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Introduction:  The CheMin X-ray diffraction 

(XRD) instrument on the Mars Science Laboratory 

(MSL) rover, Curiosity, analyzed two mudstones, John 

Klein and Cumberland, at Yellowknife Bay, Gale 

Crater, Mars [1]. The XRD data revealed the presence 

of clay minerals, based on the presence of broad 10Å 

and ~14Å peaks. The position and breadth of the 10Å 

peak suggests a collapsed 2:1 phyllosilicate. The spe-

cific identity of the ~14Å phase is unknown, although 

two explanations have been proposed, namely a smec-

tite with hydrated Mg2+ or Ca2+ interlayer cations or a 

partially chloritized smectite [1-2].   

A chloritized (or pillared) smectite is a phyllosili-

cate in which the 2:1 layers are held open by pillars 

(also known as islands, atolls, etc.) of metal-hydroxy 

polymers, as shown in Figure 1. These pillars are 

formed by precipitation of isolated hydroxy interlayer 

units, as opposed to the complete hydroxide interlayers 

like those found in true chlorites. 

 

 
Figure 1. Schematic diagram of a pillared smectite.  

Smectite layers are represented by rectangular blocks, 

and pillars are represented by cylindrical blocks [3]. 

 

Natural chloritized smectites have been reported in 

soils and sediments from low to high pH [4]. 

Chloritized smectites have been found in acidic soils 

with pH values between 4.5 and 6.0 [4]; Al3+ is soluble 

over this pH range, and such conditions are optimal for 

precipitation of Al(OH)3 complexes in the interlayers 

of smectite or vermiculite [4]. Chloritized smectites 

have also been reported in alkaline soils with pH be-

tween 7.7 and 8.4, and the interlayers in these smectites 

are believed to contain Mg(OH)2 pillars [4]. 

Methods: This study focused on synthesis and 

XRD analyses of Mg-exchanged and chloritized smec-

tites to clarify the nature of the ~14Å phyllosilicate 

from Cumberland. 

Synthesis. Pillared smectites were synthesized using 

methods closely based on Slaughter and Milne (1960) 

[5]. Mg(OH)2 and Al(OH)3 pillaring experiments were 

conducted for each clay mineral at three different 

Mg:Al ratios, 1:0, 2:1, and 3:1, and  Mg and Ca cation-

exchange experiments were also conducted. In all, sev-

en products (four cation-exchanged, three pillared) 

were synthesized for each clay mineral.  

The following smectites were used in these experi-

ments: Clay Minerals Society source clay SWy-1, a 

low-charge Na-montmorillonite from Wyoming, a 

high-charge Ca-montmorillonite from Cheto, Arizona 

(equivalent to SAz-1), American Petroleum Institute 

standard clay H-33b (a high-charge, Ca-nontronite 

from Manito, Washington), and a high-charge saponite 

from Burro Creek, Arizona. 

X-ray Diffraction. In order to assess the effective-

ness of the pillaring and cation-exchange experiments, 

XRD was used to measure the 001 peak positions of 

the clay samples. Samples were subjected to a vacuum 

environment and analyzed on an Anton Paar TTK450 

heating  stage from 22°C to 250°C in order to evaluate 

samples under low-pressure/low relative humidity (RH) 

conditions comparable to those in the CheMin instru-

ment on Mars.   

All analyses were conducted on Bruker D8 XRD 

instruments using Cu Kα radiation. Measurements con-

ducted with the Anton-Paar TTK450 heating stage un-

der vacuum had an estimated inside-chamber RH of 

~0.005% RH at 22°C and ~0.0005% RH at 250°C at a 

chamber pressure of 0.13 millibar.  XRD data were 

analyzed using Bruker AXS DIFFRAC.EVA software. 

Results & Discussion:  Sixteen cation-exchanged 

smectites and 12 pillared smectites were produced. 

Five of these experiments produced smectites with 001 

d values similar to those found for Cumberland; only 

these experiments will be discussed below. 

Experiment #1 - SWy-1, Mg:Al 1:0.  XRD analyses 

showed a d value of ~13.2Å under vacuum, and this 

13.2Å peak was retained when heated to 250°C (Fig. 

2). The 1:0 data indicate that SWy-1 was modified 

from its initial montmorillonite structure (~10Å 001), 

but the basal spacing was not consistent with a com-

pletely pillared smectite (~14Å). The pillars may have 

precipitated between some layers of smectite, but not 

others all, resulting in partial interstratification as indi-

cated by the 13.2Å peak of this sample after heating.   
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Experiment #2 - SWy-1, Mg:Al 3:1. The 001 reflec-

tion for the 3:1 Mg:Al SWy-1 mixture  had an initial d 

value of 15.0Å, which decreased to ~13.0Å under vac-

uum.  The 001 reflection increased slightly to 13.2Å 

upon heating to 250°C (Fig. 2). These data suggest that 

experiments with a 3:1 ratio mixture were partially 

successful in creating a pillared smectite, providing 

results similar to those obtained with the 1:0 mixtures. 

Experiment #3 - Cheto, Mg:Al 2:1. XRD analyses 

showed an initial 001 d value  of 15.0Å, which de-

creased to  ~13.7Å in vacuum and to 13.5Å when heat-

ed to 250°C (Fig. 2). These data indicate that this 

smectite was modified from its initial structure, con-

sistent with formation of a pillared smectite, as indicat-

ed by the 13.5Å spacing for the sample after heating. 

Experiment #4 - H-33b, Mg:Al 3:1. XRD analyses 

showed an initial 001 d value of ~16.4Å for the air-

dried clay, which decreased to 14.3Å under vacuum 

and to 13.8Å after heating to 250°C under vacuum 

(Fig. 2). The data for this 3:1 mixture suggest that the 

smectite was modified from its original nontronite 

structure to produce a pillared smectite (~14Å). 

Experiment #5 - Burro Creek, Mg:Al 3:1. XRD 

analyses showed an initial, air-dried 001 d value of 

15.0Å, which  decreased to 12.7Å under vacuum. Upon 

heating to 250°C, the peak decreased and broadened to 

two lower-intensity peaks centered at ~13.2Å (Fig. 2) 

and ~10.7Å. The XRD data for this 3:1 mixture show 

that the clay was modified from the original saponite. 

Conclusions:  Several experiments produced pil-

lared smectites, and these measurements provide in-

sight into how pillared smectites may behave on Mars 

and in the CheMin instrument environment. Analyses 

under conditions relevant to those in the CheMin XRD 

instrument show that a few of these experimentally 

pillared samples may be good analogs to the ~14Å 

phyllosilicate detected in the Cumberland mudstone. 

The H-33b nontronite 3:1 Mg:Al mixture experiments 

produced results that most closely resemble the ~14Å 

phyllosilicate detected with CheMin. 

Mg-exchanged smectites are not likely candidates 

for the Cumberland clay mineral based on the experi-

mentally observed behaviors under vacuum, where all 

samples collapsed to <~12Å (Fig. 3). XRD data for 

these exchanged and pillared smectites reveal restricted 

collapse under vacuum and elevated-temperature con-

ditions, and they suggest that partially chloritized 

smectites are a viable explanation for the expanded 

material seen by CheMin at Cumberland. If both John 

Kline and Cumberland clay minerals formed authigeni-

cally, these data suggest that the Cumberland clay was 

likely further altered/modified during diagenesis. This 

suggestion is supported by the presence of Mg-Fe-Cl-

rich raised ridges and other diagenetic features ob-

served at Yellowknife Bay [6]. As Curiosity continues 

to explore Gale Crater, laboratory-based XRD charac-

terization of smectites will be an important aspect of 

interpreting CheMin XRD data and of understanding 

the geologic history of the region. 
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Figure 2. 001 peaks of pillared smectites measured at 

250°C under vacuum.  Vertical line represents the posi-

tion of the ~14Å peak in the Cumberland XRD pattern. 

 

 

 

 

 
Figure 3. 001 peaks of cation-exchanged smectites 

from the same Mg:Al mixtures that produced pillared 

smectites.  Vertical line represents the position of the 

~14Å peak in the Cumberland XRD pattern. 
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