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ChemCam: Target composition 

But… no searchable repository of  
target compositional information 
�  Which targets contain fluorine? 

�  Which targets contain plagioclase? 
�  Is there consensus on target X’s composition? 

Kiri Wagstaff et al. 5 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. This stu
dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) of each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains smaller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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1. Named Entity Recognition 
� CoreNLP – CRF classifier [Finkel et al., 2005] 

◦  Sequence modeling (characters, words,  
PoS, word shape) 

�  Find and classify all “entities” 
◦  Default entities:  
�  Person, Location, Organization 
◦  You can define your own! 
�  Element, Mineral, Target 

11 Kiri Wagstaff et al. 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 

2284.pdf

46th Lunar and Planetary Science Conference (2015)

GRAIN SIZE ANALYSIS WITH SIMULATION OF DIGITAL IMAGES FROM MARS SCIENCE 

LABORATORY TESTBED IMAGERS.  B. M. Ha1 , A. J. W
illiams2 , H. Newsom1 , W. Rapin3 , O. Gasnault4 , R. C. 

Wiens5 , 1 Univ. New Mexico, Albuquerque, NM, (beth3ha@unm.edu), 2 Univ. Maryland Baltimore County/NASA 

Goddard Space Flight Center, Greenbelt, MD, 3 Univ. Toulouse, Toulouse, France, 4 Institut de Recherche en 

Astrophysique et Planétologie, Toulouse, France, 5 Los Alamos National Laboratory, Los Alamos, NM.  

Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. This stu
dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) of each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains smaller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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The corpus 
�  Lunar and Planetary Science Conference 

proceedings (3 years, n=5,966, 7.2M words) 
◦  2-page abstracts 
◦ Manual annotations on ChemCam docs,  

2015-2016 (n=117) 
�  Target list from MSL ChemCam (n=1120) 
◦  Crest 
◦  Epworth 
◦  Goulburn 
◦  Link 
◦  … 
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Manual composition annotations 
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2. Relation extraction 
�  jSRE – SVM classifier [Giuliano et al., 2006] 
◦  Local (context) kernel: token, lemma, PoS, orthographic 

features 
◦  Global (sentence) kernel: bag of words appearing before, 

between, and after the two entities 
�  Predict whether there is a “contains” relation for 

each [Target, Element] or [Target, Mineral] pair 

15 

contains? 
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Introduction:  In September 2014, the Mars Sci-

ence Laboratory Curiosity rover arrived at the 
Pahrump Hills outcrop after an 8 km traverse from 
Yellowknife Bay. Geologic mapping of high-
resolution orbital images from the HiRISE camera 
suggests that the Pahrump Hills outcrop is Curiosity’s 
first encounter with the Murray formation, the informal 
designation for strata recognized as lower Mount Sharp 
(Figure 1). This study presents an overview of the Cu-
riosity rover team’s investigation of Pahrump Hills and 
provides the stratigraphic context and depositional 
interpretation for sedimentary facies and diagenetic 
textures observed at this outcrop.  

 
Figure 1. Location of the Pahrump Hills outcrop (yellow star) shown 
in HiRISE and on a HiRISE digital terrain model (inset).   
 

The Curiosity Rover Team’s Investigation at 
Pahrump Hills: After completing sample acquisition 
and analysis at the Confidence Hills drill site at the 
base of Pahrump Hills [1], Curiosity began the first of 
two traverses up the ~12 m thick Pahrump Hills sec-
tion (Figure 2). During the first traverse, only the re-
mote science instruments (ChemCam, Mastcam, and 
MARDI) were used to quickly and efficiently charac-
terize the section [2-4]. Several outcrops were then 
examined during a second traverse using Curiosity’s 
dust removal tool (DRT) and contact science instru-
ments (MAHLI and APXS) [5,6]. Using observations 
acquired during the two traverses from the Mastcam, 
MARDI, and MAHLI cameras localized to HiRISE 

DTM and Navcam stereo mesh data, a stratigraphic 
column was constructed for Pahrump Hills using ele-
vations, lithologic, and sedimentary properties (Figure 
3). 

 
Figure 2. Main outcrops visited by the Curiosity rover at the 
Pahrump Hills outcrop displayed on a Mastcam mosaic produced by 
MSSS. White dots = end of drive or mid-drive stops visited during 
traverse 1 only, red dots = outcrops examined during traverse 2, blue 
dot = Confidence Hill drill location.  
 

Sedimentary Facies at Pahrump Hills:  Five 
main sedimentary facies were observed at Pahrump 
Hills (Figure 3): 

Recessively-weathering Massive Mud-
stone/Siltstone.  The most prevalent facies observed 
throughout the Pahrump Hills section is a slope-
forming, very fine-grained rock that appears massive 
in Mastcam and MARDI images. Individual in-situ 
grains are not resolvable in MAHLI images of brushed 
exposures, which suggests that the grain size of this 
facies is less than ~50 µm, or 2.5x the maximum 
MAHLI resolution achieved at a 3.9 cm working dis-
tance. Accordingly, this facies is likely composed of 
clay (<4 µm) to silt-sized (<30-60 µm) particles, but in 
unknown proportions.  

Recessively-weathering Parallel Laminated Mud-
stone/Siltstone. Interbedded within the massive mud-
stone/siltstone facies are very fine-grained intervals 
exhibiting mm-scale, parallel laminae. Individual lam-
inae are laterally continuous and traceable on the dec-
imeter to meter scale. In the vicinity of Shoemaker, 
Alexander Hills, and Chinle, the laminae are distinctly 
rhythmic in appearance. Inclined parallel laminae are 
observed near Pink Cliffs and Alexander Hills, alt-
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Introduction: Geochemical data for both rocks and 

soils from Gale Crater, and Gusev Crater, are compared 

here with data from the Gamma Ray Spectrometer 

(GRS) experiment on the Mars Odyssey Spacecraft [1, 

2]. Both Gale and Gusev craters are located near the di-

chotomy boundary between the Noachian Highlands 

and the younger volcanics and transitional units to the 

north (Fig. 1). Element ratios in these samples may pro-

vide a link between the regional provinces analyzed by 

GRS and the materials at the two landing sites. The lith-

ophile data may lead to a better understanding of the 

origin and evolution of the martian crust in this region 

of Mars, while the volatile element components SO3, Cl, 

and water provide information on volcanic aerosols, 

weathering processes and potentially recent climate [3]. 

Fig. 1 – Portion of the Mars Global Geologic map with 

arrows showing Gale (West) and Gusev (East) craters on the 

dichotomy boundary.  See Fig. 2 for scale and reference. 

 
Geochemical components and normalization: 

Comparing the chemistry of Gale and Gusev samples 

with other martian data must take into account the dif-

ferent geochemical components in the samples. The 

most important distinction is between the lithophile el-

ements including Al, Si, Fe, Mn, Ca, Na, Mg, etc. that 

represents the rock component, and  the volatile ele-

ments including H, C, Cl, S, that represent later external 

input to the soils and rocks. Normalization to SiO2, pro-

vides a way to correct the lithophile elements for varia-

ble amounts of the mobile element component, mainly 

sulfur, chlorine and water. 

 

 

Fig. 2 – Areas with distinctive GRS signatures based on 5 

x 5 degree binned data.  

Fig. 3 – CaO/SiO2 vs. FeO/SiO2 data for areas near Gale 

and Gusev Craters (Fig. 2) with distinctive GRS signatures. 

 
Regional trends from GRS: The GRS composi-

tions reflect the integrated abundances to a depth of ~ 

0.5 m, but the instrument is not collimated, and ~ 50% 

of the received gamma rays come from an area ten de-

grees in diameter on the surface below the instrument 

[4]. Thus most of the signal from each 5 degree binned 

data used in this study comes from outside the nominal 

area represented by the data. Because Gale and Gusev 

craters are only ~ 3 degrees in diameter, there is no way 

to get their unique GRS signatures. Therefore, because 

the two landing sites are on the dichotomy boundary, 

Example of GRS 10 degree “pixel” 
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Introduction: The Mars Science Laboratory 

(MSL) rover, Curiosity, landed on Mars in August 

2012 with the goal of assessing the past or present 

habitability of an environment in Gale Crater. To 

assess the habitability of these modern and ancient 

environments, MSL carries a suite of instruments 

capable of exploring preserved geologic features that 

may represent habitable environments. This instrument 

suite contains several science camera systems which 

have been used to gain a better understanding of the 

depositional environments in Gale Crater. Recently, 

fluvial and lacustrine deposits 
on Mars have been 

identified as past habitable environments [1]. Part of 

this identific
ation includes characterizing the 

distrib
ution of grain sizes in sedimentary deposits, 

which informs the interpretation of the depositional 

environment. It 
is im

portant to explore the limitations 

on grain size resolution with these cameras, as it 

directly affects the accurate measurement of grains and 

interpretation of depositional environments. This stu
dy 

determines the accuracy at which grains in terrestrial 

sedimentary rocks can be identified and measured 

under variable sun angles, and compares results to
 the 

resolution capability of the ChemCam remote micro-

imager (RMI). Compared to the RMI camera, the 

remote cameras (Mast Camera and Navigation 

Camera) that are also used for grain analysis on the 

rover have a lower resolution. Previous studies have 

demonstrated that the RMI camera is a
 useful tool to 

remotely characterize sedimentary deposits [
2]. 

!

 

Fig. 1. Laboratory DSLR image of a coarse sandstone. 

Data Collection Methods: Six samples from the 

Abo Formation were collected in New Mexico, USA. 

The Abo Formation is comprised of fluvial mudstones, 

sandstones, and conglomerates deposited in a low-

gradient alluvial plain in the Permian [3]. Using a high 

resolution digital single-lens reflex (DSLR) camera 

(Nikon D3200 and a Nikkor 18-55 mm lens), im
ages 

were acquired of each sample with simulated sun 

angles of 30º, 45º, and 60º. Grain size and area were 

measured using ImageJ software [4]. The area and 

length (longest visible axis) of each grain in a selected 

500 mm2  area were measured and recorded. Grain 

sizes were binned according to the Wentworth scale [5] 

(pebble=4-64 mm, granule=2-4 mm, very coarse 

sand=1-2 mm, coarse sand=0.5-1 mm, medium 

sand=0.25-0.5 mm, fine sand=0.625-0.25 mm, very 

fine sand=0.0625-0.625 mm, silt 
=0.0039-0.0625 mm). 

Accurate grain measurement can be difficult for very 

small grain sizes. Pixelation can blur grain edges and 

grains smaller than the pixel size are not resolvable [6]. 

Additionally, two dimensional grain analysis is
 known 

to overestimate particle size in small grains (35 - 140 

µm/pixel; [7]). T
o reduce possible error in grain size 

measurements, we required measured grains in the 

study be composed of at least 5 pixels (as in [8]). 

!

 

Fig. 2. Testbed RMI image of a coarse sandstone. 

To simulate RMI imaging capabilitie
s, tw

o samples 

(Figs 1, 3) were imaged by the RMI testbed imager, an 

identical copy of the RMI on Mars, at the Institute for 

Research in Astrophysics and Planetology in Toulouse, 

France (Figs. 2, 4). The grains in these black and white 

images were measured for area and length, and 

compared to the DSLR color images. The RMI is u
sed 
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Relation extraction performance 
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Mars Target Database 
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Content type Manual 
(LPSC15+16) 

Documents 118 
Elements 1742 
Minerals 888 
Targets 824  
Relations 481 
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Mars Target Database 
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Content type Manual 
(LPSC15+16) 

Automatic 
(LPSC14,15,16) 

Documents 118 5,920 
Elements 1742 57,232 
Minerals 888 38,665 
Targets 824  2,790 
Relations 481 830 
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Mars Target Database 
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Content type Manual 
(LPSC15+16) 

Automatic 
(LPSC14,15,16) 

Documents 118 5,920 
Elements 1742 57,232 
Minerals 888 38,665 
Targets 824  2,790 
Relations 481 830 

Time (per document) ~30 mins ~5 seconds 
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Example extractions – correct  
�  Link contains potassium 
◦  “Link, which was one of the first K-rich conglomerate 

targets observed with ChemCam, whereas felsic 
group 5 shows a higher Na/K ratio.” 

�  Link contains hydrogen 
◦  “Both of these are good candidates since, in Link at 

least, the hydrogen signature is relatively prominent.” 
�  JK/CB contain olivine/magnetite – and no 

spurious detections 
◦  “The RN crystalline component is depleted in MgO 

and FeO relative to JK and CB because of the 
absence of olivine and enrichment of magnetite in the 
latter.” 

Kiri Wagstaff et al. 20 



Example extractions – incorrect  
�  C is for Celsius 
◦  “In addition, EGA experiments in Cumberland show water 

and H2 [4,6] evolved between 550 C and 950 C.”  
�  Need for coreference resolution 
◦  “In the Bathurst and Shaler type, however, it is typically 

decoupled from feldspar elements and sometimes highly 
enriched.” 
�  “It” refers to potassium in the previous sentence 

�  Hypothetical 
◦  “If vermiculite, rather than smectite, is present in the 

Sheepbed mudstone, the most likely formation mechanism 
would be through alteration of a chlorite parent material, 
rather than through saponitization of olivine.” 

Kiri Wagstaff et al. 21 



Next steps 

� Evaluate and improve relation extractions 
◦ Add support for multi-word targets 
◦ Add support for relations that cross 

sentences 
◦  Expert review 
◦ Goal: high recall for entities,  

high precision for relations 

�  Integrate database with MSL Analyst’s 
Notebook 

22 



Summary 

� Connect data to (published) knowledge 
� Enable searches not previously possible 
�  Facilitate scientific progress and 

exploration using IE and ML methods 
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Publications 
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Thank you: JPL AMMOS program and Planetary Data System. 


