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Introduction: While space flight missions and 
remote sensing techniques have significantly increased 
our understanding of Mars surface features and mineral 
assemblages, there are a variety of unanswered questions 
about weathering on Mars. Developing a clear link 
between the conditions for mineral precipitation and 
alteration along with the mineral products is imperative 
to understanding the development of terrestrial bodies 
like Mars and their water reservoirs.  

Research exploring weathering under Mars 
conditions often utilizes either large atmospheric 
chambers or specifically designed chambers to test 
different conditions which limits their use [1-2]. The 
larger chambers are often designed to contain 
instruments for testing under surface conditions and not 
optimized for small mineral studies. Smaller chambers 
are often expensive and offer little modularity to change 
their structure. Use of a modular approach to study 
martian (sub-)surface conditions would allow 
significantly more versatility in the reactions that could 
be explored. 

Continuous-flow chemistry is commonly used in the 
pharmaceutical industry to synthesize important natural 
organic materials effectively and could be advantageous 
to studying martian weathering [3-5]. This technique has 
many advantages over traditional batch reaction set ups 
(e.g., a typical vial-based reaction equipped with a stir 
bar) including modularity, scalability, and improved 
safety features. Thus, the development of novel modular 
reactors using continuous flow would enable rapid tests 
of the impact of aqueous conditions on mineral 
weathering. The simplest iteration of this set up would 
use a packed bed reactor connected to a syringe pump; 
however, there is significant room for the creation of a 
more complex system. A number of research groups 
have begun exploring flow through reactors to 
investigate different weathering results [6-10], and we 
seek to expand on this work by exploring different 
martian analogs with ionic solutions. We are specifically 
interested in exploring the alteration of Mars analog clay 
minerals with lithium- and magnesium-rich ionic 
solutions. 

Methods: The simplest iteration of the reactor set up 
is a sediment filled packed bed connected to a syringe 
pump. A Harvard syringe pump was utilized to introduce 
different aqueous solutions via plastic syringe. The 
sediment was placed into an Omnifit column connected 
with 0.3” i.d. tubing connecting the syringe pump to the 
packed bed. The sediment was weighted prior to the 
beginning of the reaction. Herein, we explored two 
different Mars analog sediments under a variety of 

conditions. The Mojave Mars Simulant (MMS) was 
designed primarily as a geotechnical/physical simulant 
and contains crystalline phases only (feldspar, olivine, 
pyroxene, gypsum, ferrihydrite, goethite, quartz, and 
magnesite) [11].  The Mars Global Simulant (MGS-1) 
was developed as a mineral simulant [12]. It contains 
crystalline and fine-grained X-ray amorphous phases 
(feldspar, olivine, pyroxene, gypsum, ferrihydrite, 
magnetite, and quartz) to best replicate the global 
martian basaltic regolith, specifically Rocknest 
windblown deposit at Gale crater. We also used a custom 
version of the MGS-1 that is coarser-grained and lacks 
the finest-grained amorphous phases. All experiments, 
unless otherwise noted were ran at 0.2 mL/min. Liquid 
samples were collected throughout the experiment at a 

variety of time points. These samples were analyzed via 
ion chromatography (IC). When the experiments were 
complete, the solid samples were collected from the 

Figure 1. Image of packed bed reactor in use with 
the MMS sediment.  
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packed bed and stored for analysis. They were either 
allowed to dry in a Coy glovebox or via lyophilization. 
IC spectra were obtained with a Thermo Scientific 
Dionex Integrion HPIC equipped with a AS-DV 
autosampler. Three technical replicates of a sample were 
diluted in three separate occasions: The first being a 5x 
dilution with dH2O and centrifuged, the supernatant was 
sampled and further diluted by 1.25x using NaOH (1 M) 
to precipitate any dissolved metals, vortexed and 
centrifuged. Lastly, the supernatant of the previous step 
was filtered through a 0.2 um filter and a final 20x 
dilution was used in the IC. Standards of the solutions 
were also taken. 

VNIR reflectance spectra (0.35-2.5 μm) were 
collected using a using an Analytical Spectral Devices 
(ASD) FieldSpec3 spectrometer. Samples were 
illuminated with a fiber optic cable housed in a contact 
probe using a white light (quartz tungsten halogen) 
source, white balanced against Spectralon. Samples 
were taken on a black background. 

 
Results and Discussion:  
MMS sand. With the MMS sediment, we experience 

immediate clogging of the packed bed upon introduction 
of DI water. We believe this to be due to the small 
particle size of the sediment. However, even with the 
clogging, we were able to analyze the solution via IC and 
observed new peaks in comparison to the water standard. 
IR spectra was also obtained of the residual material. 

MGS-1 regolith simulant. We were able to conduct 
successful flow experiments with the MGS-1 sediment. 

As a control, DI water was first tested. This reaction was 
run for approximately 3 hours and multiple liquid 
samples were taken over the course of the reaction. IR 

spectra of the upper and lower portion of the packed bed 
material were not significantly different from each other.  
We also conducted a flow experiment with 50 mM 
MgSO4 for approximately 3 h with this sediment.  

Conclusion and Future Directions: We have 
designed a packed bed continuous-flow set up to explore 
weathering conditions relevant to Mars. While clogging 
was observed with MMS sediment, we were able to 
successfully run the MGS-1 Mars Global Sediment for 
extended periods of time. Additionally, we obtained IC 
and IR spectra for these experiments. We plan on 
continuing to explore different solutions of ions 
(including  varied concentrations of magnesium sulfate, 
iron sulfate, and lithium salts) and different sediment 
mixtures with the MGS-1 simulant. We also plan on 
exploring the impact of prebiotic organic materials (i.e., 
amino acids, nucleobases) on such solutions. 

 
Acknowledgments: We thank Dr. Tho H. Tran, 

Grace Ahlqvist, and the Origins and Habitability Lab 
(OHL) research group for helpful discussions. This work 
was performed at the Jet Propulsion Laboratory, 
California Institute of Technology under a contract with 
NASA (80NM0018D004). Copyright 2022, California 
Institute of Technology. JMW was supported by the 
NASA Astrobiology Institute (Icy Worlds).  

 
References: [1] Jensen, L.L., et al. (2008). 

Astrobiology 8, 537-548. [2] Sobrado, J. M., Martín-
Soler, J., and Martín-Gago, J. A. (2014). Review of 
Scientific Instruments, 85, 035111. [3] Webb, D., and 
Jamison, T. F. (2010). Chem. Sci. 1, 675-680. [4] Morse, 
P. D., Beingessner, R. L., and Jamison, T. F. 
(2017). Israel Journal of Chemistry, 57, 218-227. [5] 
Plutschack, M. B.; Pieber, B.; Gilmore, K.; and 
Seeberger, P. H. (2017). Chem. Rev.  117, 11796–11893. 
[6] Hurowitz, J. A., McLennan, S.M., Lindsley, D.H., 
Schoonen, M. A. A. (2005). JGR: Planets, 110, E7002. 
[7] Hurowitz, J. A., McLennan, S. M., Tosca, N. J., 
Arvidson, et al. (2006).  JGR: Planets, 111, E2S19. [8] 
Gainey, S. R., Hausrath, E. M., Hurowitz, J. A., and 
Milliken, R. E. (2014). Geochimica et Cosmochimica 
Acta, 126, 192-211. [9] Dixon, E. M., Elwood Madden, 
A. S., Hausrath, E. M., and Elwood Madden, M. E. 
(2015). JGR: Planets, 120(4), 625-642. [10] Viennet, J. 
C., Bultel, B., & Werner, S. C. (2019). Chemical 
Geology, 525, 82-95. [11] Peters, G. H. William Abbey, 
W., Bearman, G. H., Mungas, G. S., Smith, J. A., 
Anderson, R. C., Douglas, S., and Beegle, L. W. (2008). 
Icarus, 197, 470-479. [12] Cannon, K. M., Britt, D. T., 
Smith, T. M., Fritsche, R. F, and Batcheldor, D. (2019). 
Icarus, 317, 470-478.  
 

Figure 2. IR spectra of sediment taken from top and 
bottom of column with MGS-1 Global Sediment. 
Blue is taken from the top half of the sediment 
column and red is taken from the bottom half.  
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