na2O, P2O5, K2O, FeO, SiO2, MgO, CaO, Al2O3, MnO, TiO2,
Cr2O3, and NiO. We used albite as the Na standard, apatite for
P, orthoclase for K, fayalite for Fe, diopside for Si, Mg, and
Ca, anorthite for Al, rhodonite for Mn, rutile for Ti, chromite
for Cr, and a Ni-bearing diopside for Ni. Detection limits, in
wt%, are as follows: 0.03 for Na, 0.02 for P, 0.02 for K, 0.08
for Fe, 0.03 for Si, 0.03 for Mg, 0.02 for Ca, 0.01 for Al, 0.03
for Mn, 0.02 for Ti, 0.05 for Cr, and 0.07 for Ni. 

For the metal analyses we used a focused beam with a
current of 40 nA and an accelerating voltage of 15 kV. We
quantified the abundances of Si, Fe, Cr, Cu, S, P, Ni, and Co.
We used diopside as the Si standard, pure iron metal for Fe,
pure chromium metal for Cr, chalcopyrite for Cu and S, InP
for P, pure nickel metal for Ni, and pure cobalt metal for Co.
Detection limits, in wt%, are as follows: 0.02 for Si, 0.14 for
Fe, 0.07 for Cr, 0.12 for Cu, 0.03 for S, 0.04 for P, 0.09 for Ni,
and 0.09 for Co.

Modal Mineralogy and Bulk Composition of Major
Elements

We estimated the modal mineralogy and bulk
composition of major elements in Fountain Hills by
correlating mineral compositions from EMPA with our back-
scattered electron images and elemental X-ray maps (Fig. 3).
The Adobe Photoshop software package version 9.0.2 was
used for these analyses. The first step in this procedure is to
isolate the total number of pixels that correspond to the
meteorite surface (as opposed to the surrounding epoxy). This
value represents the total surface area analyzed. Three-
element RGB images were used to determine the abundance
of each major mineral phase present. We determine the
abundances of metal using a combined elemental map
containing Fe on the red channel, Mg on the green channel,
and Si on the blue channel (Fig. 3b). We estimated the
abundance of metal by selecting red pixels. The number of red
pixels divided by the number of total pixels represents an
estimate of the volume abundance of metal. A similar
technique was used to determine the abundances of other
major mineral phases. Despite an extensive search of the
entire polished surface of Fountain Hills, we failed to locate a
single sulfide grain in a 3.8 cm2 area. The X-ray map of S does
not contain any bright regions.

We determine the modal abundance of anorthite using the
map containing Mg on the red channel, Ca on the green
channel and Al on the blue channel. Anorthite appears as light
blue on this image (Fig. 3c). The Mg X-ray map was used to
determine the abundance of olivine and pyroxene. The most
intense pixels in this map represent olivine. We subtract the

olivine pixels from the image and use the remaining pixels to
represent the total abundance of both low-Ca and high-Ca
pyroxene. The Ca X-ray map discriminates between these two
phases. First, we remove all pixels corresponding to anorthite,
located using the R-Mg, G-Ca, B-Al map described above.
We then renormalize the remaining pixel intensities. The most

Fig. 3. Three views of Fountain Hills in a) BSE, b) Fe-red, Mg-green,
Si-blue combined X-ray image, and c) Mg-red, Ca-green, Al-blue
combined X-ray image.
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intense remaining pixels represent the high-Ca pyroxene
abundance. We subtract these pixels from the total number of
pyroxene-pixels found on the Mg map to determine the
abundance of low-Ca pyroxene. 

We take advantage of the fact that all major phases in
Fountain Hills are homogenous and use this data set to obtain
an estimate of the bulk abundances of major elements in this
meteorite. We assume that the area percent of each mineral is
equivalent to its volume percent. Since we analyzed a
polished surface that cut across the entire meteorite, this is a
reasonable assumption. The weight percent of each mineral in
Fountain Hills was determined using the calculated volume
percent and an average density for each mineral. We calculate
the bulk weight percent of each major element by combining
the mineral weight percent data with the compositional
information obtained by EMPA. These data provide a check
on the bulk abundance values obtained by the other
techniques described below. In addition, this technique is the
only one to provide an estimate of bulk Si abundance, since
both neutron activation analysis and inductively coupled
plasma mass spectrometry cannot determine this element.

Bulk Compositional Analysis

We determined the bulk composition of Fountain Hills
using acid-dissolution inductively couple plasma-mass
spectrometry (ICP-MS) and neutron activation analysis
(NAA) (Lauretta et al. 2007). Since Fountain Hills has a
heterogeneous texture with large grain sizes, obtaining a
representative sample that does not consume a large fraction
of the type specimen is a challenge. To overcome this
obstacle, we cut a thin sliver, with dimension of ~19 mm ×
1 mm × 1 mm and a mass of 85 mg, from the center of a full
slice of the meteorite. One of the matching faces to the cut
sliver was carbon coated and mounted vertically in the
electron microprobe, where BSE images and elemental X-ray
maps were obtained. We estimated the modal mineralogy of
the sliver using the same image processing techniques
described above to verify that we had a representative sample
of Fountain Hills for bulk analysis. We divided the sliver into
two roughly equal masses. One half of the sliver was used for
NAA and the other for ICP-MS bulk analyses.

For the NAA, we follow long-established techniques at
LPL (e.g., Patzer et al. 2004). We prepared the sample
solution for ICP-MS by dissolving the sliver in concentrated
HF-HNO3-HClO4. An analytical blank solution was prepared
using the exact same procedure. After dissolution, solutions
were evaporated at 110 °C and redissolved in 5% HNO3
yielding a solution with ~100 µg/ml total dissolved solids.
Trace elements standards consisted of known amounts of
trace-elements in a matrix solution containing Fe, Mg, Ca, Al,
and Ni in bulk CB proportions. Successive dilutions of the
matrix solution alone were used to quantify major elements.
Our trace-element solution standards covered six orders of
magnitude (10 pg/ml to 1 µg/ml). Analyses were performed

using the LPL ELEMENT2 HR-ICP-MS. Elements present at
or below blank levels are reported as upper limits, defined as
2× average blank abundances.

Laser Ablation ICP-MS

We determined the abundances of trace siderophile
elements in Fountain Hills metal using laser-ablation ICP-MS
(LA-ICP-MS). Selected locations for LA-ICP-MS analysis
were first measured for major-element compositions using
EMPA. The laser ablation system is composed of a CETAC
LSX-200 laser ablation peripheral with a Finnigan MAT
Element ICP-MS at the University of Chicago (Campbell and
Humayun 1999a,b; Campbell et al. 2001, 2002, 2003a,
2003b, 2004). We determined the abundances of nineteen
siderophile elements by monitoring the isotopes 57Fe, 59Co,
60Ni, 63Cu, 69Ga, 74Ge, 75As, 95Mo, 101Ru, 105Pd, 111Cd, 121Sb,
125Te, 182W, 185Re, 192Os, 193Ir, 195Pt, and 197Au during all of
the measurements. Each analyzed point was ablated by 20
to 50 laser pulses at 10 Hz; the laser-ablated pits produced
were 25 to 160 µm in diameter and 10 to 25 µm deep. The
mass spectrometer swept repeatedly over the intended mass
range while the ablated material was carried by Ar gas from
the sample chamber to the mass spectrometer. The signal
from the transient laser ablation pulse was integrated over a
period of 20 to 25 s; this was sufficient time for the pulse to
reach peak intensity and then decay almost to background
levels. Instrumental sensitivity factors for each isotope were
determined by measuring signal intensity from the group IVB
iron meteorite Hoba and the National Institute of Standards
and Technology (NIST) reference steel SRM 1263a, which
have known concentrations of the elements of interest
(Campbell and Humayun 1999b; Campbell et al. 2002).

Isotopic Analysis

We analyzed the isotopic ratios of oxygen in Fountain
Hills silicates using laser-assisted silicate fluorination
techniques at the Open University, Milton Keynes, U.K. The
technique is described in detail in Miller et al. (1999). We
analyzed the concentration and isotopic composition of N in
the two fractions by means of static vacuum gas-source mass
spectrometry in conjunction with high-resolution stepped
pyrolysis and combustion. The N analysis technique is
described in Verchovsky et al. (1998).

Condensation Calculations

In order to determine the equilibrium composition metal
as a function of nebular conditions, we used the HSC
Chemistry (v. 5.1) software package. HSC Chemistry
determines the equilibrium chemical composition of a system
by iteratively minimizing the system’s Gibbs free energy,
using the GIBBS equilibrium solver described in White et al.
(1958). This software has been successfully used in recent
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studies of solar nebula chemistry (Pasek et al. 2005) and
supernova stellar outflows, producing compositions that
correlate with observed mineralogy in presolar interplanetary
dust particles (Messenger et al. 2005). The list of solid and
gaseous species included in the HSC Chemistry calculations
is shown in Table 1. Calculations were performed from 800–
2200 K at total pressures ranging from 10−9 to 10−3 bars.
These calculation focus on the condensation of refractory
metals and neglect silicate phases. In order to constrain the
metal condensation environment, we calculated the 50%
condensation temperatures of Pt, Ru, Ir, Os, Re, Mo, and W,
plus Fe, Ni, and Co in systems of near-solar composition. We
considered the effect of varying oxidation state by both

increasing the bulk abundance of C and decreasing the
abundance of O.

RESULTS

Petrography, Mineralogy, and Mineral Chemistry

Metal (23 vol%) is distributed throughout the meteorite,
interstitial to the silicates. Additionally, the metal encloses
small mineral and barred chondrule fragments. Fountain Hills
contains barred and porphyritic chondrules as well as large
isolated olivine phenocrysts up to 1 mm in size. Most mineral
and chondrule fragments in Fountain Hills are surrounded by

Table 1. Chemical species considered in the condensation calculations.
Gases Solids

Au(g) CuO(g) Mo(OH)2(g) Os(CO)5(g) Au Ni
Au2(g) CuOH(g) Mo2(g) Os(g) Au(OH)3 Ni3C
AuC(g) Fe(CO)5(g) Mo2O6(g) OsO(g) Au2O3 Ni4W
AuH(g) Fe(g) Mo3O9(g) OsO2(g) C NiCO3
AuO(g) Fe(OH)2(g) Mo4O12(g) OsO3(g) Co NiO
C(g) Fe2(g) Mo5O15(g) OsO4(g) Co3N NiO*OH
C2(g) FeH(g) MoN(g) Pd(g) Co3O4 Os
C2H(g) FeO(g) MoO(g) PdO(g) CoCO3 OsO2
C2H2(g) FeO*OH(g) MoO(OH)(g) Pt(g) CoO OsO4
C2H3(g) FeO2(g) MoO(OH)2(g) PtH(g) Cu Pd
C2H4(g) FeOH(g) MoO2(g) PtO(g) Cu(OH)2 PdO
C2H5(g) Ga(g) MoO3(g) PtO2(g) Cu2O Pt
C2N(g) Ga2(g) MoOH(g) Re(g) CuCO3 Re
C2N2(g) Ga2O(g) N(g) Re2O6(g) CuO Re2O7
C2NO(g) GaH(g) N2(g) Re2O7(g) Fe ReO2
C2O(g) GaO(g) N2(g) ReO(g) Fe(OH)2 ReO3
C3(g) GaOH(g) N2H2(g) ReO2(g) Fe(OH)3 Rh
C4(g) H(g) N2H4(g) ReO3(g) Fe0.947O Rh2O
C4N(g) H2(g) N2O(g) Rh(g) Fe2N Rh2O3
C4N2(g) H2MoO4(g) N2O3(g) RhO(g) Fe2O3 RhO
C5(g) H2O(g) N2O4(g) RhO2(g) Fe3Mo2 Ru
C5N(g) H2O2(g) N2O5(g) Ru(CO)5(g) Fe3O4 RuO2
C60(g) H2WO4(g) N3(g) Ru(g) Fe3W2 RuO4
CCN(g) HCCN(g) N3H(g) RuO(g) Fe4N W
CH(g) HCN(g) NCN(g) RuO2(g) FeCO3 W2C
CH2(g) HCO(g) NCO(g) RuO3(g) Ga WC
CH3(g) He(g) NH(g) RuO4(g) Ga2O3 WO2
CH4(g) HN3(g) NH2(g) W(CO)6(g) GaN WO2.72
CN(g) HNCO(g) NH3(g) W(g) H2O WO2.722
CN2(g) HNO(g) Ni(CO)4(g) W(OH)2(g) H2WO4 WO2.9
CNN(g) HNO2(g) Ni(g) W2O6(g) Ir WO2.96
CO(g) HNO3(g) Ni(OH)2(g) W3O8(g) IrO2 WO3
Co(g) HO(g) Ni2(g) W3O9(g) Mo
Co(OH)2(g) HO2(g) NiH(g) W4O12(g) Mo2C
CO2(g) HOCN(g) NiO(g) W5O15(g) Mo2N
Co2(g) Ir(g) NiOH(g) WO(g) MoC
CoH(g) IrC(g) NO(g) WO(OH)(g) MoN
CoO(g) IrO(g) NO2(g) WO(OH)2(g) MoO2
COOH(g) IrO2(g) NO3(g) WO2(g) MoO2.75
Cu(g) IrO3(g) O(g) WO3(g) MoO2.875
Cu2(g) Mo(CO)6(g) O2(g) WOH(g) MoO2.889
CuH(g) Mo(g) O3(g) MoO3
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a mixture (melt) of fine anorthite–high-Ca-pyroxene–Si, Al-
rich glass and coarse pyroxene grains. Some barred olivine
fragments appear to be integrated into this material and their
boundaries are obscured.

The results of the modal mineralogical analysis are
presented in Table 5. Given the sampling limitations of this
analysis, we place a conservative uncertainty of ±10% in
these modal abundance estimates. A back-scattered electron
image of a polished slab of Fountain Hills is shown in Fig. 3a.
Three-color X-ray maps are shown in Figs. 3b (Red = Fe,
Green = Mg, Blue = Si) and 3c (Red = Mg, Green = Ca, and
Blue = Al). The X-ray maps provide information on the
relative abundance and morphology of major mineral phases.
In Fig. 3b, Fe-based metal alloys are bright red, olivine is
bright blue, low-Ca pyroxene is bright green, and other
silicates (anorthite and high-Ca pyroxene) are dull green. In
Fig. 3c, olivine appears bright red, anorthite is light blue, low-
Ca pyroxene is dull red, and high-Ca pyroxene is purple.
Voids, cracks, metal, and epoxy appear black.

Metal in Fountain Hills predominantly occurs interstitial

to chondrules and silicate fragments. It is relatively pristine
with evidence for minor oxidation occurring near the sample
edges, which is most likely terrestrial in origin. Metal forms a
near-continuous network of veins and chondrule rims that
encases silicate grains with a wide range of sizes (sub-µm to
hundreds of µm). Small grains of metal occur in the interior of
some porphyritic chondrules. In addition, large, inclusion-
free metal grains occur distinct from chondrules. The
composition of metal is relatively uniform with some
variation in minor and trace elements. Most metal grains
analyzed are kamacite that contain 6.3–6.8 wt% Ni, 0.17–
0.36 wt% Co, 0.16–0.25 wt% P, 0.05–0.19 wt% Cr, 0–
0.16 wt% Cu, and 0–0.10 wt% Si. Metal grains encased in
porphyritic chondrule interiors are more Ni-rich than those in
the bulk of the sample (Table 2).

The Ni/Co ratios in Fountain Hills metal range from 20–
28 in the matrix to 31 in chondrules (CI Ni/Co is 22, Anders
and Ebihara 1982), and average 1.2 × CI (±0.2). Chromium
and P are depleted in Fountain Hills metal and average 0.08 ×
and 0.35 × CI, respectively. The Fe/Co ratio brackets the CI

Table 2. Metal compositions in Fountain Hills.

n
Chondrule (EMPA)

5
Matrix (EMPA)

243
Matrix (LA-ICP-MS)

10
Conc. 2σ Conc. 2σ Conc. 2σ

Fe wt% 92.2 0.18 92.9 0.24 93.1 3.7
Ni wt% 7.15 0.15 6.36 0.18 6.55 0.26
 P wt% 0.22 0.01 0.38 0.07 NA
Co wt% 0.23 0.03 0.23 0.07 0.32 0.01
Cr wt% 0.15 0.02 0.12 0.06 NA
Cu µg/g NA NA 62.3 2.7
Mo µg/g NA NA 12.7 0.7
Pt µg/g NA NA 5.67 0.31
Ru µg/g NA NA 4.49 0.33
Os µg/g NA NA 4.05 0.20
Ir µg/g NA NA 3.76 0.18
Pd µg/g NA NA 3.06 0.27
W µg/g NA NA 1.49 0.11
Ga µg/g NA NA 1.35 0.20
Re µg/g NA NA 0.35 0.04
Au µg/g NA NA 0.25 0.05

Table 3. Silicate and oxide mineral compositions in Fountain Hill.

n
Olivine

63
Low-Ca pyroxene

17
High-Ca pyroxene

5
Anorthite

14
Spinel

44
wt% 2σ wt% 2σ wt% 2σ wt% 2σ wt% 2σ

SiO2 42.3 0.2 57.6 0.7 54.2 0.7 45.5 1.8 BDL
TiO2 0.04 0.01 0.28 0.05 0.84 0.04 BDL 0.27 0.01
Al2O3 0.12 0.08 1.77 0.74 4.44 0.71 34.2 1.88 60.2 1.40
Cr2O3 0.56 0.03 0.99 0.17 1.29 0.08 0.13 0.06 11.2 1.1
FeO 3.22 0.15 2.40 0.20 2.31 0.05 0.32 0.10 2.79 0.05
MnO 0.09 0.01 0.10 0.01 0.13 0.01 BDL 0.11 0.01
MgO 53.7 0.4 35.4 1.3 22.3 3.3 0.64 0.4 25.1 0.1
CaO 0.22 0.07 1.86 0.31 14.6 2.4 19.4 0.37 BDL
Na2O BDL 0.05 0.11 BDL 0.06 0.03 BDL
Total 100.3 100.4 100.1 100.3 99.7
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value of 364: chondrule Fe/Co is 401, while the matrix Fe/Co
ratio varies from 404 to 291. Although there may be a
sampling bias (only 5 analyses of metal in chondrules), the
matrix Fe/Co argues for a heterogeneous distribution and,
therefore, more primitive origin. Trace element abundances
are also uniform in Fountain Hills metal grains. The elements
As, Cd, Ge, Sb, and Te are all below detection levels. The
metal is significantly enriched in W and Mo, with
Fe-normalized abundances of 3.2× and 2.6 × CI, respectively.
The refractory metals Re, Os, Ir, Ru, and Pt all show

significant enrichment (1.1–1.8 × CI) while Cu and Ga are
depleted. The Fe/Pd ratio is approximately CI. 

Olivine occurs in barred and porphyritic chondrules and
as isolated coarse grains dispersed throughout the sample.
Isolated olivine grains are commonly surrounded by a rim of
orthopyroxene. All the olivine grains that have been analyzed
are MgO-rich. There is very little variation in bulk olivine
compositions, which range from Fo96 to Fo98. The Fe/Mn
ratio in olivine averages ~35 ± 1 (1 sigma). Minor element
abundances in olivine exhibit small variations with
compositions ranging from 0.14–0.29 wt% CaO, 0.04–
0.19 wt% Al2O3, 0.08–0.10 wt% MnO, and 0.48–0.58 wt%
Cr2O3 (Table 3). 

Low-Ca pyroxene occurs predominantly as rims
surrounding barred-olivine and porphyritic-olivine
chondrules. It also occurs interstitial to large, compact olivine

Fig. 4. The zoned spinel grain in Fountain Hills shown in a) plane-
polarized transmitted light and b) BSE image. The data plotted in
Fig. 5 is from the traverse labeled “Traverse 1” in the BSE image.
The other three traverses were across nearby metal and indicated no
zoning in the metal grains.

Fig. 5. Graphs showing the variation of a) Mg-Fe and b) Cr-Al in the
zoned spinel grain along Traverse 1 shown in Figure 4b.
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crystals, which may have originated in fragmented
porphyritic chondrules. Low-Ca pyroxene exhibits a wider
range of compositions than olivine and varies from En89 to
En95. The Fe/Mn ratio averages ~25. Minor element
abundances are also variable and range from 1.7–1.9 wt%
CaO, 1.1–1.5 wt% Al2O3, 0.09–0.11 wt% MnO, and 0.9–
1.0 wt% Cr2O3 (Table 3). 

High-Ca pyroxene occurs in barred, porphyritic, and
granular chondrules. It has a wide compositional range of
En55Wo41 to En82Wo15. It is fairly homogenous within
individual chondrules. Al2O3 content in high-Ca pyroxene
varies from 3.6 to 5.1 wt%. The average Fe/Mn ratio is ~25
± 8. High-Ca pyroxene also contains variable amounts of
TiO2 (0.8–0.88 wt%) and Cr2O3 (1.2–1.37 wt%) (Table 3).

Plagioclase in Fountain Hills rim is extremely alkali-poor
with a composition of An99. It occurs almost exclusively in
barred-olivine chondrules, interstitial to the olivine. In
addition, a thin (~50 µm) rim of anorthite surrounds the sole
spinel grain observed in this sample (see below). Anorthite
also contains ~1.0 wt% MgO and ~0.4 wt% FeO. 

There is one spinel grain present in the thin sections of
Fountain Hills that we studied (Fig. 4). It is zoned in Al, Cr,
and Ti abundances and has an average composition of
Mg0.93Fe0.07(Al0.89Cr0.11)2O4. Chromium and Ti abundances
increase systematically from core to rim (Fig. 5) while the
Mg/Fe ratio is constant throughout the grain with Mg# = 94.
The spinel is rimmed by 50 µm thick anorthite. 

Chondrule Petrography

Fountain Hills contains abundant well-defined
chondrules that range in size from 400 µm to 4200 µm in
diameter (Fig. 6). We surveyed 42 chondrules in thin section
and display a histogram of their apparent diameters (Fig. 7).
The average chondrule diameter is ~1300 µm.

Chondrule sizes correlate with texture. The largest
chondrules (1200–4000 µm) and chondrule fragments have
barred-olivine or skeletal-olivine textures (Figs. 6a and 6b).
The barred chondrules contain parallel laths of olivine (Fo96–

97) with interstitial anorthite. Average width of olivine bars in
these chondrules is 100 µm. Anorthite occurs as bladed
crystals ~30 µm across and up to 300 µm in length. These
chondrules have multiple, thick, compact rims of olivine
along their perimeter. Low-Ca pyroxene (En93Wo3 with
1.4 wt% Al2O3, 0.3 wt% TiO2, and 0.8 wt% Cr2O3) occurs on
the outermost edge of the thick rinds.

Porphyritic chondrules typically have smaller diameters
(~1500 µm) than the large barred-olivine chondrules
(Figs. 6c and 6d). They are composed of large (350–
1000 µm) phenocrysts of olivine. Mesostasis is anorthitic in
composition. Pyroxene (both low-Ca and high-Ca) is
concentrated in the outer portion of most porphyritic olivine
chondrules. Many of the porphyritic chondrules appear to be
heavily armored with thick rinds of metal, though it is
difficult to discriminate a metal rind from the surrounding

metal matrix. Mesostasis is recrystallized anorthite
containing 0.1 wt% Na2O, 0.2 wt% FeO, and 1.0 wt% MgO.

Pyroxene-rich chondrules are distinctly different from
the olivine-rich chondrules. They have radial and granular
textures (Figs. 6e and 6f). They are much smaller than
olivine-rich chondrules with an average diameter of
800 µm. The granular chondrules are composed
predominantly of low-Ca pyroxene. In contrast to the other
chondrules, the pyroxene-rich ones show a wider range of
compositions. Low-Ca pyroxene in these objects range
from En89 to En95. Minor amounts of olivine and high-Ca
pyroxene are also present.

Bulk Composition

Both NAA, ICPMS data, along with major element
composition calculated using our EMPA technique are
tabulated in Table 4. One of the main advantages of using
EMPA mapping for estimation of bulk major element
composition is that this is the only technique that gives us
abundance of Si. There is a reasonable agreement between 3
different techniques. We present our recommended values for
Fountain Hills bulk composition in the last column of Table 4.

Figure 8 presents bulk composition data as CI and Si
normalized abundance data versus 50% condensation
temperature (Tc) (Davis 2006). Fountain Hills exhibits a clear
volatility trend, with abundances correlating with Tc. Such
correlation suggests that condensation played a role in
establishing its compositions, with little subsequent
modification. Lithophile, siderophile and chalcophile
elements in Fig. 8 are plotted as different symbols to illustrate
presence of metal-silicate fractionation. There is up to 2 × CI
enrichment in high temperature siderophile elements
abundances, whereas refractory lithophile elements closely
follow the CI trend. Metal-silicate fractionation is preserved
for more volatile elements as well, showing two distinct
trends which parallel each other and correlate with the
cosmochemical affinity of the elements. Interestingly, of the 3
chalcophile elements (S, Se, and Zn) plotted, S is the most
extremely depleted (a result that is supported by the apparent
lack of sulfides in Fountain Hills), and Se and Zn seem to
follow the siderophile trend. This suggests that Se and Zn
might have condensed in metal in a relatively S-poor
environment, thus reinforcing the argument that condensation
played a major role in establishing the composition of
Fountain Hills. 

Isotopic Data

We analyzed two samples of Fountain Hills for bulk
oxygen isotopic composition using a laser fluorination
technique. The average results are δ17O = −1.45‰ and
δ18O = +1.28‰, relative to SMOW (Fig. 9). The 1σ standard
deviation on δ18O from replicate analyses of standard
materials is about ±0.06‰ and on ∆17O ± 0.015‰. These
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values are compared to those from other major chondrite
groups in the same figure. The O-isotopic composition of
Fountain Hills is indistinguishable from that of Bencubbin,
Weatherford, and the other CB chondrites (Franchi et al.
1998). Fountain Hills also contains about 1 ppm of indigenous
nitrogen with a moderate enrichment in 15N observed in a
high temperature release. The peak δ15N value is +48‰
(Fig. 10). The instrument is capable of obtaining comparative
nitrogen isotopic compositions (δ15N values) to a precision of
±0.24‰.

DISCUSSION

Classification of Fountain Hills

The Fountain Hills meteorite is classified as a
Bencubbin-like (CBa) chondrite (Lauretta et al. 2004).
Currently Bencubbin, Weatherford, Gujba, and MIL 05802
are the only known members of the CBa group. The
classification of Fountain Hills as a CBa chondrite is based on
several characteristics: the petrology and composition of the

Fig. 6. Transmitted light images illustrating the various chondrule textures in Fountain Hills. a, b) Barred olivine or skeletal olivine; c, d)
porphyritic, eradial; f) granular textures.
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major minerals are consistent with other CBa chondrites
(Fo92–94; Cr2O3 in olivine 0.48–0.58%; En4; An99, metal Ni/
Co ≈ solar). The O-isotopic composition of Fountain Hills is
indistinguishable from Bencubbin and Weatherford (Fig. 9).
Metal and silicate compositions are similar to those reported
for Bencubbin, Weatherford and Gujba. The texture of
Fountain Hills is also reminiscent of the other CBa chondrites.
Silicates are present predominantly in the form of large barred
olivine and smaller porphyritic chondrules. We have not
located any CAIs in Fountain Hills. These inclusions are also
rare in other CB chondrites. 

Despite being a desert find, the interior of Fountain Hills

exhibits minimal signs of terrestrial weathering. Small veins
of iron oxide occur along the outer mm of the sample, which
are likely of terrestrial origin. However, metal in the interior
of the sample shows no sign of terrestrial alteration. Sulfide
minerals are absent. Given the pristine nature of the interior,
Fountain Hills is designated as having minimal weathering.

There is extensive orange staining of silicates primarily
along fractures in olivines. Most olivine grains are clear,
exhibit sharp extinction, and many have curtains of tiny
inclusions. There are no obvious high pressure phases such as
ringwoodite or maskelynite. No glass melt pockets were
observed outside chondrules. Olivine phenocrysts in the
groundmass are similar to those in large porphyritic
chondrule fragments. Minor undulose extinction in a minority
of olivine grains indicate a shock regime of shock stage S2–S3.
A brief excursion to shock stage S4 is indicated by the
presence of thin, opaque shock melt veins and a quench
texture with needle-like crystals, along with a few large
olivines that exhibit what may be relict planar fractures and
several that exhibit slight mosaicism. The lack of fine metal
droplets in the silicate melt veins indicate a shock stage of
S2–S3 (Bennett and McSween 1996). 

The metal forms a discontinuous network yet retains
some heterogeneity in composition (Ni/Co ratios). It does not
exhibit remarkable shock features. Although Fountain Hills
may have experienced local, peak shock stage up to S4 as
evidenced by a few olivine grains and silicate melt veins, the
overall assignment is much lower (shock stage S2-S3). This
suggests that the peak shock was limited in duration and
extent. The meteorite subsequently experienced prolonged
thermal metamorphism with annealing that may have healed
many planar fractures and sintered metal grains. The mixture
of high-Ca-pyroxene–Si, Al-rich glass with coarse pyroxene
grains and the interstitial metal that surrounds the chondrules
could have formed in multiple impact events on the parent
body similar to the scenarios for repeated shock and post-
shock annealing described by Rubin for ordinary chondrites
(Rubin 2004). The shock features in Fountain Hills may be
explained by a sequence of impact induced shock to stage S4
followed by burial, annealing, and repeated impact shock(s)
less than shock stage S3 or, a single impact of shock stage S4
followed by burial and prolonged annealing. 

The O-isotopic composition of Fountain Hills lies very
close to both the CRs and the CBs (Fig. 9). The Fountain Hills
meteorite is similar to the CB chondrites in bulk oxygen
isotopes and metal and silicate compositions. However,
Fountain Hills shows a major depletion in bulk N abundance,
relative to CB chondrites (Fig. 11). The nitrogen isotopic
measurement suggests the presence of trace amounts of
nitrogen with a δ15N enrichment (+48‰). While such
enrichments are typical of Bencubbin-like meteorites,
Fountain Hills is not as enriched as the other CB chondrites
(Prombo and Clayton 1985; Franchi et al. 1986; Keeling et al.
1987; Sugiura et al. 2000). 

There are some intriguing differences between Fountain

Fig. 7. Histogram showing the distribution of chondrule sizes in
Fountain Hills as viewed in thin section.

Fig. 8. Graph plotting the Si- and CI-normalized bulk composition of
Fountain Hills as a function of condensation temperature Tc. Tc is
from Davis (2005).
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Table 4.  Bulk composition of Fountain Hills.
Atomic# Element EMPA/X-ray mapping NAA ICP-MS Recommended
Sample analyzed: Polished slab 44.91 mg 39.88 mg value

(µg/g) (2σ) (µg/g) (2σ) (µg/g) (2σ) (µg/g) (2σ)

11 Na 88 (8) 80.6 (1.2) 30 (1) 66 (8)
12 Mg 120000 (6000) 136000 (4000) 112000 (3000) 123000 (8000)
13 Al 10400 (520) 13260 (170) 10720 (220) 11500 (600)
14 Si 138000 (7000) NA NA 138000 (7000)
15 P 897 (45) NA 714 (13) 805 (47)
16 S NA NA 49 (5) 49 (5)
19 K NA <30 28 (1) 28 (1)
20 Ca 26900 (1400) 15400 (2300) 10300 (300) 12900 (2300)
21 Sc NA 8.25 (0.08) (0.1) 9.6 (0.2) 8.9 (0.2)
22 Ti NA 680 (230) 577 (9) 577 (9)
23 V NA 71.6 (1.7) (2) 72 (2) 72 (2)
24 Cr 3700 (200) 2770 (28) 2950 (70) 3140 (210)
25 Mn 465 (25) 334 (3) 374 (9) 391 (27)
26 Fe 411000 (20000) 452000 (5000) 384000 (3000) 416000 (21000)
27 Co 1070 (100) 1408 (15) 1300 (400) 1260 (410)
28 Ni 28500 (1400) 33700 (300) 23200 (500) 28500 (1500)
29 Cu NA <1100 26 (8) 26 (8)
30 Zn NA <25 6.8 (0.6) 6.8 (0.6)
31 Ga NA <1.5 1.2 (0.1) 1.2 (0.1)
32 Ge NA <160 1.7 (0.4) 1.7 (0.4)
33 As NA 0.92 (0.08) 0.43 (0.10) 0.67 (0.13)
34 Se NA <4 0.54 (0.36) 0.54 (0.36)
37 Rb NA <14 <0.73 <0.73
38 Sr NA NA 12 (1) 12 (1)
39 Y NA NA 1.9 (0.1) 1.9 (0.1)
40 Zr NA <170 6.0 (0.7) 6.0 (0.7)
41 Nb NA NA 0.51 (0.14) 0.51 (0.14)
42 Mo NA <3 2.3 (0.1) 2.3 (0.1)
44 Ru NA 2.3 (0.2) 1.5 (0.3) 1.9 (0.4)
45 Rh NA NA <0.30 <0.30
46 Pd NA NA 1.3 (0.6) 1.3 (0.6)
47 Ag NA NA <0.66 <0.66
48 Cd NA NA <0.25 <0.25
49 In NA NA <0.34 <0.34
50 Sn NA NA <0.47 <0.47
51 Sb NA <0.07 <0.33 <0.07
52 Te NA NA <0.45 <0.45
55 Cs NA <1.1 <0.24 <0.24
56 Ba NA <140 9.6 (0.2) 9.6 (0.2)
57 La NA 0.419 (0.025) (0.03) 0.29 (0.05) 0.36 (0.06)
58 Ce NA <5 1.3 (0.1) 1.3 (0.1)
59 Pr NA NA 0.19 (0.07) 0.19 (0.07)
60 Nd NA <7 0.86 (0.12) 0.86 (0.12)
62 Sm NA 0.246 (0.006) (0.01) 0.22 (0.07) 0.24 (0.07)
63 Eu NA 0.101 (0.008) (0.01) 0.09 (0.07) 0.10 (0.07)
64 Gd NA NA 0.12 (0.07) 0.12 (0.07)
65 Tb NA <0.4 <0.29 <0.29
66 Dy NA 0.39 (0.08) <0.19 0.39 (0.08)
67 Ho NA <0.22 <0.09 <0.09
68 Er NA <2.6 <0.11 <0.11
69 Tm NA <0.6 <0.06 <0.06
70 Yb NA 0.38 (0.08) (0.08) 0.15 (0.04) 0.27 (0.09)
71 Lu NA <0.07 <0.23 <0.07
72 Hf NA <0.7 0.18 (0.13) 0.18 (0.13)
73 Ta NA <0.5 <0.24 <0.24
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Hills and the other CB chondrites. Bencubbinites contain
60–70 vol% metal whereas only ~25 vol% of Fountain Hills
is metal. In other CBs metal occurs as discrete inclusions or
fragments and is generally not associated with silicates or in
chondrules. In contrast, we have located metal phases inside
silicate chondrules from Fountain Hills. The metal inclusions
are small (<1 µm) but visible in reflected light. In addition, it
is distinct from the other members of this group in other ways,

such as presence of abundant porphyritic chondrules and
complete lack of sulfide minerals (La Blue et al. 2004). There
are reports of rare CAIs in Bencubbinites (Krot et al. 2001;
Weisberg et al. 2002). Spinel is rare but noticeable in
Fountain Hills. Fountain Hills δ15N data also does not appear
to follow trends of other Bencubbinites, or it may extend the
field of this poorly sampled group. Bulk composition of
Fountain Hills exhibits much steeper volatility trend and the
least amount of metal-silicate fractionation than other CB
chondrites (Fig. 8, Lauretta et al. 2007)

To summarize our results, Fountain Hills satisfies 5 out of
6 criteria for its classification as CBa chondrite. In addition, it
exhibits the following unique characteristics: low metal
abundance of only 25%, presence of barred and porphyritic
chondrules, steeper volatility trend, lack of sulfides, low
indigenous N content, and smaller metal-silicate fractionation.

Chondrule Petrogenesis in Fountain Hills

In addition to the barred chondrules, porphyritic and
granular chondrules are also abundant in Fountain Hills.
These textures form when many crystal nuclei are present
during chondrule melt cooling. The simplest interpretation of
this observation is that chondrule peak temperatures were
slightly below their liquidus temperatures (Lofgren and
Russell 1986), which enabled the survival of nuclei. These
unmelted relicts provided abundant nucleation sites that
generated the characteristic porphyritic textures on cooling
(Lofgren 1989). It is also possible that chondrule formation
occurred in a dusty environment, which provided the
nucleation sites for generation of the porphyritic texture
(Connolly and Hewins 1995). However, the lack of any fine-
grained matrix suggests that the formation region of Fountain
Hills was dust free. Alternatively, the thermal event
responsible for chondrule formation may have evaporated all
fine-grained dust. However, our interpretation is that the
porphyritic chondrules in Fountain Hills most likely formed
by incomplete melting of solid precursors. The high
abundance of barred chondrules is also consistent with a dust-

74 W NA 0.36 (0.04) 0.51 (0.06) 0.43 (0.07)
75 Re NA 0.125 (0.018) (0.02) 0.09 (0.01) 0.11 (0.02)
76 Os NA 2.0 (0.1) <4.7 2.0 (0.1)
77 Ir NA 1.7 (0.1) 0.89 (0.09) 1.3 (0.2)
78 Pt NA NA 2.3 (0.1) 2.3 (0.1)
79 Au NA 0.145 (0.002) (0.002) <1.6 0.15 (0.002)
80 Hg NA <2.2 <1.8 <1.8
81 Tl NA NA <0.16 <0.16
82 Pb NA NA <0.09 <0.09
83 Bi NA NA <0.10 <0.10
90 Th NA <0.27 0.03 (0.01) 0.03 (0.01)
92 U NA <0.17 <0.03 <0.03
NA = not analyzed.

Table 4.  Continued. Bulk composition of Fountain Hills.
Atomic# Element EMPA/X-ray mapping NAA ICP-MS Recommended

Table 5. Modal mineralogy of Fountain Hills.
Mineral Volume% Weight%

Anorthite 6.0 3.9
Olivine 20.9 16.2
Low-Ca pyx 28.8 21.8
High-Ca pyx 18.8 15.2
Metal 22.9 42.8
Sulfide 0.0 0.0
Void 2.5 0.0

Total 100 100

Fig. 9. Graph comparing the O-isotopic composition of Fountain
Hills to other carbonaceous chondrites. 
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free environment since this texture forms when completely
molten droplets with no surviving nucleation sites cool and
crystallize. The different chondrule textures thus likely
represent variations in the peak heating experienced by
Fountain Hills chondrule precursors.

Nebular Condensation of Metal

The bulk composition of the metal phase in Fountain
Hills can be used to constrain the nebular environment in
which it was established. To accomplish this goal, we
analyzed the bulk abundances of the refractory siderophile
elements Pt, Ru, Mo, Re, Os, Mo, and W. All of these
elements are enriched in the metal, relative to Fe and solar
abundances. However, the degree of enrichment does not
correlate with 50% condensation temperature in a gas of solar
composition (Lodders 2003). In particular, W and Mo are
significantly enriched relative to the other siderophiles
(Fig. 12). These two elements are known to be highly
sensitive to the oxidation state of the gas from which they
condense (Fegley and Palme 1985). We calculated the
condensation temperatures of these elements for a variety of
nebular environments (Table 6). The temperature required to
establish the bulk Ni content, which is above solar, was also
calculated (listed as Bulk Metal Tcond). The oxygen fugacity
of the system is listed at this temperature as a way to compare
the oxidation state of the different calculations. The degree of
enrichment of Mo and W suggest that they are the most
refractory siderophiles in Fountain Hills. The condensation
temperature of W increases significantly as the oxidation state
of the gas decreases. We find that our data are best explained
by a system at relatively high pressure (10−3 bars) that is
enriched in C, relative to solar, by a factor of at least ten.
Enrichment beyond this value does not alter the condensation
temperatures of the elements but leads to extensive graphite
condensation. However, even under these conditions Mo is
not as refractory as Re or Os, suggesting that some other
process is controlling the abundance of this element, or that its
solid solution behavior is non-ideal.

We also considered a scenario where refractory elements
condensed from an oxidized system and were removed from
chemical communication from the remnant material. This
process would produce an enrichment of Mo and W, which
condense at lower temperatures in oxidized environments.
However, it would also significantly enrich the system in Pt
and deplete it in the refractory lithophiles such as Ca and Al,
which is not observed. We thus conclude that the bulk
composition of Fountain Hills was established by
condensation in a gas that was more reducing than a solar-
composition system at relatively high pressures.

Thermal History of Fountain Hills

The matrix texture of Fountain Hills is similar in some
respects to type-4 ordinary chondrites in that the silicate matrix

Fig. 10. Graph illustrating the abundance and isotopic composition of
N during heating of Fountain Hills.

Fig. 11. Graph comparing the N-isotopic composition of Fountain
Hills to other carbonaceous chondrites.

Fig. 12. Graph plotting the Fe- and CI-normalized abundances of
siderophile elements in Fountain Hills metal grains as a function of
condensation temperature in a gas enriched in C by a factor of 10 relative
to solar at a total pressure of 10−3 bars.
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is mostly recrystallized. The presence of well-preserved
chondrules, esp. porphyritic types, indicates a lack of extreme
metamorphism. Many porphyritic chondrules are broken and
are partially incorporated into the groundmass. The metal
forms a continuous network throughout the meteorite,
suggesting that extensive sintering, but not necessarily melting,
has taken place. Variation in Ni/Co ratios precludes extensive
melting of metal. All of these features are consistent with
thermal metamorphism of Fountain Hills on its parent asteroid.
In order to constrain the duration and extent of heating, we look
to any compositional gradients preserved in mineral phases.

The only mineral that shows internal compositional
variation is spinel. Given the textural evidence for thermal
metamorphism in Fountain Hills, we consider it unlikely that
this gradient is a primary feature. Instead, it was likely

established during parent-body heating. The compositional
gradients in spinel show that Cr/Al ratio in spinel did not
achieve equilibrium. However, the Mg/Fe ratio is constant,
suggesting that these cations were able to reach equilibrium.
These two lines of evidence allow us to constrain the thermal
history of Fountain Hills. 

Olivine with composition Fo97 occurs in contact with the
spinel grain. Application of the olivine-spinel
geothermometer developed by Sack and Ghiorso (1991)
yields an equilibrium temperature of 878 °C using the
composition of the spinel rim closest to the olivine. Cr-Al
interdiffusion data for a spinel of composition
(Mg0.51Fe0.49)(Al0.73Cr0.27)2O4 have recently been measured
at 21.4 kb and 1125 °C (Ganguly, personal communication).
These data suggest that DCr-Al is ~4% of DFe-Mg. Using this
relationship and the Arrhenius relation for DFe-Mg in spinel
(Liermann and Ganguly 2002) we estimate DCr-Al in spinel at
a range of temperatures. Reasonable fits to both
compositional gradients were obtained by treating the system
as an isothermal diffusion problem. This analysis suggests a
heating duration of ~2,000 years at 878 °C to establish the Cr-
Al zoning profiles in the Fountain Hills spinel grain.

It is important to note that the olivine-spinel thermometer
does not consider significant Cr abundances in olivine, such
as that observed in Fountain Hills. Therefore, the equilibrium
temperature calculated using this technique may not be
applicable. In order to fully constrain the thermal history of
Fountain Hills, we calculated a range of possible temperature-
time histories (Fig. 13). We assume that the duration of
thermal metamorphism in the ordinary chondrites, ~10 million
years, represents a maximum possible heating time for
Fountain Hills (Göpel et al. 1994). This analysis yields a
minimum metamorphic temperature of 535 °C. 

The duration and peak temperatures of Fountain Hills are
similar to those determined for type-4 ordinary chondrites.
This observation is also consistent with the fact that olivine is
totally equilibrated in Fountain Hills while low-Ca pyroxene
exhibits a wider range of compositions. This extended
duration of thermal metamorphism may also explain the

Table 6. Condensation of PGEs in Fountain Hills
H C O Bulk metal log PT log fO2 50% Tcond (K)

(× solar) Tcond (K) (bars) (bars) Pt Ru Ir Os Re Mo W

1 1 1000 <800 −3 −4.2 930 1088 1101 <800 888 954 1629
1 1 100 1407 −3 −14.4 1418 1628 1665 1725 1568 1459 1469
1 1 10 1407 −3 −16.5 1416 1606 1671 1812 1744 1511 1717
1 1 1 1407 −3 −19.1 1416 1646 1679 1891 1866 1639 1891
10 1 1 1323 −3 −22.3 1342 1580 1614 1825 1844 1600 1855
1 1 1 1165 −6 −22.9 1272 1432 1461 1648 1605 1407 1627
1 1 1 997 −9 −26.7 1129 1268 1295 1454 1401 1228 1413
1 10 1 1407 −3 −29.5 1416 1633 1667 1903 1908 1756 2111
10 10 1 1407 −3 −31.4 1342 1562 1596 1821 1829 1678 2006
1 1 0.1 1407 −3 −31.5 1416 1633 1667 1904 1910 1756 2080
1 1 0.01 1407 −3 −33.5 1416 1633 1667 1904 1909 1756 2083

Enrichment in FH metal (Fe- and CI-norm): 1.08 1.18 1.52 1.59 1.82 2.56 3.19

Fig. 13. Graph plotting the integrated temperature-time history of
Fountain Hills required to establish the Cr-Al zoning profile
observed in the spinel grain shown in Fig. 4.
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extremely low abundance of indigenous N in Fountain Hills,
which may have been lost during extended heating of the
Fountain Hills parent asteroid.

CONCLUSIONS

The bulk composition of Fountain Hills was established
by condensation in a gas that was more reducing than a solar-
composition system and at relatively high pressures. The lack
of sulfide minerals and low alkali abundances are consistent
with Fountain Hills chondrule and metal formation in a high-
temperature region of the solar nebula. However, direct
condensation of all chondrule melts is inconsistent with
observed chondrule textures. Fountain Hills originated in a
region where both porphyritic and barred chondrules could
mix in abundance after formation by thermal processing of an
earlier generation of solid precursors. The data are consistent
with formation in a highly energetic thermal event in a dusty
region of the solar nebula (e.g., Campbell et al. 2001) or a
giant impact plume (e.g., Krot et al. 2005). The overprinting
that occurred during parent-body alteration makes
discrimination between these hypotheses difficult.

 Fountain Hills experienced extensive thermal
metamorphism on its parent asteroid, reaching peak
temperatures between 535 and 878 °C, which caused
extensive recrystallization of silicates, coarsening of the
metal phase, and loss of N and other volatiles. Fountain Hills
is most closely related to the CBa chondrites. However, it is
unique in many ways. Detailed study of this meteorite
provides further evidence of the wide diversity of highly
refractory chondritic meteorite groups in the early solar
system.
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