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Tourmaline is a useful mineral for determining provenance of sediments. Here, detrital tourmaline has been used to 
evaluate provenance for the Rinconada and Piedra Lumbre formations in the Copper Hill Anticline, Picuris Mountains, 
New Mexico, USA to assess the existence of the Mesoproterozoic Picuris Orogeny. This orogeny has been proposed by 
other authors based on the presence of 1600–1475 Ma detrital zircons in the Piedra Lumbre Formation of the Hondo 
Group and Yavapai age (1780–1700 Ma) detrital zircons in units underlying the Piedra Lumbre Formation, including 
the Rinconada Formation. 
Optically distinct detrital cores of tourmaline grains from the Rinconada and Piedra Lumbre formations were analyzed 
using Laser-Induced Breakdown Spectroscopy (LIBS) to establish likely lithologic sources. A total of 209 LIBS spectra 
of detrital grains were collected from the Rinconada Formation, 50 of which were tourmaline. Based on multivariate 
analysis of these 50 tourmalines, 24 are most likely from pelitic metamorphic rocks, four from calcareous metamorphic 
rocks, eight from Li-poor pegmatites and silicic igneous rocks, and 14 from hydrothermal rocks. In contrast, none of 
the 3274 LIBS spectra collected from the Piedra Lumbre Formation were from tourmaline. 
Source regions for the Rinconada and Piedra Lumbre formations are interpreted to be different due to the presence of 
tourmaline in the Rinconada Formation and its absence in the Piedra Lumbre Formation. Based on detrital tourmaline 
data, evidence for a change in provenance supports the proposed Picuris Orogeny.
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Recent work proposed an additional Mesoproterozoic 
orogeny, the Picuris Orogeny at c. 1490–1400 Ma, based 
on detrital zircon evidence from the Rinconada and 
Piedra Lumbre formations (Daniel et al. 2013). Zircons 
from the Rinconada Formation (Fig. 2) have ages older 
than 1700 Ma and are consistent with local Yavapai 
sediment sources. However, the overlying Piedra Lumbre 
Formation contains zircons with ages 1600–1450 Ma, in 
addition to those with Yavapai ages (1780–1700 Ma). 
Because no magmatism has been identified in the region 
between 1500 Ma and 1600 Ma, these zircons indicate 
the existence of an additional clastic sediment source. 
Daniel et al. (2013) proposed that juxtaposition of this 
non-Laurentian source in the Piedra Lumbre Formation is 
evidence for a suturing event associated with the Picuris 
Orogeny.

This study tests the Picuris Orogeny hypothesis 
using detrital tourmaline in the Rinconada and Piedra 
Lumbre formations to determine possible changes in 
source rock lithologies. Multivariate analysis of Laser-

1.	Introduction

Proterozoic growth of the Laurentian continent south-
ward is thought to have occurred during two major 
orogenies: the Yavapai Orogeny at 1780–1700 Ma and 
the Mazatzal Orogeny at 1680–1600 Ma (e.g. Karlstrom 
and Bowring 1988; Bowring and Karlstrom 1990; Whit-
meyer and Karlstrom 2007). The Precambrian Hondo 
Group rocks of the Picuris Mountains in northcentral 
New Mexico, USA, have long been interpreted as 
shallow marine sediments that were metamorphosed 
during the Mazatzal Orogeny (Fig. 1; e.g. Barrett and 
Kirschner 1979; Soegaard and Eriksson 1985, 1989; 
Bauer 1993). The Rinconada and Piedra Lumbre forma-
tions comprise the upper Hondo Group. The Rinconada 
Formation consists of alternating phyllites, meta-
quartzites, and pelitic schists (Bauer 1984). The Piedra 
Lumbre Formation is a carbonaceous muscovite–biotite 
phyllite with garnet porphyroblasts (Nielsen and Scott 
1979; Bauer 1984).
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Induced Breakdown Spectroscopy (LIBS) spectra is 
used to determine original host-rock lithology on de-
trital tourmalines. A change in sediment source region 
could be recorded by a change in detrital tourmaline 
composition. 

1.1.	Tourmaline

The chemical, physical and mechanical properties of 
tourmaline make it a useful mineral for provenance 
determinations (e.g. Krynine 1946). Tourmaline is a 
boron-bearing cyclosilicate with the general formula 
XY3Z6(BO3)3T6O18V3W (e.g. Henry et al. 2011). Typi-
cal elements are Na and Ca in the X-site, Li, Mg, and 
Fe2+ in the Y-site, Mg, Al, and Fe2+ in the Z-site, and 
OH, F, and O in the W-site (e.g. Hawthorne and Dir-
lam 2011). 

The structure of the mineral allows for incorporation 
of numerous chemical constituents that respond to and 
record the chemical environment of formation (e.g. Henry 
and Guidotti 1985). This sensitivity can be useful for pet-
rogenetic and provenance correlation (e.g. Viator 2003; 
Dutrow and Henry 2011; van Hinsberg 2011). Tourmaline 
is stable over a wide range of temperatures and pressures 

and is both physically and chemically stable in sedimen-
tary conditions. Consequently, detrital tourmaline grains 
can be preserved in metasedimentary rocks as cores in 
tourmaline with metamorphic overgrowths (e.g. Henry 
and Dutrow 1992, 1996). The chemical signature of 
the detrital core reflecting its original host rock is also 
preserved because tourmaline has very slow diffusion 
rates (e.g. Henry and Dutrow 1992, 1996; Dutrow and 
Henry 2011).

Henry and Guidotti (1985) compiled chemical com-
positions of tourmaline from a variety of lithologies and 
found that tourmaline generally develops characteristic 
compositions when plotted on an Al–Fe–Mg discrimi-
nation diagram. As such, tourmalines that are separated 
from the original host lithology, such as detrital tourma-
line grains, can be used as an indicator of the original 
host rock lithology. For example, Henry and Dutrow 
(1992) found that detrital tourmaline grains in chlorite-
zone schists develop rims that are in equilibrium with 
the schists, but that the detrital cores retain their original 
lithologic chemical signature suggesting that over 20 
sources contributed sediments in a single sample. Here, 
another method is used on the detrital cores to capture 
chemistry of tourmaline grains and to predict original 

Fig. 1 Simplified geological map of the study area in the Picuris Mountains, New Mexico, USA after Bauer and Helper (1994). Stars indicate 
sample locations in the Rinconada and Piedra Lumbre formations.
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tourmaline lithologies: Laser-Induced Breakdown Spec-
troscopy in conjunction with multivariate statistics. 

1.2.	Laser-Induced Breakdown Spectroscopy

Laser-Induced Breakdown Spectroscopy (LIBS) is a 
laser-ablation technique that collects the photon emission 
from microplasma generated by a laser pulse. Micro-
plasma temperatures, 8,000–12,000 K, cause excitation 
of free electrons that release photons when they return 
to lower energy levels as the plasma cools (e.g. Cremers 
and Radziemski 2006). The photons are collected by 
fiber optic cable, diffracted, and 
recorded by a charge-coupled 
device (CCD). Spectra, gener-
ally including ultraviolet, vis-
ible, and infrared light, contain 
information on all elements of 
a sample and can be considered 
a detailed chemical fingerprint 
(e.g. Harmon et al. 2009). In 
this study, the detailed LIBS 
fingerprint is used with multi-
variate statistics to determine 
host rock lithologies of detrital 
tourmaline. 

2.	Methods

2.1.	Sample collection 
and preparation

Samples were collected from 
the Rinconada and Piedra Lum-
bre formations in the Copper 
Hill anticline in the Picuris 
Mountains, New Mexico, USA. 
Samples from the Rinconada 
Formation are from the R6 unit 
(Fig. 2). The R6 unit was se-
lected because it was sampled 
for zircon analysis by Daniel et 
al. (2013). 

To separate tourmalines, 
samples were disaggregated in 

a steel jaw crusher and ground to sizes of c. 0.5–8 mm 
with a steel disc grinder. Particles smaller than 0.595 
mm were passed over a Gemini shaking table, allowing 
the heavy detritus to be collected. Further separation of 
minerals was accomplished using a Franz magnetic sepa-
rator with settings at 0.30, 0.50, 0.80, and 1.8 A. Instead 
of hand-picking tourmalines from the remaining mineral 
separate, all the minerals collected from the 1.8 A setting 
were mounted in epoxy and ground to expose the crystal 
surfaces. Due to uneven crystal surfaces from the grind-
ing process, additional samples from the mineral separate 

Fig. 2 Modified stratigraphic section 
of the study area with zircon ages from 
Daniel et al. (2013). Unit descriptions 
for the Hondo Group are from Nielsen 
and Scott (1979) and Bauer (1984). 
Stars indicate sample locations in the 
Rinconada and Piedra Lumbre forma-
tions.
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were prepared for LIBS analysis by adhering them to the 
sample tray with double-sided tape. 

2.2.	Laser-Induced Breakdown Spectroscopy 
analysis

Broadband LIBS spectra were acquired at New Mexico 
State University using an Ocean Optics 2500+ LIBS 
system with a Nd:YAG laser operated at its fundamental 
wavelength of 1064 nm. Each pulse had a laser power of 
63 mJ. The Q-switch delay time was 1.5 µs; this is the 
time between the laser pulse and the beginning of light 
collection that allows the random kinetic processes that 
produce continuum radiation to decay prior to collection 
of quantum photons. The gate time width was 155 µs. 
Samples were analyzed in an argon atmosphere, which 
allows more excitation of atoms from the sample due to 
the high ionization energy of argon compared to analysis 
in air. Plasma light emissions between 200 and 1000 nm 
were collected. Selected peaks are labeled in the repre-
sentative tourmaline LIBS spectrum presented in Fig. 3. 
The presence of a boron peak at 249.7 nm is used as a 
diagnostic indicator of tourmaline or another boron-rich 
phase. For analysis, the small size of the grains allowed 
only one pulse for each grain. The centers of grains were 
targeted; however, the optics of the system does not allow 
exact positioning of the laser spot on the sample. Thus, 
it is possible that some tourmaline rims were analyzed.

2.3.	Data analysis

A matching algorithm for tourmaline LIBS spectra, de-
veloped by Curry (2015) using 169 tourmalines from five 
host rock types, was used to determine the original host 
rock lithology of the detrital grains. The algorithm is a 
series of binary partial least-squares regression (PLSR) 
models. These PLSR models consist of multiple linear 

regressions involving two matrices, typically called X 
and Y (Wold et al. 2001). The X matrix contains LIBS 
spectra and the Y matrix contains provenance variables. 
The provenance variables are 1 or 0, where 1 indicates 
that the tourmaline belongs to the lithology being mod-
eled and 0 indicates that it belongs to any of the other 
lithologies. Half of the spectra are used for calibration 
and the other half are used for test-set validation. The 
model is calibrated, or trained, using spectra with known 
lithology and provenance variables are calculated for all 
calibration spectra. 

The Value of Apparent Distinction (VAD) is a prov-
enance variable that separates the two groups, typically 
calculated as the average of the lowest provenance vari-
able in the lithology being modeled (1) and the average of 
the highest provenance variable in the group of all other 
lithologies (0). If calculated provenance variables for 
validation spectra are greater than the VAD, then those 
spectra are classified as the lithology being modeled. If 
calculated provenance variables for validation spectra 
are less than the VAD, then the samples are classified as 
one of the other lithologic groups. The success rate for 
the model is the percent of correctly classified spectra. In 
the matching algorithm, the success rates for the models 
range from 94.1 to 96.9 % (Curry 2015).

The PSLR models discriminate among five tourmaline-
bearing rock types based on the original sample set: cal-
careous metamorphic rocks, pelitic metamorphic rocks, 
hydrothermal deposits, Li-poor pegmatites and silicic 
igneous rocks, and Li-rich pegmatites (Fig. 4; Curry 
2015). Li-rich pegmatites are distinguished from the Li-
poor ones by the presence of a Li-saturated phase such 
as spodumene or lepidolite in the original rock. Silicic 
igneous rocks and Li-poor pegmatites were modeled as 
a single group because the sample set did not contain 
a sufficient number of tourmalines from silicic igneous 
rocks to model that lithology as a separate group. The 
lithology with the most distinct composition is modeled 

Fig. 3 Diagram showing a selected 
LIBS spectrum from a tourmaline grain 
in the sample from the Rinconada For-
mation. Major peaks are labeled with 
corresponding elements. Argon peaks 
are from the argon atmosphere used 
during analysis. Inside the box is the 
boron peak at 249.7 nm used to identify 
tourmaline.
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Rinconada Formation, many of the spectra from the 
Piedra Lumbre Formation were likely to be biotite due 
to the abundance of biotite in the mineral separate after 
magnetic separation.

4.	Discussion and conclusions

The presence of tourmaline in the R6 unit of the Rinco-
nada schist suggests that at least four different host-rock 
types, including pelitic metamorphic rocks, Li-poor peg-
matites and silicic igneous rocks, calcareous metamorphic 
rocks, and hydrothermal deposits contributed tourmaline 
detritus to the metasediment. The variety of detrital tour-
maline sources recognized in the R6 sample is similar 
to the results of Henry and Dutrow (1992) that suggests 
numerous sources typically contribute to basin sediments.

In contrast, the lack of tourmaline in the Piedra Lum-
bre Formation suggests that tourmaline-absent host rocks 
contributed clastic sediments. Thus, a change in sediment 
source of the detritus is likely. Because the Rinconada 
and Piedra Lumbre formations are both metapelitic, the 
absence of tourmaline in the Piedra Lumbre Formation 
heavy mineral suite is an unexpected observation. Sample 
processing bias can be ruled out because the same min-
eral separation techniques were used for both samples. 

Results of this study are consistent with the detrital 
zircon age data from Daniel et al. (2013) indicating a 
change in sediment source between the deposition of 
the Rinconada Formation (> 1700 Ma) and the overly-
ing Piedra Lumbre Formation (1600–1450 Ma). While 
the original goal of the study was to evaluate a differ-
ence in the lithologies that contributed sediment to the 
two formations, the presence of detrital tourmaline in 
the Rinconada Formation and its absence in the Piedra 
Lumbre Formation is a fundamental observation of this 
work and is strongly suggestive of a change in sediment 
sources. Thus, this LIBS tourmaline provenance study 
further supports the concept of the c. 1490–1400 Ma 
Picuris Orogeny (Daniel et al. 2013). This study sug-
gests that the application of multivariate analysis of LIBS 
spectra from detrital tourmaline has promise as a tool for 
determining sediment provenance.
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first; spectra from that lithology are removed from all 
subsequent models. Thus, spectra become more similar as 
the algorithm progresses. This method has been success-
fully used to distinguish between limestone beds and to 
determine the countries of origin for rubies and sapphires 
(McMillan et al. 2012; Kochelek et al. 2015). 

3.	Results

3.1.	Rinconada Formation 

A total of 209 spectra were collected from grains of the 
R6 unit of the Rinconada Formation. Of these spectra, 
50 were identified to be from tourmaline grains based 
on the presence of a significant boron peak at 249.7 nm 
(e.g. Fig. 3). Many of the remaining spectra from the 
Rinconada Formation were likely to be biotite due to 
the abundance of biotite in the mineral separate after 
magnetic separation. 

These 50 tourmaline spectra were subjected to a series 
of PLSR models to identify the likely tourmaline host 
rock. Analyses demonstrate that 24 spectra were likely 
derived from pelitic metamorphic rocks, four from calcar-
eous metamorphic rocks, eight from Li-poor pegmatites 
and silicic igneous rocks, and 14 from hydrothermal li-
thologies. None of the tourmaline spectra were classified 
as being derived from a Li-rich pegmatite. 

3.2.	Piedra Lumbre Formation

A total of 3274 spectra were collected from the Piedra 
Lumbre Formation. Based on the absence of the boron 
peak, none them was found to be tourmaline. Like the 

Fig. 4 Schematic of the matching algorithm used to determine tour-
maline host rock lithology (Curry 2015). The algorithm is a series of 
PLSR models that were used to identify likely provenance for detrital 
tourmalines from the R6 unit in the Rinconada Formation.
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