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Introduction:  Curiosity’s Alpha Particle X-ray 

Spectrometer (APXS) has discovered widespread 
evidence of manganese and phosphorus mobility in 
Gale crater on Mars [e.g., 1, 2]. In particular, nodules, 
veins, veneers, and other features have been found with 
MnO up to 6.5 wt% and P2O5 up to 7.5 wt%. The 
elements Mn and P are enriched together in some 
features but are independently enriched in most others 
[1]. The occurrence of Mn and P are important for 
assessing Gale habitability because the former is redox-
sensitive, the latter is bioessential, and both are common 
in biochemical reactions. 

During the Mary Anning (MA) drill campaign in the 
Glen Torridon region on sols 2833-2890 [3], Curiosity 
discovered dark nodules within ~1 m from the two MA 
drill holes. The nodules are enriched in both Mn and P, 
and they were drilled by Curiosity to deliver the nodule 
material to CheMin and SAM. The nodule drill target is 
named Groken, and here we present the APXS results 
for the Mn- and P-rich Groken drill site. 

 
Figure 1: (a) Mastcam mosaic of the Groken workspace 
after drilling. (b) MAHLI images of the Ayton, Trow, 
and Groken targets before drilling and (c) after drilling. 
The APXS ~FOVs are outlined. The target Falkirk 
Wheel is not shown. Images by MSSS and JPL-Caltech.  

Methods and Results: Four nodule-bearing targets 
were measured by the APXS at the Groken/MA site: 
Ayton, Falkirk Wheel, Trow, and Groken (Fig. 1). The 

nodule-bearing material is patchy and occurs in layers a 
few mm thick that alternate with nodule-poor layers. 
The darker nodules are in a matrix that appears lighter-
toned than the bedrock. Ayton was analyzed with a 
three-point raster, having variable amounts of nodules 
in the ~2 cm APXS field of view (FOV). Falkirk Wheel 
and Trow were each analyzed with two measurements 
offset laterally by ~18 mm. The brushed Groken surface 
was measured with two points offset by ~18 mm before 
drilling, and then the drilled fines ejected from the 
Groken hole were measured.  

The nodule measurements indicate a mixing trend 
between the bedrock and the nodule-bearing material 
(Fig. 2). The nodule-bearing material has elevated 
MnO, CaO, P2O5, and SO3 compared to the bedrock. 
Each oxide (assumed by convention) has concentrations 
up to 2.4 wt%, 6.5 wt%, 5.5 wt%, and 11.5 wt%, 
respectively. 

 
Figure 2: APXS results from the nodule-bearing targets 
ratioed to the adjacent Mary Anning bedrock. Mn, Ca, 
P, and S are enriched in the nodule-bearing material. 

Discussion: Two endmembers are apparent in the 
APXS measurements: (1) Mn-, P-, Ca-, and S-rich 
nodule-bearing layers and (2) bedrock with a 
composition similar to the adjacent MA bedrock. Most 
of the compositional variability at the Groken/MA site 
is thus attributed to different amounts of bedrock and 
nodule-bearing material in the APXS FOV. 

The dark nodules are small with respect to the APXS 
FOV (<2cm) and analyses of nodules include the 
surrounding lighter-toned material. ChemCam, 
however, samples a much smaller FOV with LIBS 
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(~350 µm) and shows that the dark nodules have higher 
Mn and P detections than the lighter-toned material [4]. 
In addition, ChemCam spots in the lighter-toned 
material have high Ca and low totals (i.e., high S), which 
is consistent with Ca-sulfate [4]. Therefore, the dark 
nodules are Mn- and P-rich and represent a distinct 
phase embedded in a Ca-sulfate-rich matrix. 

The results indicate that the material that was drilled 
and delivered to CheMin and SAM was probably a 
mixture of three endmembers: (1) MA bedrock, (2) Mn- 
and P-rich nodules, and (3) Ca-sulfate. Because the 
nodules are smaller than the drill diameter (<17 mm), 
and the 3-dimensional layering of the nodules is thinner 
than the drill depth (<5 cm), we do not expect the drill 
tailings ejected from the Groken hole to contain exactly 
the same endmember fractions the onboard instruments 
analyzed. Therefore, the raw APXS results from the 
Groken tailings and the other measurements at the site 
should be interpreted conservatively. That is, MnO (2.4 
wt%) and P2O5 (5.5 wt%) are low estimates for the 
nodule composition.  

To determine the dark nodule composition, an 
improved method of [5] was used to deconvolve the two 
APXS endmembers apparent in the Ayton raster (MA 
bedrock and nodule-bearing material). In short, the 
fraction of nodule-bearing material in each APXS FOV 
was estimated from MAHLI images of the targets, then 
the composition was calculated from the APXS raster. 
The nodule-bearing material has a CaO/SO3 ratio of 
0.70 ± 0.16, which is consistent with the ideal ratio for 
pure CaSO4 (0.70). We assumed all of the Ca and S was 
in the lighter-toned sulfate matrix and not in the nodules 
and removed both elements to calculate the Mn- and P-
rich dark nodule composition (Ayton; Fig. 3). 

The nodule composition is consistent with a Mn-
bearing phosphate (Fig. 3). Fe and Mg are also major 
components in the nodules (albeit not enriched relative 
to MA), which is common in terrestrial Mn-bearing 
phosphates. CheMin results for Groken have possible 
evidence of the Mn-bearing phosphate group jahnsite-
whiteite; this detection is ambiguous because the 
distinguishing XRD peak is also consistent with a 
mixed-layer phyllosilicate [3, 6]. SAM EGA results 
indicate that the Mn oxidation state is not 3+ or 4+ [7]. 
Mn2+ is common in terrestrial Mn-bearing phosphates. 
One previous APXS target, Jones Marsh discovered sol 
1727, has remarkable enrichments in MnO (4.0 wt%) 
and P2O5 (7.5 wt%) at about the same molar Mn/P ratio 
(0.53 ± 0.06) as the raw results at Groken (0.50 ± 0.09) 
and may also contain a similar Mn-bearing phosphate. 

Localized Mn and P enrichments occur periodically 
along Curiosity’s traverse, but they are not 
representative of the average bedrock and the two 
elements do not always occur enriched together. In the 

fine-grained, laminated mudstones of the Murray 
formation, the average MnO (0.22 ± 0.18 wt%) and 
Fe/Mn (105) indicate a depletion of Mn via chemical 
alteration of the bedrock, assuming a basaltic 
provenance with higher, soil-like MnO (0.42 ± 0.04 
wt%) and Fe/Mn (45) [1, 2]. Nodules, veins, and dark 
veneers have been found with MnO enrichments up to 
6.5 wt% along the traverse. P2O5 concentrations in the 
Murray formation bedrock (0.93 ± 0.52 wt%) are 
comparable to basaltic soil (0.92 ± 0.10 wt%), but 
localized features have been found with P2O5 
concentrations of ~2-5 wt% [1]. The two elements are 
enriched independently in most Mn- and P-rich targets, 
indicating heterogeneity in the enriched phases in Gale 
crater. 

Conclusion: Mn- and P-rich nodules were 
discovered at the Mary Anning and Groken drill site. 
APXS results indicate that the chemical composition is 
consistent with a Mn-bearing phosphate, and the SAM 
results indicate Mn was not precipitated in the oxidized 
Mn3+ or Mn4+ state [7]. The nodules provide further 
evidence that Mn was mobile in Gale crater [1, 2]. One 
other APXS target ~1.5 km away in the Blunt’s Point 
member (Jones Marsh) has a similar Mn and P 
enrichment, suggesting that the formation conditions 
were not necessarily isolated to the Glen Torridon 
region. 

 
Figure 3: Mn/P/Fe and Mn/P/Mg ternaries showing the 
raw APXS analyses (legend) and the deconvolved 
composition of the dark nodules at the Ayton rastered 
target (red circle). 
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