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Introduction:  The abundance and speciation of P 

play an important role in the origin of life. Equilibrium 

condensation modeling predicts that P condenses from 

a gas of Solar composition when Fe-metal interacts 

with P at 1248 K to form schreibersite [1, 2, 3]. At 

lower temperature (704 K) S interacts with Fe-metal to 

form troilite [1]. Fe-sulfide is abundant in primitive 

interplanetary dust particles (IDPs), believed to pre-

serve the condensates from the Solar Protoplanetary 

Disk [4], but P speciation has not been determined. 

The most common elements in cells are H, C, N, O, 

P, and S. Of these, P is least abundant, but P is a criti-

cal structural element in DNA and RNA. This gives 

rise to the “Phosphorous Problem” in the origin of life. 

Pasek [5] noted the bioavailability of dissolved P in 

water on the Earth is low. Phosphate minerals (apatite, 

whitelockite and monetite) are the major carriers of P 

on Earth, but they are poorly soluble in water and inert 

[5]. This prompted the idea that exogenous delivery of 

reactive P by IDPs or meteorites was important to life’s 

origin. Pasek and Lauretta [6] modeled delivery of C, 

N, and P to Earth and found carbonaceous chondrites, 

which have high concentrations of these elements, were 

not an adequate source of organic compounds, and that 

iron meteorites provided critical reactive P as schrei-

bersite, a phosphide mineral, to Earth’s early surface. 

In the current era, iron meteorites deliver an insignifi-

cant amount of P to Earth compared to that from the 

accretion of IDPs. Most equilibrium condensation 

modeling predicts P is hosted in schreibersite in primi-

tive dust [1, 2, 3]. To investigate this we have begun 

measuring the distributions and speciations of mod-

erately volatile elements, including P, in IDPs. Phos-

phorous x-ray absorption near-edge structure (XANES) 

spectroscopy distinguishes phosphates (peak at ~2153 

eV) from phosphides (~2144 eV), as seen in Figure 1.  

Techniques and Samples:  The Tender Energy 

Spectroscopy (TES) instrument on Beamline 8BM of 

the National Synchrotron Light Source II (Brookhaven 

National Laboratory, Upton NY) maps elements by x-

ray fluorescence (XRF), and provides speciation by K-

edge XANES spectroscopy of elements from P to Ca. 

It allows XRF mapping of P hot-spots and P-XANES, 

in emission, to determine P speciation on ~2 µm spots 

on IDPs. The Scanning X-ray Microscope (SXM) on 

the IO8 Beamline at the Diamond synchrotron (Har-

well, UK) has an incident x-ray beam tunable from 250 

to 4,400 eV, covering the K- or L-lines of most major 

and minor elements in extraterrestrial material. It al-

lows XRF mapping and P-XANES, by absorption 

spectroscopy, on ultramicrotome sections of IDPs. We 

ran apatite standards to calibrate each instrument. 

The ~10 µm chondritic porous (CP) IDPs, dust 

from asteroids and comets collected by NASA from the 

Earth’s stratosphere, are anhydrous, unequilibrated 

aggregates of >10
4
 individual grains. They have com-

positions similar to CI chondrites, and contain some 

mineral grains and organics that preserve pre-solar 

isotopic compositions. These factors indicate CP IDPs 

are relatively pristine samples of the original dust of 

the Solar Protoplanetary Disk [4], never having expe-

rienced significant aqueous or thermal processing. 

They are the best preserved samples of disk conden-

sates currently available for laboratory examination.  

NASA’s stratospheric dust collections include 

many non-chondritic, mono-mineralic grains – mostly 

olivine, pyroxene and sulfide -- collected along with 

CP IDPs. Some of these mineral grains (many >10 

µm), have fine-grained, chondritic material (i.e., small 

bits of typical CP IDPs) adhering to their surfaces, in-

dicating they are fragments of the same parent as the 

~10 µm, fine-grained CP IDPs. The introduction of 

large area collectors in the NASA Johnson Space Cen-

ter Cosmic Dust collection program facilitated the col-

lection of larger size particles, many with diameters 

>>25 µm. A few remain intact, but many break up on 

impact, producing a cluster of fragments over several 

hundred microns on the collector. The fragments are 

generally anhydrous, consisting of many large mineral 

grains embedded in a matrix very similar to that of 10 

µm CP IDPs [7]. These cluster IDPs provide the op-

portunity to determine the elemental and mineralogical 

composition of the CP IDP parent body at a much larg-

er size scale, since a single large cluster IDP contains 

more than 100 times the mass of one ~10 µm CP IDP. 

Results:  We mapped the spatial distribution of 

elements from Mg to Ca in 9 large, cluster IDPs, most 

of which were of the anhydrous CP-type, and deter-

mined the P speciation by P-XANES spectroscopy of 

the P hot-spots using TES. The cluster IDPs were ana-
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lyzed while still in the silicone oil in which they were 

collected to minimize interaction with the atmosphere. 

We obtained P-XANES spectra of 17 P hot-spots: 0 in 

L2005 AS9, 1 in L2005 AS10, 3 in L2005 AS11, 0 in 

L2008 Z1, 1 in L2008 Z2, 6 in L2009 R1, 1 in L2009 

R2, 0 in L2021 S1, and 5 in L2036 AL14, as well as a 

bulk P-XANES of an ultramicrotome slice of L2011 

B6. There was general consistency of the peak position 

in the spectra (Figure 1). Comparison with apatite and 

schriebersite, shows oxidized P is the dominant form of 

P is these IDPs. However, most spots do not show a 

shoulder on the high-energy side of the main peak that 

Ingall et al. [8] report is characteristic of apatites.  

To confirm that the P speciation we measured in the 

cluster IDPs was representative of CP IDPs, we direct-

ly measured the P speciation in four CP IDP ultrami-

crotome sections using absorption spectroscopy with 

the Diamond SXM. These spectra were derived from 

stack image sequences taken over the P K-edge. We 

obtained spectra of 1 P hot-spot in L2009*E2  (a clus-

ter fragment), 1 in L2009 E6, and 4 in two sections 

U2073A 5AB. All six spots show a single absorption 

consistent with oxidized P. Except for a single spot in 

U2073A 5AB, they show no evidence for the shoulder 

characteristic of apatite. To validate our results, we 

also obtained a P-XANES spectrum of a low P grain in 

U2073A 5AB, which showed only noise.     

Summary and Conclusions: The majority of the P 

mass in these IDPs is in the larger hot-spots, so our P-

XANES results show the P in primitive, anhydrous 

IDPs is found predominately in oxidized form (phos-

phates) rather than reduced forms (phosphides). The 

absence of schreibersite indicates either P did not 

condense from the disk as schreibersite or that schrei-

bersite was subsequently altered to oxidized P in these 

otherwise pristine dust samples. The presence of oxi-

dized P in primitive IDPs may indicate P minerals in 

primitive IDPs formed under different conditions than 

assumed in modeling. P-O has been detected in star 

forming regions [9] and equilibrium condensation from 

cosmic gas made by total vaporization of highly dust-

enriched systems produces whitlockite at 1350 K from 

a gas of 10
-3

 bar with an enrichment of 1000x the dust 

of CI composition relative to a system of Solar compo-

sition [10]. This model also predicts formation of pyr-

rhotite, the common Fe-sulfide in CP IDPs, at 1380 K. 

A P-XANES spectrum of whitlockite reported by Kar 

et al. [11] has a shoulder on the high energy side of the 

peak, consistent with our whitlockite standard.  

If, as indicated by Pasek [5], phosphates are not 

bioavailable it is important to consider that much of the 

dust incident on the top of the Earth’s atmosphere is 

vaporized, producing meteors. This vaporized material 

is expected to recondense into meteoric smoke par-

ticles [12], which then accrete onto the Earth. The spe-

cific form of P contributed to the Earth’s surface by 

meteoric smoke particles, now and under the atmos-

pheric conditions of the early Earth, needs to be as-

sessed since it may be important to the origin of life. 

However, the bioavailability of P from phosphates may 

be underestimated by Pasek [5] since Atlas and Pytko-

wicz [13] indicate complex coatings on apatites en-

hance their solubility in seawater, an effect important 

for phosphates in IDPs, generally <1 µm in size. In 

addition many organic phosphates are water soluble. 
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Figure 1: P-XANES spectra of schreibersite (red), 

apatite (green), and whitlockite (yellow) standards 

as well as NSLS II TES spectra of P-rich spots on 

cluster IDPs, L2009 R1, L2009 R2, L2008 Z2, 

L2005 AS10, L2005 AS11, L2036 AL14 and the 

L2011 B6 ultramicrotome slice as well as a Di-

amond SXM spectra of ultramicrotome slices of 

U2073A 5AB, L2009*E2, and L2009 E6. 

shoulder 

on apatite 
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