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Introduction:  The recent PRISM-II Lunar CLPS 
opportunity has as one of its objectives the in-situ 
investigation of the Gruithuisen Domes, enigmatic 
features thought to be remnants of late-stage silicic 
volcanism.  The Mineralogical, Elemental and 
Tomographic Reconnaissance Investigation for CLPS 
(“METRIC”) mission [1] will investigate these features 
using state-of-the-art mineralogical, elemental, and 
micro-morphological techniques.    

METRIC XRD/F:  METRIC XRD/F is a next-
generation X-ray Diffraction (XRD) instrument having 
MSL-CheMin [2] heritage, augmented by an enhanced 
X-ray Fluorescence (XRF) capability.  Regolith samples 
collected from the Lunar surface with PlanetVac [3] are 
sieved to <150 µm and delivered to separate XRD and 
XRF cells for analysis (Fig. 1). 

 
Fig. 1:  Geometry of the METRIC XRD/F instrument.  
A single X-ray source emits two separate beams, the 
first optimized for XRD and the second optimized for 
XRF.   

XRD geometry and XRD sample cell description: 
The collimated X-ray beam from the source is directed 
through a thin layer (~175 µm) of <150 µm grain size 
lunar soil confined between two 8 mm-diameter, 7 µm-
thick KaptonTM windows in the XRD sample cell (e.g., 
cell 1A in Fig. 1).  A charge-coupled device (CCD) 
imager detects CoKa X-rays diffracted by the sample. 
The sample cell is shaken causing the loose powder to 
flow in a convection motion through the beam.    The 
CCD imager is operated in single photon counting mode 
allowing diffracted characteristic X-rays from the X-ray 

source to be distinguished from secondary X-rays 
fluoresced from the sample. A two-dimensional (2-D) 
image of these photons constitutes the diffraction 
pattern. This 2-D pattern is summed circumferentially 
around the central non-diffracted beam to yield a 
conventional 1-D XRD pattern as in Figure 2.  

 XRF geometry and sample cell description: A 
divergent X-ray beam from the source fluoresces the 
active volume of the XRF sample cell (e.g., cell 2A in 
Fig. 1) which is 8 mm in diameter and 3 mm thick. The 
front window of the cell is made of an 8 mm-diameter, 
4 µm-thick beryllium foil and the back window is made 
of an 8 mm-diameter Pt disc that is sufficiently thick to 
block X-ray transmission.  XRF data are collected with 
a silicon drift detector (SDD) placed in reflection 
geometry (Fig. 1).  

XRD performance of the METRIC XRD/F:  
METRIC-XRD/F XRD patterns can be refined using the 
Rietveld method [4] to obtain a wealth of crystal 
structural, compositional and valence data on individual 
mineral phases in a complex mixture [5,6], in addition 
to quantifying their abundances. Both Rietveld and full-
pattern fitting methods such as FULLPAT [7] can be 
used to quantify the amount of X-ray amorphous 
material.  

Figure 2 shows an XRD pattern of Apollo 14 
regolith sample 14149,26 collected in a 1 hour 
acquisition with a TerraTM XRD (virtually identical 
XRD geometry to METRIC XRD/F), and quantified 
using both Rietveld refinement and whole pattern 
fitting.    

 
Figure 2. Terra XRD pattern of <150 µm grainsize 
separate of Apollo 14 regolith sample 14149,26.  Inset 
pie diagrams show proportions of crystalline and 
amorphous components determined using Rietveld 
refinement and FULLPAT whole pattern fitting. 
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The resulting analysis (from Rietveld refinement) is 
shown in Table 1. 
 
Table 1. Phase Abundances and Mineral Compositions 

in Apollo 14 Regolith 14149,26 

 
1Values in parentheses are 1σ errors.  2Calculated from unit-cell 
parameters [5] refined using MDI-JADETM. 3The composition of the 
X-ray amorphous component can be determined by subtracting the 
composition of the crystalline component (derived from unit cell 
parameters) from the bulk XRF composition.   

METRIC XRD/F XRD patterns can be used to 
discriminate between basaltic and rhyolitic glasses 
based on the position of the peak maximum of the 
amorphous hump in the X-ray diffraction pattern (Fig. 
3) and can accurately quantify glass in the regolith if 
present in sufficient abundance.  

 
Figure 3. Terra XRD patterns of amorphous silica rich 
glasses from [8]: Rhyolite ash, 76% SiO2; Lunar green 
glass analog, 44.6% SiO2; Yellow glass analog, 41.1% 
SiO2; Orange glass analog, 37.7% SiO2; Red glass 
analog, 33.32% SiO2. Vertical dotted lines denote the 
peak maximum of each profile.  Regression line for SiO2 
content vs. position of the peak maximum (d, in 
angstroms): SiO2 = 48.33(d)-109.48; R2=.9948. 

Predicted XRF performance of METRIC 
XRD/F: Fundamental Parameters calculations [9] and 
Monte Carlo methods [10] were used to model the XRF 
performance of METRIC XRD/F. These calculations 
simulate K, L, and M lines using source-sample-
detector geometry of the instrument, sample absorption 
and fluorescence, SDD parameters and the X-ray tube 
spectrum [11]. In the following simulation, we assume 
integration of fluorescence events from a 6 mm 
diameter, 3 mm thick sample over an acquisition time 

of 50 hours. Table 2 shows the calculated quantification 
and detection limits for select major, minor and trace 
elements in an average KREEP basalt.  Notably, 
METRIC XRD/F will be able to quantify many REE if 
they are present at concentrations of a few PPM to 
address the contribution of KREEP or other silica-rich 
magmas to the formation of the domes. 

 
During the one lunar day duration of the mission, 

METRIC XRD/F can provide two separate 
measurements of lunar regolith delivered by PlanetVac. 

The METRIC instrument Suite: In addition to 
METRIC XRD/F, the instrument suite includes 
PlanetVac, a pneumatic sample delivery and sample 
preparation system, METRIC XCT [12], a compact X-
ray Computed Tomography scanner, and context 
cameras to provide ground-truth for orbital 
measurements.  Together, these instruments will 
elucidate the crystallography, elemental composition 
and micromorphology of Lunar regolith at Gruithuisen 
Domes.  
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Mineral Abundance1 Composition2 
Plagioclase Feldspar 33.6 (0.8) Ca0.94(4)Na0.06Al1.94Si2.06O8 
Augite 7.1 (0.6) Mg0.54(23)Ca0.63(11) Fe0.83(25)Si2O6 
Orthopyroxene 8.5 (0.7) Mg1.27(6)Fe0.61(6)Ca0.12(2)Si2O6 
Pigeonite 7.3 (0.7) Mg1.26(20)Fe0.53(21)Ca0.21(7)Si2O6 
Olivine 3.5 (0.4) Mg1.46(10)Fe0.54SiO4 
Quartz 0.9 (0.1) SiO2 
Ilmenite 1.0 (0.2) FeTiO3 
X-ray Amorphous 38.0 (6.0) in combination with XRF data3 
Total 99.7  

 

 Table 2,  Quantification and Detection Limits in Basaltic 
or Rhyolitic Matrices Using XRF1,2  

 Major Elements  Zr, Selected REE and Th 
 Element Quant. Limit 

(PPM) 
Det. Limit 

(PPM) 
  Element Quant. Limit 

(PPM) 
Det. Limit 

(PPM) 
 Na 84 26   Zr 2 1 
 Mg 34 11   La 2 1 
 Al 17 5   Ce 2 1 
 Si 13 4   Nd 1 1 
 P 11 4   Sm 1 1 
 S 4 2   Eu 8 3 

 Cl 3  1   Gd 6 2 
 K-Fe 1 1   Dy 17 6 

 1 based on 50 hours of analysis.  
2 These are “best case” values that do 
not take into account peak 
interferences.  “Real world” detection 
and quantification limits will 
commonly be higher, depending on 
matrix composition.  

  Er 6 2 
   Yb 4 2 

   Lu 4 1 
   Th 3 1 
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