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Introduction: The Meridiani Planum region on 

Mars is known for having thick siliclastic sedimentary 
layers rich in sulfate minerals (20 – 40 wt. % SO3) [1, 
2]. However, the origin of sulfate (SO42-) in these de-
posits has many competing hypotheses, including di-
rect volcanic sulfur emission [3], secondary acidic al-
teration of primary minerals [4], discharge and evapo-
ration from groundwater in playa settings [5], and/or 
hydrothermal circulation [6]. Our study investigates 
the importance of secondary alterations and low-
temperature aqueous weathering of volcanic bedrock 
with sulfur (S) bearing minerals (e.g., sulfates, sul-
fides, elemental S), and subsequent SO42- transport, as 
a mechanism by which S is cycled in terrestrial surface 
environments. The regional water-rock interaction and 
transport of SO42- via aqueous processes, as opposed to 
deposition by atmospheric processes, may better ex-
plain the presence of large SO42- deposits such as those 
found in Meridiani Planum. This area is surrounded by 
valley networks and has significant mineralogical evi-
dence for past aqueous activity via surface water and 
groundwater.  

Generally, it is accepted that water played a key 
role in the formation of the sulfates minerals in Merid-
iani. Evidence for water in this location, including the 
presence of hematite and layered strata, supports the 
idea of an aqueous surface environment from which 
the SO42- salts were formed and deposited [5]. Fur-
thermore, the sheer volume of SO42- present, over an 
area of ~5 × 105 km2, suggests that these aqueous pro-
cesses operated in an active hydrological system on a 
regional scale [7–9]. This is supported by the presence 
of numerous valley networks directly surrounding the 
Meridiani basin. However, it is unclear whether this 
hydrological system, interacting with volcanic bedrock 
containing S-bearing minerals, might have been the 
source of SO42- for Meridiani. 

To determine if aqueous transport of SO42- via sur-
face runoff and groundwater could result in the ob-
served sulfate-rich deposits in Meridiani Planum, ter-
restrial SO42- fluxes were calculated for drainage ba-
sins in Kauai, Hawaii, whose basaltic composition is 
comparable to Mars. These terrestrial fluxes were 
compared to the regional drainage area of Meridiani, to 
estimate the mass of SO42- that could have been trans-
ported via aqueous processes. The timescale of this 
process was then estimated in order to better under-
stand the timing of liquid water on the surface of Mars. 

Methods: To investigate whether aqueous weather-
ing of volcanic bedrock and SO42- transport was the 

mechanism from which the Meridiani sulfate deposits 
originated, both the SO42- flux and the timescale of 
aqueous transport must be determined. This was done 
using modern aqueous SO42- fluxes on terrestrial basal-
tic terrains, such as Kauai, that are analogous to Mars. 

Calculating SO42- flux. To estimate ion flux within 
the hydrological systems, both SO42- concentration and 
flow discharge have to be determined (Eqn. 1): 

 
SO4 flux [mg/s] = discharge [L/s] · SO4 conc. [mg/L]  (1) 

 
The SO42- fluxes for Kauai were calculated using 

online repositories of historical stream discharges and 
SO42- concentrations collected by the United States 
Geological Survey (USGS), which span from 1979-
present.  

Since the terrestrial data are applied to the regional 
watershed of Meridiani Planum, which currently does 
not have an active hydrological cycle, the relationship 
between watershed size and SO42- flux must be deter-
mined. Therefore, a linear model was fit to determine 
the trend between these two variables (Fig. 1). This 
model was based on individual SO42- fluxes and water-
shed sizes in Kauai, which were determined in 
ArcMap. Generally, a positive linear relationship is 
seen between larger watersheds and higher SO42- flux-
es of Kauai (Fig. 1).  
 

 
Figure 1: Linear relationship between watershed 
size and SO42- fluxes in Kauai, HI. 

 
This model was then applied to the Meridiani 

Planum hydrological system. Based on the extent of 
the surrounding valley networks and topographic data, 
the maximum area of the Meridiani watershed was 
determined [10] and the SO42- flux for Meridiani was 
calculated using the linear model presented in Fig. 1. 
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Calculating timescales. The timescale of aqueous 
activity needed to accumulate the mass of SO42- in Me-
ridiani Planum was then determined using the follow-
ing relationship determined with terrestrial historical 
measurements:  

 
Time [yr] = SO4 mass [tons ] / SO4 flux [tons/yr]     (2) 

 
The estimated total mass of SO42- in Meridiani was 

adopted from Hynek and Di Achille (2017) [9]. This 
amount was then divided by the calculated SO42- flux 
into Meridiani, derived from the model of terrestrial 
data (Fig. 1). 

Results: The size of the Meridiani watershed was 
estimated from remote sensing data to be approximate-
ly 3.1 x 105 km2 [10]. This area was used in the final 
model and resulted in the SO42- flux of 2.8 x 106 tons 
per year into the Meridiani Planum basin.  

The mass of SO42- present in Meridiani deposits has 
been estimated to be ~5 x 1013 tons [9, 10]. Using 
Equation 2, the amount of time to accumulate this 
amount of SO42- in Meridiani resulted in a timescale of 
roughly 17.8 million years.  

Discussion: The formation mechanism of the SO42-

rich deposits within Meridiani Planum is not well un-
derstood, despite many different research approaches 
[10]. Chemical weathering of S-bearing minerals pre-
sent in the surrounding bedrock, and subsequent aque-
ous transport of this S (in addition to direct inputs from 
volcanic emission), is a possible solution to account for 
SO42--rich deposits, because these are important SO42- 
sources in terrestrial systems [11]. Mineralogical evi-
dence such as hematite and sulfate, and morphological 
evidence like layered strata and surrounding valley 
networks, suggest that water played a key role in the 
formation of Meridiani [5, 9]. Therefore, it is likely 
that aqueous activity could have facilitated both the 
transport and diagenetic processes that produced the 
SO42--rich deposits in Meridiani Planum.  

The calculated timescale of 15.1 million years us-
ing the data from Kauai with relatively low S content 
in the bedrock (<0.5 wt.% S) suggests that aqueous 
activity would not need lengthy periods of time to ac-
cumulate the measured mass of SO42- in Meridiani 
Planum. This has implications for the timescale of wa-
ter activity within Meridiani but potentially for the 
equatorial climate of Mars as well. The timescale de-
termined from this research will be compared to esti-
mates from other studies in order to better constrain the 
time of aqueous activity on Mars.  

Future Work: Our results of SO42- fluxes in Kauai 
suggests that significant amounts of SO42- can b trans-
ported within basaltic terrains even under low S con-
tent in the bedrock. However, it should be kept in mind 

that many assumptions have been made in our model. 
This model is mainly true if conditions on ancient 
Mars were similar to those of modern-day Kauai (i.e. 
rainy, warm climate, older bedrock, no SO42- input 
from active volcanic activity, etc.). However, factors 
such as climate, bedrock age, and volcanic input can 
significantly influence the stream discharge and/or 
SO42- concentration within a hydrologic system. There-
fore, similar investigations will be done on the Big 
Island of Hawaii as well as in Iceland, to determine the 
impact of these environmental factors on aqueous 
SO42- flux. This will result in better quantitative mod-
els that could then be used to compare with theoretical 
SO42- fluxes estimated for Meridiani Planum. Addi-
tionally, in our calculations it is assumed that the SO42- 
flux is constant over time with no intermittent disrup-
tions in water activity (i.e. periodic freezing), so more 
modeling will be needed to account for longer-term 
climate fluctuations.  

The effect of SO42- uptake by plants will also be 
calculated as this process can be important in decreas-
ing SO42- flux in terrestrial systems, thus resulting in an 
underestimation of the calculated timescales for Merid-
iani Planum. Lastly, additional steps will be taken to 
improve the fit of the linear model presented in Fig. 1. 
For example, watershed sizes estimated in ArcMap 
will be refined in order to improve the accuracy of the 
drainage areas. Also, the ratio of dissolved ion concen-
trations (i.e. Cl-/SO42, NO3-/SO42-) will be examined to 
eliminate data that may be considerably influenced by 
seawater inputs (e.g., aerosols, coastal intrusions) or 
anthropogenic activity (e.g., municipal wastewater). 
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