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Introduction: Phosphate is among the 

chemical nutrients essential for life and required in 
both fundamental biologic reactions and reactions that 
led to the origin of life [1-4]. A determining factor in 
the possible origin of life on Mars may be the 
availability of phosphate. Phosphate availability within 
environments is tied to the dissolution of primary 
phosphate minerals during aqueous interactions [5]. In 
order to better interpret phosphate mobility on Mars, 
with implications for phosphate availability and its 
aqueous history, we examined phosphate mobility in a 
Mars analog environment, Craters of the Moon 
National Monument (COTM), and used reactive 
transport modeling informed by the analog 
observations to interpret phosphate mobility on Mars. 

COTM is located on the Snake River Plain of 
Idaho, USA, and is the locale of numerous lava flows 
ranging in age from 1,670 to 15,100 bp[6]. The area is 
high desert [7] and COTM represents an arid 
environment chronosequence. COTM basalts have 
high phosphorus content (up to 2.36 wt% P2O5) present 
as fluorapatite, and are considered analogs for martian 
high P, Fe, and Ti bearing igneous rocks such as 
Wishstone and Champagne [8]. In order to interpret 
phosphate mobility on Mars, and to examine 
dissolution as a function of age, we therefore examined 
apatite dissolution and the formation of weathering 
rinds as a function of age in these Mars analog basalts. 

However, the primary phosphate minerals 
within COTM basalts as well as most terrestrial basalts 
likely differ from those in Martian rocks. On Earth, the 
most common primary phosphate mineral is 
fluorapatite [5].In contrast, meteorite and mission data 
suggest Cl-rich apatite and the extraterrestrial Ca-
phosphate mineral merrillite are the dominant primary 
martian phosphates [9-11] and likely more important in 
releasing phosphate for possible prebiotic and biotic 
reactions. Both chlorapatite and merrillite exhibit faster 
dissolution than fluorapatite under acidic conditions 
and steady state concentrations in batch dissolution 
experiments suggest chlorapatite and merrillite have 
higher phosphate solubilities than fluorapatite [12]. 
Therefore, in order to interpret phosphate mobility on 
Mars, COTM basalt rock observations were used to 
inform a reactive transport model using the dominant 
primary Mars-relevant phosphate minerals chlorapatite 
and merrillite. This allows modeling of alteration of a 
P-rich martian rock. 

Methods: Samples from six COTM flows 
ranging from 1,670 to 15,100 bp were collected from 
exposed and buried surfaces [13]. Fifteen microprobe 
petrographic thin sections were prepared representing 

the sampled flows. Anhydrous preparation methods 
and epoxy impregnation were used to preserve 
weathered material. Thin sections were analyzed by 
Scanning Electron Microscopy (SEM) using 
backscattered electron (BSE) imagery and Energy 
Dispersive Spectroscopy (EDS) in a JEOL JSM 5600 
(EMiL Facility, UNLV). Analyses and imaging were 
performed at 20 KeV. EDS analyses were used to 
identify minerals within the basalts. 

Modeling of phosphate mobility was 
performed using the reactive transport code 
CrunchFlow, written by Carl Steefel [14]. CrunchFlow 
is a software package for simulating multi-component 
and multi-dimensional reactive transport in porous 
media. The code allows for laboratory-derived 
dissolution rates to be applied in natural open systems 
and has been used in previous studies including those 
applied to Mars [15-17]. For modeling, the parent rock 
was conceptualized using COTM SEM observations of 
the 15,100 bp aged Kimama flow. Parent rock was 
configured with 25% basalt matrix matching the 
chemistry of Kimama matrix, 5 % phosphate minerals, 
and 55% other minerals modeled as inert [16]. The 
dissolution rate of the matrix was based on dissolution 
rates of high-Ti basalts [18,19]. Required kinetic and 
solubility data for chlorapatite, fluorapatite, and 
merrillite were available from previous study by the 
authors [12]. Secondary phosphate minerals, though 
observed in this and previous study of COTM basalts 
[13], were rare and thus no secondary phosphate 
minerals were includedin the modeling. Surface 
reacting solution was modeled as pure water with a pH 
of 5.5. Pore-water solution chemistry was based on the 
conceptualized parent rock. Models were run for 7,000 
years of water-rock interaction.  

Results and Discussion: SEM observations 
of COTM samples indicate alteration and dissolution 
are occurring within the rock matrix (Fig. 1). 
Dissolution of fluorapatite was observed in COTM 
thinsections, however, nearly pristine fluorapatite 
crystals were observed in weathering rinds within 
weathered matrix as well (Fig. 1). Dissolution textures 
were not observed in other mineral phases within the 
COTM basalts. Changes in porosity with distance from 
weathered surfaces were observed in BSE imagery of 
COTM basalts. Visual estimates were used to estimate 
the depth of weathering in the basalts. Figure 2 is a 
plot of estimated weathering depth versus age and 
indicates a correlation exists between depth of 
weathering and age. Younger basalts, such as Blue 
Dragon and Minidoka (both <4000 years old), exhibit 
relatively shallow weathering depths on the order of 
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100 µm. With increasing age, weathering depth 
increases reaching >500 µm for the 15,100 bp aged 
Kimama basalt, the oldest sampled COTM basalt flow. 

 

 
Figure 1.Nearly pristine fluorapatite (“A”) within 
dissolved matrix approximately 80 µm from 
originally exposed rock surface (top right in image). 
Though dissolution textures of fluorapatite were 
observed in COTM thin sections, multiple 
observations of nearly pristine apatite at weathered 
surfaces or within weathered matrix material were 
present.  BSE image of COTM Kimama basalt, 
15,100 years old. 

 
Figure 2. Plot of visually estimated weathering 
depth versus flow age in COTM basalts based on 
changes in observed porosity in BSE imagery. The 
plot results indicate a correlation between depth of 
weathering and age with younger basalts showing 
the shallowest depth of weathering and older 
basalts showing the greatest depth of weathering. 
 

 

Reactive transport modeling allows 
laboratory-derived dissolution rates to be applied in 
natural open systems and modeled over timescales not 
possible in the laboratory, as well as the incorporation 
of Mars-relevant minerals such as merrillite and 
chlorapatite which are not common in terrestrial 
environments. Preliminary modeled depths of 
phosphate weathering at 7,000 years under the 
conditions of our model indicate chlorapatite 
dissolution to the greatest depth. Modeled merrillite 
dissolution depth was shallower, at ~60% that of 
chlorapatite. Fluorapatite dissolution was the least of 
the three minerals modeled and occurred to depth of 
~30% that of chlorapatite. These results suggest that 
phosphate release on Mars may occur faster than on 
Earth, increasing available phosphate for possible 
biotic and prebiotic reactions. 

Future work includes further analysis and 
interpretation of COTM basalts, additional modeling 
under Mars-relevant conditions, including a range of 
pH, time, and environmental conditions, and 
comparison of results to observations from Mars 
including phosphate-rich rocks such as Wishstone and 
Watchtower. 

Acknowledgements: This research is funded 
through a Nevada Space Grant Consortium fellowship, 
and Mars Fundamental Research Program grant 
NNX10AP58G. Additional funding was provided by a 
GSA research grant and a UNLV GPSA travel grant.  
We would like to thank the National Park Service for 
permission to sample at Craters of the Moon National 
Monument.   
 References:  [1] Wald, G., (1964) PNAS, 52 
(2), 595-611. [2] Miller, S.L. and Urey, H.C., (1959) 
Science, 130 (3370), 245-251. [3] Madigan, M.T., et 
al., (2000) Brock Biology of Microorganisms.[4] 
Johnston, J., et al., (1934) James Johnston memorial 
volume. [5] Filippelli, G.M., (2002) RiMG, 48 (1), 391-
425. [6] Kuntz, M.A., et al., (1992) GSAMemoir, 227-
266. [7] Vaughan, K.L., (2008): Chem. and Eco., 8, 
185-201. [8] Usui, T., et al., (2008) JGR 113 
(E12S44). [9] Filiberto, J. and Treiman, A.H., 
(2009)Geology.37 (12): 1087-1090. [10] McSween, H. 
and Treiman, A.H., (1998)RiMG,36F1-F53. [11] 
McCubbin, F.M., et al., (2012)Geology, 40 (8), 683-
686. [12] Adcock, C.T., et al., (in review). [13] 
Cornell, J.W. and Hausrath, E.M., (2010): LPSC 41, 
#2141. [14] Steefel, C.I. (2010) CrunchFlow: 
http://www.csteefel.com/. [15] Maher, K., et al., 
(2006) Geochim. Cosmochim.Acta. 70 (2), 337-363. 
[16] Hausrath, E.M., et al., (2008)Geology. 36 (1), 67-
70. [17] Knauss, K.G., et al., (2005) Chem. Geol., 217 
(3-4), 339-350. [18] Bandstra, J.Z. and Brantley, S.L., 
(2008) Kinetics of Water-Rock Interaction. [19] Eick, 
M.J., et al., (1996)Geochim. Cosmochim. Acta.,60 (1), 
157-170. [20] Hurowitz, J.A., et al., (2006) JGR, 111. 

2727.pdf44th Lunar and Planetary Science Conference (2013)


