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We	 report	 remote	 Raman	 spectra	 of	 natural	 igneous,	 metamorphic,	 and	 sedimentary	 rock	 samples	 at	 a	
standoff	distance	of	5	m.	High	quality	remote	Raman	spectra	of	unprepared	rocks	are	necessary	for	accurate	
and	realistic	analysis	of	future	Raman	measurements	on	planetary	surfaces	such	as	Mars.	Our	results	display	
the	ability	of	a	portable	Compact	Remote	Raman+LIBS+Fluorescence	System	(CRRLFS)	 to	effectively	detect	
and	 isolate	 various	 light	 and	 dark-colored	 mineral	 phases	 in	 natural	 rocks.	 The	 CRRLFS	 easily	 detected	
plagioclase	 and	 potassium	 feldspar	 end	 members,	 quartz,	 and	 calcite	 in	 rocks	 with	 high	 fluorescence	
backgrounds.	Intermediate	feldspars	and	quartz,	when	found	in	rocks	with	complex	mineralogies,	exhibited	
band	 shifts	 and	 broadening	 in	 the	 504-510	 cm-1	 and	 600-1200	 cm-1	 regions.	 A	 good	 approximation	 of	
intermediate	plagioclase	 feldspars	was	possible	by	using	spectral	shape	and	assigning	other	minor	Raman	
peaks	 in	addition	 to	 the	504-510	cm-1	peaks.	Detection	of	olivine	and	pyroxene	 in	mafic	rocks	allowed	 for	
compositional	characterization.	
OCIS	codes:	(120.0120)	Instrumentation,	measurement,	and	metrology;	(220.0220)	Optical	design	and	fabrication;	(280.0280)	Remote	sensing	and	sensors;	
(290.5860)	Scattering,	Raman;	(300.6450)	Spectroscopy,	Raman;	(300.6500)	Spectroscopy,	time-resolved.		
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1.	INTRODUCTION	
Raman	spectroscopy	 is	a	notable	active	 laser	spectroscopy	

technique	 that	 provides	 molecular	 and	 crystal	 arrangement	
information	about	the	target	material	enabling	identification	of	
both	organics	and	inorganics.	The	technique	involves	shining	
light	from	a	monochromatic	laser,	such	as	a	532	nm	laser,	on	a	
sample	and	collecting	the	resulting	scattered	light.	A	fraction	of	
the	scattered	light	is	shifted	in	energy	from	the	laser	frequency	
due	 to	 interactions	 between	 the	 incident	 electromagnetic	
waves	 and	 the	 vibrational	 modes	 of	 the	 molecules	 in	 the	
sample.	 This	 inelastic	 shift	 called	 the	 Raman	 effect	 occurs	
effectively	instantaneously	at	picosecond	timescales	of	10-12	s	
[1],	[2].	A	Raman	spectrum	is	produced	with	band	positions	at	
frequencies	 corresponding	 to	 the	 energy	 levels	 of	 different	
vibrational	modes,	univocally	identifying	a	target	sample	[2].	
NASA’s	Mars	Science	Laboratory	 (MSL)	mission	paved	 the	

way	 for	 active	 laser	 spectroscopy	 on	 a	 planetary	 surface.	
Curiosity	Rover’s	highly	successful	ChemCam	instrument	suite	
continues	 to	 acquire	 laser-induced	 breakdown	 spectroscopy	

(LIBS)	 measurements	 from	 standoff	 distances	 providing	
quantitative	and	qualitative	elemental	 compositions	of	major	
and	minor	minerals	on	the	surface	of	Mars	[3].	This	successful	
laser	 operation	 on	 Mars	 has	 opened	 opportunities	 for	
complementary	laser	based	techniques	such	as	remote	Raman	
spectroscopy,	 to	 provide	 additional	 mineralogical	 analyses.	
Raman	 spectroscopy	 can	 identify	 mineral	 structure,	
distinguish	between	mineral	polymorphs	 such	as	 calcite	 and	
aragonite,	 and	 the	 accompanying	 fluorescence	 signal	 can	
identify	biosignatures	[4].	A	combined	approach	of	using	time-
resolved	 Raman	 along	 with	 LIBS	 and	 fluorescence	
spectroscopy	 in	 one	 compact	 system,	 as	 seen	 in	 the	 future	
Mars	 2020	 SuperCam	 instrument,	 will	 help	 in	 identifying	
various	 hydrated	 and	 biological	 minerals	 which	 will	 help	 in	
NASA’s	 goal	 for	 search	 of	 life	 during	 planetary	 surface	
explorations	[4],	[5].		
With	 this	 in	 mind,	 it	 is	 not	 surprising	 that	 time-resolved	

remote	 Raman	 spectroscopy	 is	 increasingly	 highlighted	 as	 a	
viable	method	for	planetary	surface	molecular	analysis	[4],	[6]–



[16].	 This	 technique	 extends	 traditional	 micro-Raman	
techniques	to	standoff	distances	of	up	to	hundreds	of	meters,	
requires	no	sample	preparation,	causes	minimal	to	no	sample	
damage,	 and	 can	 be	 used	 under	 daylight	 conditions;	 saving	
time	and	increasing	the	number	of	accessible	targets	[7],	[17].	
The	 University	 of	 Hawai‘i	 (UH)	 has	 developed	 a	 Compact	
Remote	 Raman+LIBS+Fluorescence	 System	 (CRRLFS)	 that	 is	
capable	 of	 Raman,	 LIBS,	 and	 fluorescence	 measurements	
under	 daytime	 conditions	 from	 standoff	 distances	 of	 several	
meters	[11].	The	CRRLFS	shown	in	Figure	1	is	one	of	several	in-
house	 remote	 Raman	 systems	 developed	 for	 chemical	 and	
molecular	 analysis	 of	 liquid,	 gases,	 and	 solids,	 at	 distances	
between	1.5-430	m	[18]–[25].		
Studies	 by	 other	 laboratory	 groups	 have	 attempted	 to	

analyze	 various	 pure	 minerals,	 powders,	 and	 a	 selection	 of	
rocks	 using	 standoff	 and	 micro-Raman	 spectroscopy	 for	
planetary	 science	 applications.	 Micro-Raman	 systems	 use	 a	
very	small	laser	spot	size	in	the	order	of	10	µm	in	diameter	for	
sample	analysis.	When	studying	rocks	with	multiple	minerals,	
these	systems	normally	give	spectra	of	minerals	that	fall	within	
the	small	laser	spot	size.		Hence,	it	is	difficult	to	identify	a	rock	
with	 a	 single	micro-Raman	measurement.	 To	 overcome	 this	
problem	 point-counting	 approaches	 are	 employed	 during	
which	multiple	 spectra	 are	measured	 at	 various	parts	 of	 the	
rock	to	determine	the	presence	of	all	mineral	phases.	In	remote	
Raman	systems	a	laser	spot	size	of	several	millimeters	is	used	
and	 the	 Raman	 spectra	 obtained	 show	 the	 presence	 of	 all	
mineral	phases	falling	within	a	much	larger	laser	spot	size.	This	
technique	provides	bulk	rock	mineralogy.		
Previous	 micro-Raman	 studies	 have	 focused	 on	 point-

counting	 approaches	 to	 accurately	 characterize	 bulk	 rock	
mineralogies	 [26]–[29],	 hand-held	 Raman	 studies	 illustrated	
the	 possibility	 of	 effective	 Raman	measurements	 in	 the	 field	
[8],	 [30],	 and	 remote	Raman	 studies	 using	 fiber-coupled	 [4],	
[9],	 [22],	 [23],	 [31]–[33]	 and	 directly	 coupled	 optics	 and	
spectrograph	 performed	 bulk	 sample	 analysis	 with	
centimeter-sized	 target	 areas	 at	 standoff	 distances	 [34].	
Previous	studies	by	the	University	of	Hawai‘i	at	Mānoa	Raman	
research	group	have	demonstrated	standoff	Raman	detection	
capability	 for	 a	 variety	 of	 minerals,	 rocks,	 and	 powder	
chemicals	 using	 fiber-coupled	 optics	 and	 spectrograph	 [35].	
Our	 directly	 coupled	 system	 design	 showed	 significant	
improvement	 in	remote	Raman	detection	capability	over	 the	
fiber-coupled	 system	 [36].	 	 These	 directly	 coupled	 systems	
were	developed	in	oblique	geometries	from	2-50	m	[21],	[37],	
and	also	in	coaxial	geometries	from	1.5-430	m	[11],	[18]–[20],	
[24],	[25],	[36].	The	advantages	of	the	coaxial	system	over	the	
oblique	 systems	 are	 large	 sampling	 depth	 and	 easy	 system	
alignment.	 Previous	work	 using	 coaxial	 systems	was	mostly	
focused	 on	 obtaining	 remote	 Raman	 spectra	 of	 various	
minerals	 such	 as	 feldspars,	 hydrated	minerals,	 dark	 colored	
minerals,	 	 various	 organic	 and	 inorganic	 chemicals,	 water,	
frost,	 ice,	 dry	 ice	 etc.	 However,	 to	 interpret	 in	 situ	 remote	
Raman	 measurements	 from	 rocks	 and	 soils	 on	 planetary	
surfaces	 such	 as	 Mars,	 standoff	 Raman	 measurements	 of	
natural,	 unprepared	 rock	 samples	 are	 needed.	 These	
measurements	 will	 be	 helpful	 in	 evaluating	 future	 remote	

Raman	data	from	Mars	using	the	SuperCam	instrument	on	the	
Mars2020	mission.		

	
Fig.	1.	CRRLFS	schematic	(above)	and	actual	system	(below).	

The	 CRRLFS	 has	 been	 able	 to	 successfully	 acquire	 high	
quality	 Raman	 spectra	 of	 various	 light	 and	 dark	 minerals,	
water,	water-ice,	CO2	ice,	and	organic	and	inorganic	chemicals	
at	distances	of	up	to	50	m	with	a	10	s	integration	time	[37].	In	
this	 study	 several	 igneous,	 sedimentary,	 and	 metamorphic	
rocks	were	 surveyed	 using	 the	 CRRLFS.	We	 report	 accurate	
and	univocal	identification	of	various	mineral	phases	in	natural	
rock	samples	using	the	CRRLFS	from	a	5	m	standoff	distance	
using	a	30	s	integration	time.	X-ray	diffraction	(XRD)	analyses	
were	 obtained	 for	 all	 samples	 to	 establish	 compositional	
ground	truth	for	comparison	with	the	standoff	Raman	spectra.	

2.	METHODOLOGY	

A.	Samples	
Twenty	 four	 rock	 samples	 were	 selected	 from	 Ward’s	

Collection	 of	 Classic	North	American	Rocks	 45-7250,	Ward’s	
Rock	 Forming	 Mineral	 Student	 Set	 45	 H	 0355,	 and	 hand	
samples	 from	 the	 Raman	 Spectroscopy	 Laboratory	 at	 the	
University	of	Hawai‘i	at	Mānoa.	Most	rocks	measured	between	
2-8	 cm	 in	 length	 at	 their	 longest	 dimensions.	 Alkalic	 granite	
(Quincy,	 MA,	 USA),	 nepheline	 syenite	 (Bancroft,	 Ontario,	
Canada),	 tonalite	 (San	Diego	County,	 CA,	USA),	 biotite	 gneiss	
(Uxbridge,	 MA,	 USA),	 grey	 sandstone	 (Berea,	 OH,	 USA),	 red	
sandstone	(Potsdam,	NY,	USA),	quartz	conglomerate	(Fremont	
County,	 CO,	 USA),	 quartzite	 (Baraboo,	 WI,	 USA),	 pyroxenite	
(harzburgite)	 (Stillwater	 Complex,	 MT,	 USA),	 and	 dunite	
(olivine	 peridotite)	 (Balsam,	 NC,	 USA)	 were	 chosen	 due	 to	
having	more	than	one	mineral	component.	Pink	marble	(Tate,	
GA,	 USA),	 dolomite	 marble	 (Essex	 County,	 NJ,	 USA),	 calcite	



(unknown	 locality),	 and	 siderite	 carbonatite	 (Iron	 Hill,	 CO,	
USA)	were	chosen	due	to	their	systematic	chemical	differences.	
Albite	 (Bancroft,	 Ontario,	 Canada),	 oligoclase	 (unknown	
locality),	andesine	(Keystone,	SD,	USA),	labradorite	(unknown	
locality),	bytownite	(Crystal	Bay,	MS,	USA),	anorthite	(Miyaka-
jima,	 Tokyo,	 Japan),	 orthoclase	 (Gothic,	 CO,	 USA),	microcline	
(Madawaska,	Ontario,	Canada),	and	milky	quartz	(Dekalb,	NY,	
USA)	 were	 chosen	 for	 use	 as	 reference	 minerals	 to	 identify	
individual	 components	 in	 multiminerallic	 rocks.	 These	
reference	 minerals	 include	 quartz,	 the	 entire	 plagioclase	
feldspar	group,	and	part	of	the	alkali	feldspar	group.		
Several	 igneous	 rocks	 with	 varied	 mineral	 compositions	

were	analyzed.	Nepheline	syenite	is	an	igneous	intrusive	rock	
composed	 primarily	 of	 nepheline	 and	 potassium	 feldspar.	
Tonalite	 (quartz	 diorite	 with	 a	 quartz	 content	 ~20%	 of	 the	
rock)	 is	 an	 igneous	 intrusive	 rock	 containing	 quartz,	 biotite,	
plagioclase	 feldspars,	 and	 orthoclase	 feldspars.	 Nepheline	
reacts	 with	 quartz	 to	 produce	 potassium	 feldspars	 such	 as	
orthoclase.	 Alkalic	 granite	 is	 an	 igneous	 rock	 generally	
composed	of	quartz,	potassium	feldspars,	and	minor	micas	and	
hornblende.	Pyroxenite	(harzburgite)	is	composed	primarily	of	
pyroxene,	 and	 some	minor	 clinopyroxene	 or	 orthopyroxene.	
Dunite	(olivine	peridotite)	contains	over	90%	olivine.		
Two	metamorphic	 rocks	 were	 studied:	 Biotite	 gneiss	 is	 a	

high	grade	metamorphic	rock	with	banded	dark	biotite	mica	
and	lighter	feldspar	and	quartz.	Quartzite	is	composed	of	pure	
quartz	 sandstone	 heated	 and	 metamorphosed	 through	
tectonic	 orogenic	 compression.	 Three	 sandstones	 were	 also	
measured:	 Grey	 sandstone	 from	 Berea,	 OH	 is	 historically	
composed	 of	 quartz,	 feldspar,	 and	 organic	 detritus	 typical	 of	
argillaceous	 sandstones.	Red	 sandstone	 from	Potsdam,	NY	 is	
predominantly	 quartz	 with	 accessory	 hematite	 impurities.	
Quartz	 conglomerate	 from	 Fremont	 County,	 CO	 consists	 of	
mostly	quartz	and	plagioclase	cemented	by	limestone.		
Igneous	and	clay	minerals	were	used	as	reference	standards	

for	 rock	component	 identification.	Pink	and	dolomite	marble	
are	primarily	composed	of	calcite	the	difference	being	that	pink	
marble	 has	 Fe	 cations	 and	 dolomite	marble	 has	Mg	 cations.	
Siderite	is	a	carbonatite	that	has	iron	instead	of	calcium.	

B.	Instrumentation	and	software	
The	CRRLFS	includes	a	laser,	collection	optics,	spectrometer,	

and	 an	 intensified	 charge-coupled	 device	 (ICCD)	 camera.	
Instrument	schematics	are	shown	 in	Figure	1.	The	excitation	
source	 and	 collection	 optics	 are	 arranged	 in	 a	 coaxial	
configuration.	 The	 instrument	 contains	 a	 small	 532	 nm	 Q-
switched	frequency-doubled	Nd:YAG	laser	source	from	BigSky	
Ultra	Lasers	operating	at	20	Hz	(20	mJ/pulse),	an	adjustable	
10x	beam	expander,	a	45°,	532	nm	laser	mirror	from	Edmund	
Optics	 (λ/4	optical	 flatness),	 a	7.62	 cm	diameter	mirror	 lens		
(Bower)	 used	 as	 a	 collection	 telescope	 (f500	mm	 at	 F/8),	 a	
Semrock	 532	 nm	 long	 pass	 filter,	 a	 50	 µm	 slit,	 a	 Holoplex	
stacked	 volume	 phase	 transmission	 grating	 from	 Kaiser	
Optical	Systems,	Inc.	covering	the	spectral	range	from	534-611	
nm	and	609-696	nm,	and	a	cooled,	miniature	Syntronics	ICCD	
(1408x1044	pixels).	The	compact	spectrograph	is	10	cm	long	x	
8.2	cm	wide	x	5.2	cm	tall.	The	system	 is	externally	 triggered	

using	 a	 BNC	 Model	 575	 pulse-delay	 generator	 and	 custom	
software	controls	dark	image	and	Raman	acquisitions.	A	good	
description	 of	 the	 instrument	 details,	 gating,	 and	 design	
parameters	can	be	found	in	Gasda	et	al.	(2015)	[11].		
Micro-Raman	 measurements	 using	 μm-sized	 laser	 spots	

require	scan	and	point	counting	techniques	to	provide	whole	
rock	analysis.	By	using	standoff	Raman	we	benefit	from	larger	
size	beam	diameters	(5-10	mm)	capable	of	whole	rock	analysis	
that	 reduce	 measurement	 times	 to	 seconds	 and	 at	 most	
minutes.	 Time-resolved	 Raman	 capabilities	 down	 to	
nanosecond	 timescales	 have	 enabled	 full	 Raman	
measurements	 while	 eliminating	 daylight	 background	
illumination	 and	 minimizing	 long-lived	 mineral	
phosphorescence.	 By	 using	 a	 directly	 coupled	 system	design	
we	increase	sensitivity	by	avoiding	additional	scattering	within	
the	fiber	optic	cable	and	losses	at	the	optical	connections.	This	
combination	of	 system	components	 and	architectures	 allows	
for	 a	 compact	 system	 to	 strike	 a	 fine	 balance	 between	 an	
adequate	SNR	and	fast	data	acquisition	times.	
We	 verified	 our	 standoff	 Raman	 spectra	 through	 micro-

Raman	 spectra	 using	 a	 Renishaw	 inVia	 confocal	 Raman	
microscope	 using	 514.5	 nm	 laser	 light.	 Sample	 bulk	
composition	was	determined	through	high	resolution	powder	
X-ray	 diffraction	 (XRD)	 analysis	 using	 a	 Bruker	 D8	 Advance	
instrument	 operating	 with	 a	 copper	 Kα	 X-ray	 source	 and	 a	
Lynx	IXE	linear	array	detector.	Crystalline	phase	identification	
was	 determined	 through	 Diffrac.eva	 and	 JADE	 software	
packages	 using	 a	 search	 and	 match	 technique	 with	 the	
included	 Crystallography	 Open	 Database	 (COD).	 Qualitative	
Rietveld	analysis	was	conducted	using	PDIndexer	software	to	
determine	crystal	structures	and	the	chemical	composition	of	
the	sample	mineral	components.		

C.	Methods	
Standoff	Raman	spectra	were	acquired	 for	30	s	 (600	 laser	

pulses)	with	a	laser	spot	size	of	5	mm	and	a	laser	pulse	energy	
of	20	mJ/pulse.	The	measurements	 for	each	target	area	on	a	
rock	 were	 taken	 three	 times	 for	 verification	 of	 system	
reproducibility.	 The	 Raman	 signal	 appears	 as	 a	 two	 trace	
spectral	image	on	the	ICCD	upon	passing	through	the	slit	and	
diffraction	 gratings	 [11].	 The	 two	 diffraction	 gratings	 are	
stacked	and	angled	slightly	differently	from	each	other	so	that	
one	 trace	contains	 the	 lower	 frequencies	and	the	other	 trace	
contains	the	higher	frequencies.	Each	trace	is	vertically	binned	
across	 all	 frequencies	 and	 the	 resulting	 sums	 (one	 for	 each	
pixel	column)	are	plotted	into	a	spectrum.	Spectra	were	dark	
subtracted	to	remove	electronic	noise.	Wavelength	calibration	
was	 conducted	 using	 a	 neon	 lamp,	 sulfur	 and	 cyclohexane	
Raman	spectra,	and	barite	LIBS	spectra	as	standards.	For	the	
XRD	measurements,	rock	samples	were	powdered	and	sieved	
down	to	125	μm.	The	samples	were	measured	for	15	minutes	
each	 while	 on	 a	 flat	 plate	 rotating	 stage.	 Bruker’s	 Diffrac	
software		processed	the	XRD	image	and	plotted	the	spectrum	
in	CPS	(counts/s).	XRD	spectra	were	dark	subtracted,	baseline	
corrected	 as	 needed,	 and	 Kα	 lines	 were	 removed.	 The	 2θ	
values	were	 carefully	 calibrated	using	 a	NIST-supplied	 (SRM	
1976)	sintered	 corundum	 standard.	 Micro-Raman	



measurements	were	 typically	 taken	with	10	s	exposure	 time	
and	 10	 software	 accumulations	 with	 a	 50x	microscope	 lens	
and	 2	 mW	 laser	 power.	 Micro-Raman	 spectra	 were	 dark	
subtracted	 and	 wavelength	 calibration	 was	 based	 on	 Ne	
emission	spectrum	and	adjusted	using	a	silica	wafer	standard.		

3.	RESULTS	AND	DISCUSSION	

A.	Remote	Raman	Spectra	
The	 CRRLFS	 is	 capable	 of	 fast	 data	 acquisition	 yielding	

quality	data		with	high	signal	to	noise	ratio.	We	present	remote	
Raman	 spectra	 of	 several	 igneous,	 sedimentary,	 and	
metamorphic	 rocks	 at	 30	 s	 integration	 times	 in	 order	 to	
observe	 the	 subtler	 Raman	 peaks.	 In	 most	 cases,	 the	 same	
peaks	 are	 visible	 at	 1	 s	 integration	 times	 for	 the	 lighter	 and	
mixed	 light	 and	 dark	 sample	 targets.	 Darker	 sample	 targets	
required	 the	 full	 30	 s	 integration	 time	 due	 to	 the	 increased	
mineral	opacity	and	resulting	decreased	laser	penetration.	

	
Fig.	2.	a)	Remote	Raman	spectra	of	carbonates	at	a	5	m	distance	over	a	
30	s	integration	time.	Spectra	were	vertically	shifted	for	viewing	clarity.	
b)	Analyzed	samples	from	left	to	right:	dolomite,	pink	marble,	calcite,	
siderite.	Laser	target	within	red	circle.	

Cation	 Mineral	
(formula)	 Observed	Raman	Peaks	(cm-1)	

Ca	 Calcite	(CaCO3)	 159.4	 283.8	 712.4	 1086	 1435	 1749	

Ca-Fe	 Pink	Marble	
(CaFe(CO3)2)	 159.4	 286	 712.4	 1086	 1437	 1749	

Fe	 Siderite	
(FeCO3)	 177.7	 301.6	 724.7	 1095	 1442	 —	

Ca	Mg	
Dolomite	
Marble	

(CaMg(CO3)2)	
177.7	 301.6	 724.7	 1097	 1442	 1760	

	 Symmetry	 Eg	 Eg	 Eg	 A1g	 Eg	 Eg	

Table	1.	Tabulated	Raman	peaks	for	Ca,	Fe,	and	Mg	bearing	carbonates.	

Calcite	 (CaCO3),	 pink	 marble	 (CaFe(CO3)2),	 siderite	
carbonatite	(FeCO3	carbonate	with	a	Mg:Fe	ratio	of	~0.25),	and	
dolomite	 marble	 (CaMg(CO3)2)	 were	 analyzed	 at	 a	 5	 m	
distance	 over	 30	 s	 integration	 times.	 They	 each	 displayed	

strong	carbonate	Raman	peaks	at	1085.95,	1086.01,	1095.45,	
and	1097.34	cm-1,	respectively,	showing	an	increasing	Raman	
shift	 from	 pure	 calcite	 to	 iron-bearing	 carbonates	 to	
magnesium-bearing	 carbonates	 as	 shown	 in	 Figure	 2.	 This	
same	progression	was	also	visible	in	the	subtler	Raman	peaks	
tabulated	 in	 Table	 1.	 Raman	 active	 modes	 correspond	 to	
symmetry	modes	Eg	or	A1g.	The	Raman	peaks	at	~1086	cm-1	
are	attributed	to	the	A1g	stretching	C-O	mode.	Raman	peaks	in	
the	range	of	700-900	cm-1	correspond	to	bending	modes	of	the	
carbonate	ions	with	the	low	700s	peaks	corresponding	to	in-
plane	deformation	of	the	planar	CO3	units.	Frequencies	above	
1000	cm-1	correspond	to	the	symmetrical	single	mode	A1g	and	
asymmetrical	Eg	stretching	I	modes	of	the	carbonate	ion.	The	
Raman	peaks	between	150	and	180	cm-1	correspond	to	out-of-
phase	translations	of	the	carbonate	 ions	parallel	 to	the	(111)	
plane	of	the	rhombohedral	cell	while	the	peaks	in	the	280s	and	
low	300s	 correspond	 to	 in-phase	 librations	 of	 the	 carbonate	
ions	 around	 the	 twofold	 symmetry	 axes	 [38].	 A#x	 symmetry	
modes	correspond	to	nondegenerate	single	modes	with	only	
one	 set	 of	 atomic	 displacements.	 A	 g	 subscript	 refers	 to	
symmetric	 vibrations	 while	 a	 u	 subscript	 refers	 to	
antisymmetric	 vibrations.	 Eg	 symmetry	 modes	 involve	 two	
sets	of	atom	displacements.		

	
Fig	3.	a)	Biotite	gneiss,	tonalite,	nepheline	syenite,	alkali	granite,	remote	
Raman	spectra	at	a	5	m	distance	over	30	s	 integration	time.	Raman	
spectra	of	calcite,	quartz,	nepheline,	and	orthoclase	are	displayed	for	
reference.	Spectra	were	scaled	and	vertically	shifted	for	viewing	clarity.	
Biotite	gneiss	scaled	x5	for	bright	spot,	x10	for	intermediate	and	dark	
spots.	 Nepheline	 syenite	 dark	 spot	 scaled	 x4.	 Tonalite	 and	 alkalic	
granite	unscaled.	Calcite	scaled	x0.2.	Quartz	scaled	x2.	Nepheline	scaled	



x8.	Orthoclase	scaled	x2.	b)	Analyzed	samples	from	left	to	right:	Row	1:	
biotite	gneiss	light	spot,	tonalite,	nepheline	syenite,	alkalic	granite;	Row	
2:	biotite	gneiss	intermediate	and	dark	spot,	calcite,	quartz,	nepheline,	
orthoclase.	Laser	target	within	red	circle.		

Figure	 3	 shows	 remote	 Raman	 spectra	 of	 light,	 dark,	 and	
roughly	equal	light	and	dark	(banded)	surface	areas	in	biotite	
gneiss	(K(Mg,	Fe2+3)(Al,	Fe3+)Si3O10(OH,	F)2)	and	alkali	granite,	
and	 light	 and	 dark	 colored	 areas	 in	 tonalite,	 and	 nepheline	
syenite	((Na,K)AlSiO4)	at	a	5	m	standoff	distance	over	a	30	s	
integration	 time.	 These	 measurement	 targets	 were	 chosen	
based	on	the	surface	grains	visible	to	the	naked	eye,	but	do	not	
represent	the	full	internal	crystal	volume	and	resulting	internal	
light	 penetration	 contribution	 to	 the	 Raman	 signal.	 Lighter	
areas	 have	 stronger	 Raman	 spectra	 for	 each	 sample	 group,	
darker	 areas	 have	 weaker	 spectra,	 and	 mixed	 areas	 have	
intermediate	intensity	spectra	for	each	sample	group.	
For	biotite	gneiss,	the	lighter	phases	are	made	up	of	quartz	

and	 plagioclase	 mineral	 components	 as	 seen	 by	 the	 Raman	
peaks	at	290,	414,	465,	479,	508,	and	571	cm-1.	These	correlate	
with	 α-quartz	 and	 the	 potassium	 feldspar	 orthoclase	
(KAlSi3O8).	Biotite	peaks	are	visible	at	287,	410,	and	the	broad	
bands	at	750-807	cm-1	[23].	The	lighter	phases	have	a	greater	
ratio	of	quartz	to	plagioclase	feldspar	while	the	mixed	banded	
biotite	 gneiss	 has	 a	 slightly	 greater	 ratio	 of	 plagioclase	 to	
quartz.	 Both	 spectra	 exhibit	 moderately	 high	 levels	 of	 fast	
organic/bio-fluorescence	 background.	 The	 dark	 phases	 have	
no	 fast	 organic/bio-fluorescence	 background	 and	 favor	 a	
greater	quartz	over	plagioclase	feldspar	ratio.		
Alpha	 quartz	 typically	 produces	 a	 distinct	 Raman	 peak	 at	

465	 cm-1	 as	 a	 product	 of	 symmetric	 stretching	 of	 Si-O-Si.	
Smaller	quartz	modes	between	200	and	400	cm-1	correspond	
to	lattice	distortions.	Plagioclase	feldspars	exhibit	a	doublet	at	
~475-510	cm-1.	The	observed	508	cm-1	peak	in	biotite	gneiss	
initially	 indicates	 the	 presence	 of	 low	 albite	 but	 further	
examination	of	 the	spectral	 shape	and	smaller	Raman	bands	
768	 and	 807	 cm-1,	 suggest	 an	 orthoclase	 K-feldspar	
interpretation	(also	confirmed	by	powder	XRD	analyses	of	the	
same	 rock).	 When	 the	 475	 cm-1	 peak	 is	 present	 alongside	
quartz,	the	475	cm-1	peak	competes	with	the	quartz	465	cm-1	
peak.	This	 is	 a	product	of	 symmetric	T-O-T	 stretching	of	 the	
four-membered	T-O4	 tetrahedral	 ring	 (T	=	Si	or	Al)	 [6],	 [23],	
[28],	 [39].	 Variations	 in	 T-O-T	 bond	 angles	 determine	 the	
position	of	this	Raman	peak	due	to	the	motion	of	the	oxygen	
atoms	 in	 the	 four-membered	 ring	 breathing	 mode	
perpendicular	to	the	T-T	line.	The	observed	571	cm-1	peak	is	
determined	by	the	degree	of	Al-Si	ordering	[6],	[28]	and	closely	
correlates	 with	 the	 orthoclase	 feldspar	 568	 cm-1	 peak.	 As	
demonstrated	by	the	Raman	spectra,	the	biotite	gneiss	sample	
has	a	combination	of	quartz,	albite,	orthoclase,	and	biotite.		
The	 quartz	 phases	 found	 in	 our	 biotite	 gneiss	 sample	 are	

mostly	white	as	compared	 to	 the	darker	plagioclase	 feldspar	
phases	which	appear	light	to	dark	grey.	Biotite	phases	appear	
black.	There	are	two	interpretations	for	the	unexpected	quartz	
preference	 in	 the	 darker	 phases’	 quartz/plagioclase	 ratio:	 a)	
quartz	has	a	more	ordered	and	larger	internal	crystal	volume	
than	 the	 plagioclase	 (or	 other)	 crystal	 volumes	 resulting	 in	
greater	 internal	 light	 penetration	 contributing	 to	 the	 Raman	

signal,	 or	 b)	 a	 darker	 mafic	 mineral	 with	 weaker	 Raman	
signatures,	such	as	biotite	 is	 intergrown	with	the	plagioclase,	
making	 the	 plagioclase	 more	 opaque	 thus	 skewing	 the	
quartz/plagioclase	 ratio	 to	 prefer	 quartz.	 Overall	 spectral	
shape	and	broad	Raman	bands	may	 indicate	 the	presence	of	
darker	mafic	minerals.		
Light	 and	 dark	 spots	 were	 measured	 in	 tonalite	 (quartz	

diorite	with	a	quartz	content	5-20%	of	the	rock)	as	shown	in	
Figure	 3.	 Moderate	 levels	 of	 fast	 organic/bio-fluorescence	
background	are	visible.	Quartz	Raman	peaks	are	identified	at	
198,	 466,	 and	 803	 cm-1.	 Plagioclase	 feldspar	 peaks	 are	
identified	 at	 287,	 484,	 509,	 and	 564	 cm-1	 with	 a	 479	 cm-1	
feldspar	peak	and	a	466	cm-1	quartz	peak	as	a	shoulder	of	the	
484	 cm-1	 plagioclase	 peak	 [6],	 [23],	 [28],	 [39].	 Intermediate	
plagioclase	 feldspars	 ranging	 from	bytownite—oligoclase	are	
represented	 by	 these	 Raman	 peaks,	 and	 possible	 K-feldspar	
microcline	may	be	attributed	to	the	803	and	1122	cm-1	peaks.	
The	sample	has	a	greater	plagioclase	to	quartz	component	as	
demonstrated	by	the	intensity	of	the	plagioclase	479	cm-1	and	
quartz	466	cm-1	Raman	peaks	[6],	[28].	Much	broader	regions	
at	700-850	cm-1	and	at	1050	cm-1	are	attributed	to	biotite	[23].	
Powder	 XRD	 measurements	 support	 the	 presence	 of	
intermediate	plagioclase	andesine,	K-feldspar	microcline,	and	
quartz.	Raman	measurements	additionally	identify	biotite.	

	
Fig	4.	a)	Remote	Raman	spectra	of	plagioclase	and	alkali	feldspar	solid	
series	 at	 a	 5	m	distance	 over	 a	 30	 s	 integration	 time.	 Spectra	were	
scaled	 and	 vertically	 shifted	 for	 viewing	 clarity.	 Anorthite	 scaled	 x5.	



Bytownite	 scaled	 x1.5.	 Labradorite	 scaled	 x4.	 Andesine	 scaled	 x10.	
Oligoclase	 scaled	 x1.1.	 Albite	 scaled	 x0.2.	 Orthoclase	 scaled	 x0.1.	
Microcline	scaled	x0.35.	b)	Analyzed	samples	from	left	to	right:	Row	1:	
anorthite,	 bytownite,	 labradorite,	 andesine;	Row	2:	 oligoclase,	 albite,	
orthoclase,	microcline.	Laser	target	within	red	circle.	

Light	and	dark	sports	were	measured	in	nepheline	syenite	
((Na,K)AlSiO4)	 as	 shown	 in	 Figure	 3.	 The	 sample	 exhibits	
moderately	 high	 levels	 of	 fast	 organic/bio-fluorescence	
background,	 particularly	 prominent	 in	 the	 lighter	 targets.	
Nepheline,	 plagioclase	 feldspar,	 quartz,	 and	 calcite	 are	
distinguishable	 in	 the	 nepheline	 syenite	 Raman	 spectrum.	
Nepheline	 in	 nepheline	 syenite	 is	 confirmed	 by	 the	 Raman	
peaks	at	397	and	992	 cm-1	 as	 verified	 through	analyses	of	 a	
pure	nepheline	sample.	Only	nepheline	is	readily	identifiable	in	
the	dark	target	analyzed.	Other	mineral	components	identified	
in	the	lighter	target	were	a	calcite	Raman	peak	attributed	to	the	
A1g	stretching	C-O	mode	at	1087	cm-1	[38],	an	α-quartz	peak	at	
467	cm-1	product	of	symmetric	stretching	of	Si-O-Si,	a	weaker	
α-quartz	peak	at	205	cm-1	corresponding	to	lattice	distortions	
[23],	 [39],	 and	 a	 low	 albite	 508	 cm-1	 peak	 product	 of	
corresponding	 T-O-T	 bond	 angles	 [6],	 [28].	 Powder	 XRD	
measurements	confirm	the	presence	of	nepheline,	albite,	and	
quartz.	The	lack	of	any	K-feldspar	detection	indicates	that	the	
nepheline	mineral	 component	 did	 not	 react	with	 the	 quartz	
component	during	melt	crystallization	[40].		
Figure	3	also	shows	alkalic	granite	remote	Raman	spectra	of	

dark,	 light,	and	both	light	and	dark	spots	with	minimal	to	no	
fast	 organic/bio-fluorescence.	 Quartz	 is	 seen	 as	 a	 major	
component	with	Raman	peaks	at	211,	357,	466,	and	1156	cm-1.	
Feldspar	signatures	are	visible	as	509,	268,	285,	and	807	cm-1	
and	the	shifted	quartz	band	from	465	to	466	cm-1	supports	the	
presence	of	feldspars.	The	509	cm-1	Raman	peak	indicates	the	
presence	 of	 an	 intermediate	 plagioclase	 feldspar	 such	 as	
labradorite,	andesine,	or	oligoclase,	but	the	268	and	285	cm-1	
doublet,	the	broad	1156	cm-1	peak	approaching	1139	cm-1,	and	
the	overall	spectral	shape	in	the	region	indicates	the	presence	
of	microcline.	Possible	biotite	peaks	are	visible	at	403	cm-1	and	
the	 broad	 bands	 at	 750—800	 cm-1	 [23].	 Lighter	 phases	 are	
dominated	 by	 quartz	 and	 darker	 more	 opaque	 phases	 are	
dominated	by	 feldspars	or	other	mafic	minerals	 in	 this	alkali	
granite	sample.	Powder	XRD	measurements	correlate	with	the	
Raman	data	indicating	the	presence	of	quartz	and	microcline,	
although	biotite	was	not	detected.		
Figure	4	shows	remote	Raman	spectra	of	the	full	plagioclase	

feldspars	series	(An0-100)	and	partial	potassium	feldspar	series.	
Raman	 identification	 of	 albite	 (NaAlSi3O8),	 oligoclase	
(Na,Ca)(Al,Si)AlSi2O8,	 andesine	 (NaAlSi3O8-CaAl2Si2O8),	
labradorite	 (Ca,Na)Al(Al,Si)Si2O8),	 bytownite	
(NaSi,CaAl)AlSi2O8),	and	anorthite	(CaAl2Si2O8)	can	be	broadly	
classified	 into	 three	 groups:	 endmember	 anorthite,	
endmember	 albite,	 and	 intermediate	 plagioclases.	 Anorthite	
has	a	major	peak	at	504	cm-1.	Albite	has	a	major	peak	at	508	
cm-1	and	483	cm-1.	The	intermediate	plagioclase	feldspars	have	
major	peaks	at	510	cm-1	and	478—481	cm-1,	with	bytownite	
having	a	major	peak	at	506	cm-1	and	483	cm-1.	These	peaks	are	
a	product	of	symmetric	T-O-T	stretching	of	the	four-membered	
T-O4	tetrahedral	ring	where	T	=	Si	or	Al.	The	Raman	peak	at	

293	 cm-1	 (cage-shear	 modes)	 decreases	 with	 increasing	
anorthite	 content.	The	spectral	 shape	of	 the	single	or	double	
760—830	 cm-1	 peaks	 (deformation	modes	 of	 tetrahedral)	 is	
useful	 as	 a	diagnostic	 for	 identifying	 feldspars	 [6],	 [28],	 [41].	
The	 peak	 at	 1099	 cm-1	 is	 characteristic	 of	 vas	 (Si-O-Al)	
antisymmetric	stretching	modes	of	framework	silicates.	These	
bands	shift	towards	lower	frequency	with	Al	to	Si	substitutions	
[6],	[41],	[42].	A	high	level	of	background	fluorescence	is	visible	
in	the	lighter	phases,	more	consistent	with	sodium-rich	albite	
or	 oligoclase	 while	 little	 to	 no	 background	 fluorescence	 is	
visible	in	the	darker	phases,	more	consistent	with	potassium-
rich	orthoclase.	Internal	reflections	can	contribute	to	a	stronger	
fluorescence	 signal	 in	 lighter	 crystals	 [43]	 and	 absorption	 of	
photons	can	significantly	reduce	both	Raman	and	fluorescence	
signals	 in	 the	 darker	 materials.	 For	 the	 partial	 potassium	
feldspar	series:	monoclinic	orthoclase	 (KAlSi3O8)	and	 triclinic	
microcline	 (KAlSi3O8),	 the	 major	 Raman	 peaks	 at	 475—513	
cm-1	shift	up	with	increasing	crystal	geometry.	
Figure	 5	 shows	 remote	 Raman	 spectra	 of	 grey	 and	 red	

sandstone,	 quartz	 conglomerate,	 and	 quartzite.	 Organics	 in	
sedimentary	 rocks	 contribute	 to	 a	 fast	 fluorescence	 baseline	
observed	 in	 the	 four	 samples	 as	 the	 upward	 sloping	
fluorescence	 background	 towards	 the	 higher	 wavenumbers.	
This	 is	 consistent	 with	 biological	 detritus	 component	 of	
sandstones	and	other	sedimentary	rocks	on	Earth	[44].	If	the	
Martian	 surface	 materials	 are	 sterile,	 fast	 organic/bio-
fluorescence	 should	 not	 be	 present	 [45]–[47].	 Quartzite	 is	
displayed	 for	 comparison.	 It	 has	 a	 relatively	 flat	 baseline	
containing	minimal	 to	no	 fast	organic/bio-fluorescence	more	
typical	of	metamorphic	rocks.	Grey	sandstone	exhibits	strong	
quartz	and	plagioclase	Raman	peaks	at	212	and	468	cm-1	and	
red	 sandstone	 exhibits	 both	 quartz	 and	 plagioclase	 peaks	 at	
468	cm-1	and	178	and	203	cm-1	[6],	[28].	Quartz	conglomerate	
is	visible	with	clear	quartz	peaks	at	466	and	204	cm-1.	Subtler	
broad	 bands	 at	 513,	 177,	 and	 263	 cm-1	 hint	 to	 K-feldspar	
components.	 Quartzite	 exhibits	 quartz	 Raman	 peaks	 at	 465	
and	205	cm-1.	

	
Fig	 5.	 a)	 Grey	 sandstone,	 quartz	 conglomerate,	 red	 sandstone,	 and	
quartzite	remote	Raman	spectra	at	a	5	m	distance	over	30	s	integration	
time.	 Spectra	were	vertically	 shifted	 for	 viewing	 clarity.	 b)	Analyzed	



samples	 from	 left	 to	 right:	 grey	 sandstone,	 red	 sandstone,	 quartz	
conglomerate,	quartzite.	Laser	target	within	red	circle	

	
Fig.	6.	Dunite	and	pyroxenite	remote	Raman	spectra	at	a	5	m	distance	
over	a	120	s	integration	time.	The	main	olivine	peaks	are	visible	at	824,	
and	 854	 cm-1.	 Pyroxene	 was	 scaled	 x10	 for	 viewing	 clarity.	 Photo	
insert:	Analyzed	samples	 from	left	 to	right:	pyroxenite,	dunite.	Laser	
target	within	red	circle.	

Olivine-rich	 dunite	 ((Mg,Fe)2SiO4)	 and	 pyroxenite	
((Mg,Fe,Ca)xSi2O6)	remote	Raman	spectra	are	shown	in	Figure	
6.	Olivine	peaks	are	visible	at	824,	854,	917,	and	962	cm-1.	The	
Raman	spectra	of	olivines	has	a	characteristic	doublet	between	
808	 and	 825	 cm-1	 as	 a	 result	 of	 Si-Onb	 symmetric	 stretching	
band	Ag(Si-O)s-str,	 and	 837	 and	858	 cm-1	 as	 a	 result	 of	 Si-Onb	
asymmetric	 stretching	 band	 Ag(Si-O)a-str.	 Dunite	 exhibits	 a	
doublet	 at	 824	 cm-1	 and	 854	 cm-1	 characteristic	 of	 forsterite	
[48],	 [49].	 Chromite	 (FeCr2O4)	 is	 visible	 at	 673	 cm-1	 [50].	
Additional	dunite	peaks	assigned	are	the	Ag	peaks	at	194,	305,	
543,	and	962	cm-1	product	of	T(SiO4),	the	B1g+B2g	peak	at	435	
cm-1,	and	the	v3	B3g	peak	at	917	cm-1	[51].	Pyroxenite	displays	a	
harzburgite	v16	peak	at	1009	cm-1	and	a	v11	peak	at	679	cm-1.	
This	peak	is	produced	by	the	symmetric	stretching	vibration	of	
Si-O	 bonds	 (where	 O	 is	 a	 non-bridging	 oxygen)	 in	 SiO4	
tetrahedra	[52].	These	peak	positions	suggest	iron	enrichment	
concordant	 with	 the	 ultramafic	 nature	 of	 pyroxenites	 [53].	
Additional	minor	peaks	at	344	and	396	cm-1	correspond	to	the	
v3	and	v4	bands	respectively.	The	peaks	at	196	and	513	cm-1	
may	 be	 attributed	 to	 orthoclase	 or	microcline	 but	 there	 are	
insufficient	plagioclase	peaks	to	establish	a	proper	identity.		

	

Fig.	 7.	Representative	10	minute	XRD	spectrum	of	 a	multiminerallic	
natural	rock	confirms	the	presence	of	quartz	and	plagioclase	in	biotite	
gneiss	 sample.	 Major	 peaks	 have	 been	 labeled	 with	 corresponding	
lattice	modes.		

Similar	to	remote	Raman,	powder	XRD	measurements	were	
capable	 of	 detecting	 major	 mineral	 components	 in	
multiminerallic	 rocks.	 These	 measurements	 were	 useful	 in	
providing	 ground-truth	 data	 to	 support	 our	 remote	 Raman	
data.	Figure	7	shows	a	powder	XRD	spectrum	of	biotite	gneiss,	
confirming	the	presence	of	major	rock	components	quartz	and	
orthoclase.	This	XRD	spectrum	is	representative	of	the	quality	
of	XRD	data	acquired	for	all	of	the	samples	in	this	study.	
Raman	 spectral	 analysis	 of	 the	 plagioclase	 and	 potassium	

feldspars,	biotite	gneiss,	tonalite,	nepheline	syenite,	and	alkalic	
granite	demonstrate	that	remote	Raman	can	easily	detect	end-
member	feldspars	(albite,	anorthite,	microcline/orthoclase)	in	
natural	rocks.	Intermediate	feldspars	and	quartz,	when	found	
in	natural	rocks	with	complex	mineralogies	exhibit	band	shifts	
and	broadening	in	the	504-510	cm-1	and	600-1200	cm-1	region.	
A	good	approximation	of	intermediate	plagioclase	feldspars	is	
possible	 by	 using	 spectral	 shape	 and	 assigning	 other	 minor	
Raman	peaks	 in	addition	to	the	504-510	cm-1	peaks.	Remote	
Raman	 can	 also	 easily	 detect	 calcite,	 olivine,	 and	 pyroxene	
facilitating	 compositional	 characterization	 in	 multiminerallic	
rocks.	 Lastly,	 despite	 strong	 organic/bio-fluorescence	
background,	 quartz	 and	 plagioclase	 were	 also	 identified	 in	
sedimentary	 rocks.	 Powder	 XRD	 analysis	 confirmed	 the	
mineral	component	identification	determined	from	the	remote	
Raman	spectra.	The	lattice	parameters	are	tabulated	in	Table	2.	

B.	Planetary	science	applications	
Remote	Raman	analysis	on	Mars	or	other	rocky	bodies	will	

involve	 spectroscopic	 analysis	 in	 challenging	 environments	
with	 less	 than	 ideal	 sample	 conditions.	 Complex	 rock	
mineralogies,	 dusty	 conditions,	 and	 the	 presence	 of	 opaque	
mafic	 minerals,	 will	 introduce	 challenges	 to	 acquiring	 high	
quality	remote	Raman	spectra.	A	first-order	look	at	the	remote	
Raman	 spectra	 of	 natural	 rocks	 with	 multiple	 mineral	
components	provides	an	understanding	of	system	capabilities,	
observed	Raman	peak	positions,	and	the	broader	band	shapes	
resulting	from	multiple	overlapping	Raman	bands.	

4.	CONCLUSION	
We	have	demonstrated	the	capabilities	of	a	Compact	Remote	

Raman+LIBS+Fluorescence	 System	 (CRRLFS)	 at	 a	 standoff	
distance	of	5	m	to	analyze	natural	rocks	in	daylight	conditions	
and	 with	 high	 fluorescence	 backgrounds,	 without	 sample	
preparation.	Remote	Raman	spectra	of	natural	multiminerallic	
rocks	results	in	Raman	signal	mixing	from	various	phases	and	
it	 is	 demonstrated	 that	 several	 mineral	 phases	 such	 as	
carbonates,	 quartz,	 feldspar,	 olivine,	 and	 pyroxene	 can	 be	
identified	 in	 rocks.	The	provided	data	and	 interpretation	are	
necessary	 for	 accurate	 analysis	 of	 future	 Raman	
measurements	 on	 planetary	 surfaces	 such	 as	 on	 Mars,	 as	
expected	from	the	NASA	Mars	2020	rover	mission.	Expansion	
of	the	available	published	standoff	Raman	spectra	of	rocks	with	



complex	 mineralogies	 will	 aid	 in	 providing	 a	 more	 realistic	
assessment	of	the	expected	spectral	data	from	these	and	other	
surface	rover	missions.		
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Table		2:	Powder	XRD	diffraction	crystal	lattice	parameters.	

	


