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Introduction:  The sulfate-rich sandstones of the 

Burns formation are directly underlain by fine-grained 
sedimentary rocks of the Grasberg formation.  It was 
recently shown that, except for differing amounts of Mg 
and SO4, the Burns and Grasberg rocks have nearly 
identical chemical compositions, suggesting the units 
might be genetically related [1].  Motivated by this 
similarity, we explored the possibility that the higher 
Mg and SO4 contents of the Burns formation could be 
the result of input from evaporating diagenetic fluids.  
Using geochemical models, we find that the chemical 
composition of Burns formation can be accurately 
reproduced by addition of MgO and SO3 to a Grasberg-
like precursor, along with small amounts of Ni, Mn, and 
P.  Based on this result, we propose a new scenario for 
the origin for the Burns formation involving in situ 
erosion, reworking, and diagenetic alteration of a 
Grasberg-like precursor. 

Geochemical model:  The Burns formation 
sandstones contain widely variable amounts of SO3 (17-
28.6 wt%) and MgO (5.1-8.4 wt%). It has long been 
recognized that the SO3 and MgO abundances co-vary, 
with bedrocks exposed at depth within the walls of 
Endurance and Victoria craters having substantially 
lower abundances of these chemical components than 
rocks closer to the surface [4-6].  This trend has 
conventionally been attributed to diagenetic removal of 
Mg-sulfates with depth in the formation [e.g., 4-7], 
although the data allow other interpretations [e.g., 6,8]. 

The Burns rocks are underlain by fine-grained 
sedimentary rocks (mudstones) of the Grasberg 
formation, which are thought to represent airfall 
deposits from a volcanic or impact source [2,3]. The 
Grasberg rocks contain lower SO3 (8.5-13 wt%) and 
MgO (3.6-4.9 wt%) than the Burns formation but, when 
normalized to the same SO3 and MgO contents, the 
abundances of most other chemical elements are 
essentially identical in both the Burns and Grasberg 
rocks [1].  

To evaluate whether the covariance of SO3 and MgO 
in the Burns formation and their higher overall 
abundances relative to the Grasberg rocks could be 
accounted for by input during diagenesis, we developed 
a quantitative geochemical model to simulate addition 
of MgO and SO3 to a Grasberg-like precursor.  For the 
models, increments of MgO and SO3 were progressively 
added to the average measured composition of the 
Grasberg rocks and totals then renormalized to 100wt%. 

Results of the model are displayed in Fig. 1 for a 
representative selection of elements.  The best match to 
the Burns data was achieved for an SO3:MgO molar 
ratio of 1.55, implying addition of SO3 above that 
required to form only Mg-sulfate minerals (which 
typically have a ratio = 1).  In addition, the model 
requires input of small amounts of Ni, Mn, and P to 
account for minor differences in these elements between 
Burns and Grasberg rocks. 

Overall, the model closely replicates the measured 
elemental abundances of the Burns rocks (Fig. 1), 
allowing for some minor additional redistribution of 
divalent cations (Mg, Ca, Fe) during diagenesis.  This 
result suggests that the chemical composition of the 
Burns formation can plausibly be accounted for by 
addition of MgO and SO3 to a Grasberg-like precursor, 
which could potentially be contributed by evaporation 
of infiltrating groundwater during diagenesis.  The 
higher abundances of MgO and SO3 in the shallower 
samples can be attributed to greater input from 
groundwater evaporation closer to the surface. 

New scenario for origin of the Burns formation:  
Based on the model results, we propose the following 
sequence of events for the origin of the Burns formation: 
(1) deposition of fine-grained airfall deposits similar (or 
identical) in composition to the Grasberg sediments; (2) 
induration of the deposits, resulting in mudstones that 
closely resemble the current Grasberg formation in 
composition and texture; (3) erosion of the mudstones 
into sand-sized particles, followed by local 
redistribution by wind and water to form the bedding 
features currently seen in the Burns rocks [e.g., 9]; (4) 
infiltration of the deposits by one or more generations 
of groundwater, resulting in diagenetic alteration that 
included local element redistribution, dissolution and 
recrystallization of minerals, cementation, and 
formation of hematite spherules [6,9,10]; (5) 
evaporation of fluids during one such episode resulted 
in increased abundances of Mg, SO4, Ni, Mn, and P, 
with greater amounts deposited closer to the surface.  
This scenario can fully account for the observed 
chemical and mineralogical compositions of the Burns 
sandstones as well as their bedding structures, while 
invoking only a known sediment source and 
sedimentary/diagenetic processes that are widely 
observed on Mars. 

Implications: Notably, the diagenetic scenario 
proposed here differs in several substantial ways from 
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the previously proposed sedimentary-evaporite scenario 
that is currently favored by much of the Mars scientific 
community [9-11]. In that scenario, the Burns sediments 
are composed of sulfate-cemented siliciclastic sand 
grains formed from evaporation of fluids on the margins 
of playa lakes [9-11], implying large standing bodies of 
water and long-term clement conditions at the surface.  
In contrast, our proposed scenario does not require 
either the past existence of playa lakes (for which there 
is no geologic evidence) or of standing bodies of water 
at the surface.  The proposed geochemical model for the 
sedimentary-evaporite scenario involves addition of 
Mg-, Ca-, and Fe-sulfate salts to a chemically altered 
basaltic precursor that is depleted in its Σ(Mg+Fe+Ca) 
contents by ~55%, derived from an as-yet unidentified 
source [5].  The diagenetic scenario proposed here does 
not require a chemically depleted precursor, but instead 
invokes an initial sediment source whose composition 
resembles that of the Irvine-class basalts in Gusev crater 
[1,6].  Furthermore, the sedimentary-evaporite scenario 

invokes incorporation of the sulfur-bearing component 
to the Burns sediments prior to transport to their present 
location [9,10], while the scenario proposed here 
involves substantial addition of MgO and SO3 during 
diagenesis after the sediments were already emplaced. 

In sum, the scenario proposed here implies very 
different sediment sources, diagenetic processes, and 
environmental conditions on early Mars than currently 
favored scenarios for the origin of the Burns formation. 
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Figure 1.  Geochemical model for diagenetic addition of MgO and SO3 to a Grasberg-like precursor.  Red arrows 
indicate geochemical trends for incremental addition of MgO and SO3 to the average composition of the Grasberg 
rocks (blue circles), along with addition of small amounts of Ni, MnO, and P2O5.  Measured compositions of Burns 
rocks (triangles) are divided into four groups: targets encountered along surface traverse (orange), bedrocks exposed 
in the interiors of Endurance and Victoria craters (green and red, respectively), and two samples located just above 
the contact with the underlying Grasberg formation on the rim of Endeavour crater (yellow). 
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