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Introduction:  The conditions and environment in
which the gray, coarse-grained hematite (specularite)
deposits on Mars formed is central to the MER investi-
gations at Sinus Meridiani [1].  Several different mod-
els have been proposed for  the formation of platy
hematite on Mars; with the exception of high-
temperature oxidation of basalt [2], an aqueous envi-
ronment is favored for the formation of specularite on
Mars.  Platy hematite is consistent with TES spectra,
and an origin by precipitation of iron oxide followed
by burial metamorphism to produce the coarse textures
has been proposed [3].  Other scenarios envision a
low-pressure hydrothermal origin [4], or a low-
pressure, ‘cold’ transformation of goethite to hematite
[5].  If specularite formed in an aqueous medium there
exists the possibility that its chemical composition
reflects that of the surrounding water.  Laboratory ex-
periments have shown that micro- and nanosized
hematite is an effective sorbent for dissolved (or-
tho)phosphate [6] and that hematite synthesized in
phosphate-rich water can incorporate structural P in
tetrahedral sites, the P/Fe atomic ratio being as high as
2.5% [7].  However, little is known of the P-sorption
and P-occlusion capacity of large hematite (i.e. specu-
larite) natural crystals.  This information would be use-
ful to establish the origin of Martian specularites be-
cause Martian rocks are rich in P and so presumably
are the Martian fluids [8].  P and Fe can be measured
accurately by MER APXS, and P/Fe could be an indi-
cator of aqueous activity on Mars [8].  Accordingly,
we examined the capacity of different terrestrial
specularites to sorb phosphate, as well as their content
in occluded P.  We also did a similar study on the JSC-
Mars 1 regolith simulant, as an analogue for palagonite
on Mars.

Materials and Methods:  We used eight specu-
larite specimens from different mining localities in the
Lake Superior iron provinces (Peabody Museum,
Yale), and the JSC-Mars 1 simulant (C.C. Allen, JSC).
The phosphate sorption capacity was characterized in
suspensions of the samples in 0.002 M CaCl2. Before
preparing the suspension, the specularite samples were
gently ground and washed with deionized water to
remove the small (<about 50 µm) reddish particles
produced by grinding.  The JSC-Mars 1 simulant was
not ground.  We used 50–100 mg of sample in 5 mL of
0.002 M CaCl2 containing 2 mg P L–1 (as KH2PO4).

This suspension was shaken in a reciprocating shaker
set at 120 cycles min–1 and we determined the
concentration of molybdate-reactive P remaining in
solution [9] at 1, 5, and 12 days.  Due to the high P
sorption capacity of the palagonite, 50 µg of P were
added to the JSC-Mars 1 suspension after day 1.  To
examine the presence of different forms of native P in
the samples, we carried out a two-step fractionation
scheme. First, 50 mg of sample were placed in 10-mL
polyethylene tubes and shaken (reciprocating shaker)
with 2 mL of a 0.1 M NaOH–1 M NaCl solution for 16
h at 298 K to desorb the phosphate adsorbed on the
surface of the oxide. Then, the tubes were centrifuged
and, after decanting the supernatant and analyzing it
for molybdate-reactive P, the sediment was dissolved
with 1 mL of 11 M HCl (raising the temperature to 315
K was necessary in some cases to achieve complete or
near complete dissolution). Finally, Fe in solution was
analyzed by the o-phenanthroline method [10], P in
solution by the molybdate blue method cited above,
and Al in solution by atomic absorption spectropho-
tometry. This P fraction can be considered as the sum
of P in phosphate impurities, phosphate occluded in the
specularite, and structural P.

Results and Discussion:  Table 1 shows that the
amount of P sorbed by the specularites was <6 and <12
mg P kg–1 at days 1 and 12, respectively. In contrast,
the hematite found in various terrestrial environments,
e.g., in soils, can sorb more than 5000 mg P kg–1 [11].
This large difference can be explained by (a) the very
low specific surface area (SSA) of the specularites
(<0.5 m2 g–1), and (b) the fact that the most developed
crystal face in specularite is {001}, whose hydroxyl
configuration does not allow the formation of phos-
phate surface complexes [12].  The JSC-Mars 1 simu-
lant was a more effective sorber of P than the specu-
larites (Table 1).  The amount of P sorbed by the JSC-
Mars 1 simulant is typical of a soil with several percent
poorly-crystalline iron and aluminum oxyhydroxides.
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Table 1. P sorbed by different specularites and JSC-
Mars 1.

P sorbed at

Sample day 1 day 5 day 12

----------------------- mg kg–1 -----------------------

MIN 1.4794 <1 2.5 2.5

MIN 1.4766 2.5 5 5

MIN 4.1328 <1 2.5 2.5

MIN 1.2671 <1 2.5 2.5

MIN 5.1830 <1 10 11

MIN 1.2691 5 10 10

MIN 5.1796 2.5 6 7

N 2663 2 5 5

JSC-Mars 1 207* 601 679

*After day 1, 50 µg of P were added to the suspension.

Table 2. P desorbed by alkali and P, Fe, and Al dis-
solved by HCl from the alkali-treated residue.

11M HCl-soluble

Sample
Alkali-

desorbable P P Fe Al

 -------- mg kg–1 -------- --------  g kg–1 -------

MIN 1.4794 4 29 653 0.4

MIN 1.4766 6 48 662 0.6

MIN 4.1328 13 20 603 0.1

MIN 1.2671 10 40 679 0.8

MIN 5.1830 17 42 638 0.6

MIN 1.2691 5 25 641 1.1

MIN 5.1796 8 34 631 0.8

N 2663 8 39 664 0.5

JSC-Mars 1 330 1420 67 74

Table 2 shows the results of the P fractionation.
Basically, very little phosphate (<20 mg P kg–1) was
alkali-desorbable. The amounts of Fe and Al dissolved
by the HCl treatment indicate that the specularites used
were rather pure (Al/Fe atomic ratio was <0.4%) and
contained little occluded and/or structural P (the P/Fe
atomic ratio was <0.01%). These results are similar to
those found for several hydrothermal specularites (J.
Torrent, unpublished), in which the P/Fe ratio was
<0.02%, even though some of them were associated
with apatite in the deposit areas.

Implications for gray hematite at Sinus Merid-
iani:  Coarse-grained, gray hematite on Mars will not
be an effective sorber of P, even if fluids on Mars are
P-rich [8].  Thus, P/Fe ratios of Martian specularite
will likely be lower than surrounding rock and soils.  If
the coarse-grained hematite formed by the coarsening
of poorly-crystalline iron oxyhydroxide precursors,
then these precursors would likely have had high P/Fe
[8].  If Mars did not have an active biosphere, the P
could be desorbed during the transformation to gray
hematite, and then precipitated locally as phosphate

minerals, due to the low solubility of phosphate in
aqueous fluids (the exception is highly acidic solu-
tions, in which solubility of phosphate increases with
decreasing pH in an Arrhenian fashion).  Alternatively,
without an active Martian biosphere, the P could be-
come occluded in specularite during the coarsening of
poorly-crystalline iron oxyhydroxides.  On Earth, an
active biosphere during the formation of banded iron
formations may have precluded the incorporation of P
in specularite from the oxidized iron precursor phases.

Summary:  The crystalline characteristics and
mode of formation of different terrestrial specularites
determine little P-sorption capacity and negligible
content in occluded and/or structural P.  If Martian
specularite formed in a similar manner as terrestrial
specularite, it can be speculated that Martian specu-
larites are unlikely to reveal whether they formed in
contact with a P-rich fluid.  Alternatively, if the condi-
tions of Martian specularite formation were radically
different (i.e. Martian specularite 1) did not form in a
banded-iron formation subjected to burial metamor-
phism, and 2) did not form in an active biosphere) then
evidence of P-rich fluids may still be present, such as
associated phosphate mineralization or in occluded P
in gray hematite.
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