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A B S T R A C T

In California, the metamorphic blueschist occurrences within the Franciscan Complex are commonly composed
of glaucophane, which can be found with a fibrous habit. Fibrous glaucophane's potential toxicity/pathogenicity
has never been determined and it has not been considered by the International Agency for Research on Cancer
(IARC) as a potential carcinogen to date. Notwithstanding, outcrops hosting fibrous glaucophane are being ex-
cavated today in California for building/construction purpose (see for example the Calaveras Dam Replacement
Project - CDRP). Dust generated by these excavation activities may expose workforces and the general popula-
tion to this potential natural hazard. In this work, the potential toxicity/pathogenicity of fibrous glaucophane has
been determined using the fibre potential toxicity index (FPTI). This model has been applied to a representative
glaucophane-rich sample collected at San Anselmo, Marin County (CA, USA), characterized using a suite of ex-
perimental techniques to determine morphometric, crystal-chemical parameters, surface reactivity, biodurability
and related parameters. With respect to the asbestos minerals, the FPTI of fibrous glaucophane is remarkably
higher than that of chrysotile, and comparable to that of tremolite, thus supporting the application of the precau-
tionary approach when excavating fibrous glaucophane-rich blueschist rocks. Because fibrous glaucophane can
be considered a potential health hazard, just like amphibole asbestos, it should be taken into consideration in the
standard procedures for the identification and assessment of minerals fibres in soil and air samples.

1. Introduction

Mineral fibres are widespread on Earth where they may occur as
flexible poly-filamentous bundles, with individual fibril widths on the
micrometre or sub-micrometre scale and splayed ends (Belluso et al.,
2017). The mineral fibres that are commercially classified as asbestos
are chrysotile, actinolite asbestos, amosite, anthophyllite asbestos, cro

cidolite, and tremolite asbestos (NIOSH, 1990). Due to their outstand-
ing chemical-physical and technological properties, asbestos minerals
have been incorporated in nearly 3000 different composite materials
(Gualtieri, 2012). However, long-term epidemiological studies and
several animal carcinogenicity tests have provided sufficient scientific
evidence that all these six asbestos mineral types, if inhaled, may induce
lung diseases like malignant mesothelioma (Skinner et al., 1988).
Consequently, the International Agency for Research on Cancer
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(IARC) included them all in Group 1 “substance carcinogenic to humans”
(Mossman and Churg, 1998; Yarborough, 2007; IARC, 2012) and
55 countries like Italy, France, Germany, Japan, South Africa and
Canada have forbidden the importation and use of all asbestos minerals
(International Ban Asbestos Secretariat, 2018). Amphibole asbestos
is rarely mined today, with a few exceptions, such as in Bolivia where
crocidolite (actually magnesio-riebeckite) is still mined and used in as-
bestos-cement plants (Ilgren et al., 2015) and India, where tremolite
asbestos and anthophyllite asbestos are extracted for application in roof-
ing and pipe products (Dave and Beckett, 2005; Ansari et al., 2007).
Small quantities of amosite are also reportedly mined in India (Govern-
ment of India, 2015).

A general concern is growing regarding all mineral species which
display a fibrous crystal habit similar to asbestos on the basis that they
may be potentially as hazardous as asbestos. The term Elongate Mineral
Particles (EMPs) has been coined to include all such particles (National
Institute for Occupational Safety and Health (NIOSH), 2011). In
addition to the six asbestos minerals, the EMPs have raised global con-
cern as listed below:

(1)The fibrous varieties of the zeolite erionite and the amphibole flu-
oro-edenite. Up to now, these two species are the only mineral fi-
bres besides asbestos to be classified as carcinogens for humans
by the IARC (IARC, 2017, 2012). Epidemiological studies suggest
that fibrous erionite and fluoro-edenite are the cause of a high in-
cidence of malignant mesothelioma in some villages in Cappadocia
(Turkey) and Sicily (Italy) (Mattioli et al., 2016; Demirer et al.,
2015; Carbone et al., 2007; Comba et al., 2003; Paoletti et al.,
2000).

(2)Other fibrous amphiboles such as winchite and richterite. Potential
risk from these fibrous amphiboles has been proven by several stud-
ies (Naik et al., 2017; Baumann et al., 2015). Specifically, they
caused an epidemic of lung diseases at Libby, Montana (Baumann
and Ambrosi, 2016) although they have not been classified yet in
terms of toxicity/carcinogenicity by the IARC.

(3)Other not-listed mineral fibres; e.g. the fibrous zeolite ferrierite. A
recent study showed that this zeolite has the same chemical-phys-
ical properties that are deemed to prompt adverse effects in vivo
by fibrous erionite (Gualtieri et al., 2018a). However, no restric-
tion has been considered against fibrous ferrierite because neither
toxicity/carcinogenicity nor epidemiological studies have been con-
ducted (Hwang et al., 2013).

(4)Elongated cleavage fragments, i.e. any particle that may have the
same chemical formula of the amphibole and serpentine minerals,
but which is originated from a crystal that cleaves into fragments
rather than being separated longitudinally into fibrils (Gunter et
al., 2007). The particles of greatest concern are those which meet
the counting criteria of WHO for airborne fibres (length≥5 μm, di-
ameter≤3 μm, length/diameter≥3:1) (WHO , 1997). However, to
date there are no conclusive studies indicating a potential toxic-
ity/pathogenicity or absence of toxicity/pathogenicity for elongate
cleavage fragments (Gunter et al., 2007; Weill, 2018).

Potential environmental exposure to respirable mineral dust from
natural deposits in which asbestos fibres can be hosted, commonly re-
ferred to as naturally occurring asbestos, NOA (Harper, 2008; Lucci et
al., 2018) is an issue of great concern in the United States (CARB (Cal-
ifornia Air Resources Board), 2005; Swayze et al., 2009; DTSC ,
2004). In California, NOA occurs in 90% of the counties and many sub-
urban communities are expanding into areas underlain by these deposits
(Pan et al., 2005).

Glaucophane, from the Greek “glaukos” (bluish-green) and
“phainesthai” (to appear), is an alkaline amphibole whose ideal chem-
ical formula is Na2[(Mg,Fe2+)3(Al,Fe+3)2]Si8O22(OH)2 (Deer et al.,

2013). Glaucophane is widespread and may occur with a fibrous crys-
tal habit in blueschist facies in former subduction zones or in eclogites
that have undergone retrograde metamorphism (Himmelberg and Pa-
pike, 1969) such as in Brittany, France and Piedmont, Italy. Although
its crystal habit and chemistry make this species analogous to hazardous
asbestos amphiboles such as winchite, crocidolite and richterite, its po-
tential toxicity/pathogenicity has never been evaluated to date and this
mineral fibre is not classified by the IARC.

A recent investigation (Erskine and Bailey, 2018) has shown that
glaucophane in the Franciscan Complex (California, USA) is also fibrous
at a micrometre to sub-micrometre level. Franciscan Complex rocks are
commonly excavated locally for building/construction purpose in north-
ern and central California (e.g. the Calaveras Dam Replacement Project
(CDRP) as well as all developmental projects in the City and County of
San Francisco), and the dust generated by the excavation activities may
potentially expose construction workers and the nearby populations.

In this study, for the first time, a detailed morphological, chemi-
cal and structural characterization of a fibrous glaucophane amphibole
is presented with the aim to create a solid basis for future toxicologi-
cal testing and to evaluate whether this fibre can represent a potential
health hazard. To this purpose, the model that predicts a fibre poten-
tial toxicity/pathogenicity index (FPTI) proposed by Gualtieri (2018)
was used to study fibrous glaucophane from the metamorphic rocks out-
cropping in San Anselmo, Marin County (USA). The model proposed by
Gualtieri (2018) was prompted by the need to better understand the
mechanisms by which fibrous minerals, such as those which were mined
as asbestos, induce adverse effects in vivo (Gualtieri et al., 2017) and
is based on the physical, chemical, biological and mineralogical factors
that determine the toxicity and pathogenicity. The model (Gualtieri,
2018) permits ranking the potential hazard of unclassified mineral fi-
bres such as the species described in this work. Following the protocol of
the FPTI index, a representative sample of fibrous glaucophane from the
Franciscan Complex, located north of San Francisco (USA) was charac-
terized using a suite of experimental techniques, to determine morpho-
metric and crystal-chemical parameters, biodurability and related para-
meters, and surface reactivity (surface iron, Zeta potential, fibres aggre-
gation, etc.).

2. Experimental

2.1. Geological overview and sampling methods

Blueschist is a glaucophane-bearing metamorphic rock typically as-
sociated with subduction or continental collision and records meta-
morphism at high pressures and relatively low temperatures (high-P,
low-T) (Wakabayashi, 2015). The most notable and extensively stud-
ied blueschist facies terrane in the world is the Franciscan Complex, a
diverse 1000km long belt of oceanic crust and overlying marine and
terrestrial sediments that were subducted as the Farallon oceanic plate
moved beneath the north American continent in the Jurassic Period,
approximately 165Ma (Wakabayashi, 2015; see Fig. 1 for the dis-
tribution of the Franciscan Complex). These rocks are exposed from
the California-Oregon border to Los Angeles, California. The Francis-
can subduction complex developed from the late Mesozoic to early Ter-
tiary age and consists of penetrative sheared tectonic mélanges and
large, relatively coherent rock units (Cowan and Page, 1975). The
mélanges contain a diverse assemblage of rocks of various sizes and de-
grees of metamorphism. The various components include greenstone pil-
low basalt, blueschist-facies metamorphic rocks, radiolarian chert, frag-
ments of ultramafic mantle rocks, terrigenous greywacke, mudstone,
and small amounts of conglomerate (Cloos, 1982). In the regionally
metamorphosed Franciscan Complex, blueschist-facies form a narrow
belt which extends for more than 400km along the eastern margin of
the Coast Ranges of northern California and southwest Oregon (Wak
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Fig. 1. Sample location and distribution of the Franciscan Complex in California, USA
(modified from Irwin, 1990).

abayashi, 2015; Blake et al., 1969). Blueschist rocks commonly oc-
cur in the Franciscan Complex at many places along the length of coastal
California such as the Tiburon Peninsula, Cazadero area and Marin
County (Wakabayashi, 2015; Blake et al., 1969). In the San Fran-
cisco bay area region of California, the Franciscan Complex is repre-
sented by a variety of tectonic terranes defined by large relatively co-
herent units separated by thrust or strike-slip faults or broader zones
comprised of serpentinitic melange. Some terranes, such as the Alcatraz
and Marin Headlands terranes underlying San Francisco and separated
by the Hunters Point serpentinite melange, are comprised of relatively
low-grade metasediments (ribbon chert, shale, and graywacke sand-
stone) and metabasalts (greenstone). Within others, such as the Yolla
Bolly terrane north and east of San Francisco, rocks have been meta-
morphosed at higher grades, and include low-temperature high-pressure
mineral assemblages including lawsonite, jadeite pyroxene, and glauco-
phane.

In the present study, blueschist rocks were collected at San Anselmo,
Marin County, CA, approximately 24Km north of San Francisco (see
Fig. 1). Glaucophane is the main mineral component and is found in
several modes of occurrence within the roughly 30m diameter high
grade block: 1) thin veins within fractured greenstone which can look
like blue paint, 2) as an up to approximately 1m thick rind around the
greenstone, and 3) as massive, highly foliated blueschist. Generally, the
fibrosity of the material is not visible in hand specimen, or under a hand
lens, except within the thin veins in the greenstone where short fibre
bundles can be observed. The blueschist sample was prepared at As-
bestos TEM Laboratories, Inc. (Berkeley, CA) by crushing, pulverizing
and homogenization/mixing (see Erskine and Bailey, 2018, for a full
description of the preparation method on a sample from a different lo-
cation). Approximately 500g was prepared for this and future research.

2.2. Microscopic characterization, specific surface area and ζ potential

2.2.1. Electron microscopy
To determine the morphometric parameters of the glaucophane fi-

bres, scanning electron microscopy (SEM) analyses were performed us-
ing a FEI Nova NanoSEM 450 FEG-SEM with 15kV accelerating volt-
age and 3.5μA beam current and 6mm working distance. Sample pow-
der obtained by gentle grinding in agate mortar was suspended in dis-
tilled water and filtered through a 0.2mm Nucleopore filter. Half of
the filter was placed on an aluminium stub with double-stick carbon
tape and sputter-coated with gold (10nm of thickness), using a Gold
Sputter Coater - Emitech K550. Images were acquired using secondary
electrons and combined secondary and backscattered electrons (hybrid
mode) were used to optimize certain observations. EDX (Energy Disper-
sive X-ray) data were always collected to confirm the chemical nature
of the fibres. A surface of 1mm2 of the filter was investigated, collecting
400 random fields at 2000x and down to 10,000x for the chemical and
morphometric characterization. The size and morphometric parameters
of the single glaucophane particles with an aspect ratio >3 were deter-
mined on 244 individuals, counting all the visible particle in the inves-
tigated region of interest. Lengths and widths were calculated using Im-
ageJ image analysis software, version 1.52a (NIMH , 2018).

A preliminary transmission electron microscopy (TEM) study was
conducted with the aim to investigate the morphology of fibrous glau-
cophane. A JEOL 1200 EX II (JEOL, Tokyo, Japan) was used at 80kV,
and an XR81-MB Advanced Microscopy Techniques digital camera was
utilized to capture the images. The specimen used for the SEM study, ob-
tained by gentle grinding in agate mortar, was suspended in acetone and
a drop of suspension was casted on a formvar-coated 200 mesh copper
grid and left to dry overnight. Images, EDX data and Selected Area Dif-
fraction images (SAED) were collected on the sample fibre for the iden-
tification of the fibre and its morphometric characterization.

2.2.2. Optical microscopy
To determine the optical properties of the glaucophane fibres, obser-

vations of the samples were performed both in polarized light and chro-
matic dispersion technique. Polarized Light Optical Microscopy (PLOM)
investigation was performed in transmitted light with an Olympus BX-43
polarizing light microscope equipped with: objective Lenses White LED
illumination, circular rotating stage, first order red quarter wavelength
compensator plate, Olympus DP73 17 megapixel pixel-shifting digital
camera and Olympus Stream Basic 2.1 image collection and processing
software. Image magnification was calibrated using stage micrometre
1mm=100×0.01. Mineral refractive indices were determined using
Cargille refractive index oils series A, B & M in conjunction with appli-
cation of the Becke line method (Faust, 1995).

Phase Contrast Optical Microscopy with chromatic dispersion
(PCOM) qualitative analysis was performed using a Leica DM4000 B
LED light microscope. Cargille Refractive Index Liquid was used to study
the optical properties of the fibres found in the sample (Cavariani et
al., 2010).

2.2.3. Determination of the specific surface area (SSA)
SSA of the sample was determined using the BET-method (Brunauer

et al., 1938). The SSA analyses were carried out by Gemini V instru-
ment (Micromeritics) with nitrogen as probe gas. About 300mg of de-
hydrated sample (at 100 °C for 24h) was mounted in the sample holder
and conditioned at 50 °C prior to measurement. The analysis was carried
out using N2 at the temperature of 77.15K. Measurements were con-
ducted with an equilibration time of 10s and the saturation pressure of
777.280mmHg.

3



UN
CO

RR
EC

TE
D

PR
OO

F

D. Di Giuseppe et al. Environmental Research xxx (xxxx) xxx-xxx

2.3.4. Determination of the ζ potential
The ζ potential of the sample was determined using a Zetasizer Nano

Series instrument (Malvern). Analyses were performed using double-dis-
tilled water and modified Gamble solution as dispersants. Gamble so-
lution was used to simulate the extracellular environment of the lung
and it was prepared following the formulation proposed by Gualtieri et
al. (2018b). Sample fibres were added to the dispersants in a weight
percentage of 0.1% and subjected to ultrasonic treatment for 15min ζ
potential measurements were conducted at a temperature of 37 °C and
different pH. A few drops of HCl 1N were added to the suspension to
obtain a pH of 2. The pH was then raised up to 10 using NaOH 0.1N.
The pH was monitored using a Criston Series 2000 pH-meter. ζ potential
measurements were collected three times for each sample to check the
reproducibility of the results.

2.3. Spectroscopic characterization

2.3.1. Nuclear magnetic resonance (NMR)
27Al NMR spectroscopy was used to determine the coordination of

aluminium in the sample (Muller et al., 1981). The 27Al single pulse
magic angle spinning nuclear magnetic resonance (SP/MAS NMR) spec-
tra were collected on a Bruker Avance III 600MHz spectrometer using
a double resonance Bruker Very Fast MAS probe configured for 1.3mm
(o.d.) rotors. The sample was spun at a frequency of 35kHz and data
were collected using a 0.5 μs pulse (rf=47kHz) and 0.5 or 0.1 s pulse
delay (pd) for 1024 to 12,288 scans (ns). The chemical shift was refer-
enced with respect to an external solution of 0.1M AlCl3 (δAl =0ppm).
Due to the presence of Fe in the glaucophane, the 27Al spectra was col-
lected at high spinning rates which reduces the influence of paramag-
netic coupling between the 27Al and the Fe in the sample. The fit of the
27Al spectrum modelled using pseudo-Voigt line-shapes and the chem-
ical shifts represents the position of the peak maximum and not the
isotropic chemical shift.

2.3.2. Mössbauer spectroscopy
Bulk Fe oxidation state in the sample was determined using the Möss-

bauer spectroscopy (Gualtieri et al., 2018a). Approximately 70mg
of powder was mixed with sugar in a mortar. Subsequently, the mix-
ture was gently transferred into plastic washers and confined with
Kapton tape (Dyar and Burns, 1986). Mössbauer spectra were ac-
quired at temperatures ranging from 4 to 295K using a source of
100-60mCi 57Co in Rh on a WEB Research Co. model WT302 spectrom-
eter (Mount Holyoke College). Compton-corrected absorption was cal-
culated for each individual spectrum. Run times were 24h, and base-
line counts were approximately 1 million after the Compton correction.
Spectra were collected in 1024 channels and corrected for nonlinearity
via interpolation to a linear velocity scale, which is defined by the spec-
trum of the 25μm Fe foil used for calibration. Mössbauer spectra were
modelled using the Dist_3e program (University of Ghent courtesy of E.
DeGrave). The program models spectra using quadrupole splitting or hy-
perfine field distributions for which the subspectra are constituted by
Lorentzian shaped lines. It uses velocity approximations to find the least
square minimum between the data and the model using line shape-in-
dependent quadrupole splitting of hyperfine field distributions with iso-
mer shift and linewidth as free parameters. Errors on isomer shift are
±0.02–0.03mm/s for the doublets and sextets in these spectra. Errors
on quadrupole splitting and line widths are slightly larger (±0.05mm/
s), and errors on hyperfine fields are ±2–3kOe (Dyar et al., 2006;
Dyar, 1984). Errors on total % of Fe3+ are ±1–5% absolute based
on repeated fits to the same spectra, with a detection limit for Fe3+ of
roughly 1%.

2.3.3. Fourier transform infra-red (FTIR) spectroscopy
The FTIR spectrum in the OH-stretching region of the sample was

collected with unpolarized light using a Bruker Hyperion 3000 micro-
scope equipped with an MCT detector and a KBr beam splitter. The nom-
inal resolution of set at 4cm−1, and 128 scans were accumulated for
both sample and background.

2.3.4. X-ray photoelectron spectroscopy (XPS)
XPS measurements were conducted with the aim to reveal the

Fe2+/Fe3+ ratio at the close to surface layers of the glaucophane fibres.
XPS spectra were acquired with a CLAM2 VG Microtech electron hemi-
spherical analyser operated at 30eV of pass energy (0.6eV of energy res-
olution) at normal emission and a double anode XR3 VG source, deliv-
ering Mg Kα photons (1253.6eV), at 15kV, 18mA.

2.4. Diffraction and chemical data of fibrous glaucophane

2.4.1. X-ray powder diffraction (XRPD) data
High Resolution X-ray synchrotron powder diffraction data were

collected at the ID22 beamline of the ESRF (Grenoble, France) us-
ing a multi-channel detector. HR-PXRD data were acquired at 31keV
(λ=0.39994Å, calibrated with the Si NIST standard SRM 640c at room
temperature), with a beam size of 1mm (horizontal) by 0.9mm (verti-
cal) defined by water-cooled slits. The beam was monochromated with
a cryogenically cooled Si 111 channel-cut crystal. A bank of nine de-
tectors, each preceded by a Si111 analyser crystal, was scanned ver-
tically to measure the diffracted intensity. The capillary was mounted
on a rotating support and spun at approximately 2Hz to improve the
powder average. The full profile fitting analyses were performed using
XRPD data and Rietveld refinement using the TOPAS package (Coelho,
2018).

2.4.2. Selected area electron diffraction (SAED)
A supplementary SAED TEM study was conducted on the glauco-

phane fibres. The sample is the same used for the preliminary TEM stud-
ies obtained by gentle grinding in agate mortar. The identification and
selection of the fibres was supported by imaging and EDX data. Selected
Area Electron Diffraction images were acquired on a JEOL 100 CX II
Transmission Electron microscope operating at 100kV using a single tilt
sample holder and the smallest aperture to exclude all particulate but
the fibre target. SAED were taken with an Olympus side mounted cam-
era. Measurements were made in the Olympus iTEM software in Pixel
angstroms and then converted to angstroms using the most recent cam-
era constant. The measured values were compared to both calculated
d-spacing from the JCPDS card file 23–069 and the experimental val-
ues calculated from the Rietveld refinement (see paragraph 2.4.1). These
were supplemented with calculated values using the standard crystallo-
graphic equations for the monoclinic systems.

2.4.3. Electron probe micro analysis (EPMA)
Quantitative chemical composition of the sample was obtained using

a JEOL 8200 SuperProbe Electron Probe Microanalyzer equipped with
a Wavelength-Dispersive X-Ray (WDS) spectrometer system, W hairpin
type filament and 1μm spot size. Detectable element range is 4Be to
92U and detectable wavelength is 0.087–9.3nm. Atomic number res-
olution on BSE (Z): less/equal than 0.1 (CuZ). The following analyt-
ical conditions were used: excitation voltage of 15kV, specimen cur-
rent of 5nA, peak-count time of 30s, background-count time of 10s.
The standards utilized were omphacite for Na, elemental vanadium for
V, elemental chromium for Cr, elemental copper for Cu, nickeline for
Ni, fayalite for Fe, HgSe for Hg, rhodonite for Mn, orthoclase for K,
olivine for Mg, grossular garnet for Al, Si and Ca. The instrument is also
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equipped with an Energy Dispersive X-Ray Spectroscopy (EDS) system
characterized by a detectable element range: 11Na to 92U, energy reso-
lution: 144eV and lithium (Li)-doped silicon single-crystal semiconduc-
tor detector. A fraction of the sample was gently ground in agate mortar
and mounted on epoxy discs (25mm). The discs were polished to expose
a cross-section of the material. Prior to analysis, the discs were coated
with a thin film of carbon.

Analyses of the individual fibres were not possible because the fibres
were invariably aggregated in bundles, clusters and matrices (see the
Supplementary material) and the beam spot size was greater than the
average fibres’ size. The position of each spot analysis was selected us-
ing semi-quantitative EDS analysis. The following major elements were
determined: K, Na, Ca, Mn, Mg, Fe, Al and Si. The calculation of the
crystal-chemical formula was normalized on the basis of 23 O.

2.4.4. ICP-MS
Inductively coupled plasma mass spectrometry (ICP-MS) was used

to determine the trace elements (Be, V, Cr, Mn, Co, Ni, Cu, Zn, As
and Pb) composition of the sample. The analysis was conducted follow-
ing the procedure proposed by Bloise et al. (2016). Approximately
50mg of three different aliquots of sample powder were totally di-
gested with Suprapur® grade of HF and HNO3 on a hot plate at 200 °C
for 8h. Final solutions were analysed by a quadrupole Thermo X Se-
ries-2 ICP-MS spectrometer using kinetic energy discrimination (KED)
approach. Calibration curves were made using Merck (Darmstadt, Ger-
many) ICP multi-element standard solution VI (Li, Be, V, Cr, Mn, Co, Ni,
Cu, Zn, As, Rb, Sr, Ba, Pb, U, V, Zn). An internal standard (Y) was added
to the solutions.

2.4.5. Biodurability
Biodurability of mineral fibres is their ability to resist to chemical/

biochemical alteration (Tóth et al., 2016). This property was evaluated
by in vitro acellular dissolutions tests (Gualtieri et al., 2018b) in batch
reactors at 37 °C. In particular, leaching was conducted in Gamble solu-
tion (pH=4) using 25mg of powder and 250ml of solution (Gualtieri
et al., 2018b). The experiment included six replicates. The degree of
dissolution is determined by measuring the change of the sample mass
after different times: 48h, 1 week, 2 weeks, 1-2-3 months. The mass of
the sample dissolved with time, was used to determine the apparent dis-
solution rate R (mol·m−2s−1) from the equation:

with SSA determined using the BET-method (see paragraph 2.2.3),
m=initial mass of the sample (g) and k=apparent dissolution rate con-
stant. In addition, assuming that the whole sample consisted of fibres,
the estimated lifetime t of a fibre was determined using the equation
(originally applied to chrysotile by Hume and Rimstidt, 1992):

where w=fibre width (m) and V=molar volume (m3·mol−1). Detailed
description of dissolutions test methods and the procedure used for the
dissolution data elaboration are reported in Gualtieri et al. (2018b).

2.5. Determination of FPTI of fibrous glaucophane

To calculate the FPTI of fibrous glaucophane and predict its toxic/
pathogenic potential, the following parameters are considered
(Gualtieri, 2018; Gualtieri et al., 2017): Morphometric parameters
(mean fibre length, mean fibre diameter, crystal curvature (if the lat-
tice is cylindrical or not), crystal habit, density, hydrophobic character,
specific surface area; Chemical parameters (iron content, content of fer

rous iron, surface iron and its nuclearity, content of metals other than
iron); Parameters related to biodurability (dissolution rate, rate of iron
dissolution/release, rate of silica dissolution/release, rate of release of
metals from the fibre); Parameters related to surface reactivity (ζ poten-
tial, aggregation state of the fibres in suspension, cation exchange ca-
pacity for fibrous zeolite species). Note that for some parameters used
the values represent the results from analysing the entire sample, includ-
ing any minerals other than glaucophane. However, since glaucophane
is the major component of the sample (approximately 87%) the results
should be close to those which would have been obtained from analysis
of pure glaucophane. For each parameter, a score is assigned depending
on its measured value and its susceptibility in inducing adverse effects.
Because the parameters of the model can be correlated with each other,
a hierarchical scheme taking cross-correlations into account is applied
(Gualtieri, 2018). A weighing scheme is associated with each parame-
ter of the model according to its step/hierarchy H where w1 =1/H with
H=1, 2 or 3. A weight defined as w2 =1/U is also applied to each para-
meter of the model. It accounts for the uncertainty in the determination
of a specific parameter (n, m) and is defined by the penalty parameter U
(1=low to null uncertainty, 2=some degree of uncertainty, 3=high
uncertainty). Having defined the weighing scheme of the parameters,
the FPTIi is calculated according to the equation (Gualtieri, 2018):

with Ti =class value of the parameter i of the model; w1 =1/H weight
of the parameter according to its hierarchy H; w2 =1/U weight of the
parameter according to the uncertainty U of its determination. Table
1 reports the parameters of the model used for the calculation of the
FPTI of fibrous glaucophane, their classification and relative normalized
scores FPTIi.

3. Results

A gallery of acquired FEG-SEM and TEM images is reported in Fig.
2. The analyses of the SEM images show that the blueschist is character-
ized by aggregates of fibrous crystals (Fig. 2a and b) with diameters be-
tween 0.04 and 2μm (average 0.2μm; Fig. 2b and c), typically arranged
in bundles and clusters (Fig. 2a). The bundles exhibit “split-ends” and
both individual fibrils and bundles can exhibit slight curvature (Fig.
2a). Clusters and bundles are generally >20μm, while the single fibres
have a length between 1 and 16μm with an average of 4μm (Fig. 2).
All of the 244 observed fibres have length/width ratio >3:1 (the statis-
tics is reported in Table 2). Fig. 2d is an example of SAED pattern of a
glaucophane fibre with a relative EDX spectrum.

The quantitative phase analysis performed using XRPD data and
the Rietveld method, shows that the blueschist contains glaucophane
86.7(8) wt%, clinochlore 6.4(5) wt%, unclassified amphibole 5.1(7)
wt% and minor quartz 1.7(8) wt% (Fig. 3). The agreement indices of
the Rietveld quantitative phase analysis are: Rexp =0.56, Rwp =7.86,
Rp =5.21, GOF=14.04. The graphical output of the Rietveld refine-
ment is shown in the Supplementary material. The refined unit cell
parameters of the glaucophane phase in the sample are a=9.597(7)
Å, b=17.830(14) Å, c=5.27(1) Å, β=103.6(6)° and V=876.5(8),
matching the values from the literature: a=9.541Å, b=17.740Å,
c=5.295Å, β=103.4° and V=870.9(3) (Papike and Clark, 1968).
Given the low amount of the unidentified amphibole species (5.1(7)
wt%), a dedicated study is required to assess its very nature.

An example of SAED pattern is reported in Fig. 2d while the index-
ing of the pattern and the determination of the unit cell parameters, con-
sistent with those of glaucophane, are attached as Supplementary Mate-
rial.
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Table 1
The parameters used and the calculated FPTI for the fibrous glaucophane, Franciscan Complex (CA, USA) and comparison with chrysotile from Balangero (Italy) and asbestos tremolite
sample from Val d’Ala (Italy).

Parameters classes
Normalized score
FPTIi

Chrysotile, Balangero
(Italy)

Asbestos tremolite, Val
D'Ala (Italy)

Fibrous glaucophane, Franciscan
Complex
(CA, USA)

(1,1) length L >5μm and <10μm
>10μm and <20μm
>20μm

0.1
0.2
0.4

0.4 0.4 0.0

(1,2) diameter D >1μm and <3μm
>0.25μm and <1μm
>0.25μm

0.1
0.2
0.4

0.1 0.1 0.4

(1,3) crystal curvature Flat surface (perfect
crystal)
Altered surface
Cylindrical surface

0.05
0.1
0.2

0.2 0.05 0.05

(1,4) crystal habit Curled
Mixed Curled/acicular
Acicular

0.1
0.2
0.4

0.1 0.4 0.4

(1,5) fibre density <2.75g/cm3

>2.75 and <3.5g/cm3

>3.5g/cm3

0.05
0.1
0.2

0.05 0.1 0.1

(1,6) hydrophobic character of
the surface

Hydrophobic
Amphiphilic
hydrophilic

0.05
0.1
0.2

0.2 0.2 0.2

(1,7) surface area >25m2/g
<25 and >5m2/g
<5m2/g

0.05
0.1
0.2

0.05 0.2 0.1

(1,8) Total iron content Fe2O3+FeO wt% <1
1<Fe2O3+FeO
wt% < 10
Fe2O3+FeO wt% > 10

0.05
0.1
0.2

0.05 0.1 0.2

(1,9) ferrous iron 0<FeO wt%<0.25
0.25<Fe Owt%<1
Fe Owt%>1

0.05
0.1
0.2

0.2 0.2 0.2

(1,10) Surface ferrous iron/iron
nuclearity

Fe2+ nuclearity>2
Fe2+ nuclearity=2
Fe2+ nuclearity=1

0.02
0.03
0.07

0.03 0.03 0.02

(1,11) content of metals other
than iron*

<1
1 < < 5

>5

0.1
0.2
0.4

0.4 0.4 0.4

(1,12) dissolution rate log(R)** <1y
>1 and <40y
>40y

0.05
0.1
0.2

0.05 0.2 0.2

(1,13) velocity of iron release*** <0.1
>0.1 and <1
>1

0.03
0.07
0.13

0.07 0.07 0.07

(1,14) velocity of silica
dissolution****

<0.5
>0.5 and <1
>1

0.02
0.03
0.07

0.067 0.03 0.067

(1,15) velocity of release of
metals*****

<1
>1 and <10
>10

0.03
0.07
0.13

0.133 0.133 0.133

(1,16) ζ potential Negative at pH=4.5
Negative at both
pH=4.5 and 7

0.1
0.2

0.1 0.2 0.2

(1,17) fibres' aggregation ς>|20|
|10|<ς<|20|
|0|<ς<|10|

0.03
0.07
0.13

0.033 0.07 0.033

(1,18) Cation exchange
(in zeolites)

cation Exchange
no cation exchange

0.07
0

0 0 0

FPTI (error) 2.23(0.21) 2.88(0.43) 2.77(0.25)

Fig. 4 reports the mineral fibres of the studied sample observed with
PLOM. The measured optical parameters of the fibre are reported in
Table 3. There are no differences between fibre bundles and clusters as
far as the optical properties are concerned.

The 27Al NMR spectrum of blueschist is reported in the Supplemen-
tary material. The spectrum shows a peak located at −7.0ppm, which
suggests that Al present in the main minerals is in a six-coordinated (oc-
tahedral) environment.

The Fe-Mössbauer spectra of raw material and the extrapolated data
are reported in the Supplementary material. The ferrous/ferric ratio of
mineral in the blueschist was found to be 65:35.

The results of the EMPA analyses expressed in weight percent with
standard deviations are reported in the Supplementary materials. The
chemical formula of the fibrous glaucophane, as determined from 45
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Fig. 2. Representative SEM-FEG (a and b) and TEM (c) images of the glaucophane particles found in the blueschist sample. Glaucophane is characterized by aggregates of fibrils (a, b)
with an average diameter of 0.2μm (b) typically arranged in bundles and cluster (a, b). The bundles exhibit “split-ends” (b, c) and both individual fibrils and bundles can exhibit slight
curvature (a, b). Cluster and bundles are generally more than 20μm long while the single fibres have an average length of 4μm (b). An example of SAED pattern of a glaucophane fibre
with a relative EDX spectrum is reported in (d).

Table 2
Summary statistic of glaucophane fibres geometry. L (length); W (width); Min (minimum);
Max (maximum); SD (standard deviation).* Percentile is a value below which a given per-
centage of values in a data set fall. Example: given a group of observations, the 25th per-
centile is the value that is greater or equal to 25% of the observations, i.e. the 25% of
fibres have L ≤ 2.49 μm, W ≤ 0.16 μm and L/W ≤ 13.0.

Min Percentiles* Max SD

5th 25th 50th 75th 95th

L (μm) 1.10 1.61 2.49 4.00 6.16 9.33 16.2 2.61
W (μm) 0.04 0.10 0.16 0.22 0.30 0.62 1.93 0.21
L/W 3.06 6.12 13.0 18.0 25.8 37.3 72.9 10.5

EMPA spot analyses is:

8 analysis spots were also performed on a cluster of ferro-glauco-
phane. The chemical formula calculated for this amphibole is:

Classification of these sodic amphiboles was made according to
Hawthorne et al. (2012) using the discriminant atomic ratio Mg/
(Mg + Fe+2). In agree with this classification, glaucophane and
ferro-glaucophane in the studied blueschist have Mg/(Mg + Fe+2)
>0.5 and < 0.5 respectively. Classification plots based on the Mg/
(Mg + Fe2+) vs Si content and 100 × Mg/(Mg + Mn + Fe2+) vs

Fig. 3. Rietveld refinement of the X-ray diffraction pattern from the blueschist powder.
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Fig. 4. Mineral fibres observed with PLOM. Glaucophane fibres' bundles (a). Glaucophane
aggregates under crossed polars with the compensator plate inserted (b).

Table 3
The optical properties of fibrous glaucophane.

Properties Values

Colour Lavender blue
Pleocroism X=colourless

Y=pale blue
Z=lavender blue

Sign of elongation Biaxial (−)
2V 20°
Birefringence 0.009–0.013
Extinction angle 0–14° (undulose extinction)
Colour fibre parallel dispersion staininga Dark blue
Colour fibre perpendicular dispersion staininga Pale Blue
Colour fibre parallel phase contrasta Colourless
Colour fibre perpendicular phase contrasta Colourless
Refractive index nα 1.636
Refractive index nβ 1.640
Refractive index nγ 1.644
Delta (nγ- nα) 0.008
Dispersion r<v

a Refractive index liquid 1.670.

100×Fe3+/(Fe3++Al) are reported as Supplementary Material (Deer
et al., 2013; Leake et al., 1997).

The OH-stretching spectrum of the fibrous glaucophane is given in
Fig. 5. The IR spectrum of synthetic end-member glaucophane (Palin
et al., 2003; Jenkins and Corona, 2006) shows one single band at
3662cm−1 due to the vibration of O–H groups locally associated with
Mg only at the hydroxyl coordinated M(1,3) sites. The spectrum of the
studied sample, instead, shows the typical four band pattern of amphi-
boles with Fe2+-Mg at M(1,3) (Della Ventura et al., 2005, 2016;
Iezzi et al., 2005), and an empty A-site (Della Ventura et al., 2003);
in particular, four well resolved peaks are found at 3659, 3647, 3633
and 3616cm−1, plus an evident shoulder at 3672cm−1. This pattern is
very similar to that of riebeckite (Susta et al., 2018; Della Ventura
et al., 2018), an amphibole with a composition very close to glauco-
phane, the only notable difference being the presence of Fe3+ instead
of Al at the M(2) site. Several particles observed under PLOM also ex-
hibited optical properties (refractive index and sign of elongation) more
typical of riebeckite, either in the whole fibre or at one end of a fibre.
This is not surprising as glaucophane and riebeckite are end-members
of a solid-solution series as magnesium-aluminium (glaucophane) is re-
placed by ferrous-ferric iron (glaucophane) in the composition. On the
basis of the vast literature on amphiboles (Susta et al., 2018; Della
Ventura et al., 2018) the observed bands can be assigned to the Mg-
MgMg–OH (3659cm−1), MgMgFe2+-OH (3647cm−1), MgFe2+Fe2+-OH
(3633cm−1) and Fe2+Fe2+Fe2+-OH (3616cm−1) configurations. The
3672cm−1 component can be assigned to the MgMgMg–OH configura-
tion close to a B-site locally occupied by Ca (Jenkins et al., 2013)
i.e. to a local tremolite-type configuration (Hawthorne et al., 1997,
2000; Della Ventura et al., 2003). At a closer inspection, the higher
wavenumber components are broader of the lower wavenumber compo-
nents; this feature had already been observed in synthetic amphiboles
along the tremolite - glaucophane join (Jenkins et al., 2013) and can
be assigned to increasing disorder at the B-site, were different cations
(Iezzi et al., 2007) are likely to be allocated, i.e. Ca, Mg and Fe2+, in
agreement with the EPMA results.

It has been shown (Della Ventura et al., 2016) that the relative
intensities of the four components in the IR spectrum of an intermedi-
ate Mg–Fe2+ amphibole are directly correlated to the relative amounts
of the two substituting cations at the M(1,3) octahedra. The spectrum
shown in Fig. 5 was thus decomposed into single Gaussians, follow-
ing the procedure discussed by Della Ventura (2017). The result is
given in Fig. 6. From the integrated intensities of the fitted compo-
nents, the amount of Fe2+ at M(1,3) can be calculated as: M(1,3)Fe2+ =
IB + 2IC + 3ID, where IB to ID are the intensities of the B to D peaks,

Fig. 5. FTIR OH-stretching spectra of the glaucophane sample.
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Fig. 6. Fitted FTIR spectrum of the glaucophane sample decomposed using Gaussian com-
ponents.

respectively (Fig. 6). In the calculations, the intensity of the T (“tremo-
lite”) component, due to a local configuration of the type Mg-
MgMg–OH–BCa has been added for simplicity to the intensity of the A
component, because the respective OH groups share the same octahe-
dral configuration. The obtained amount of M(1,3)Fe2+ is 1.35 a.p.f.u., in
excellent agreement with the EPMA results adjusted by the Mössbauer
spectroscopy result.

Fig. 7. The Fe2p region of XPS spectra of glaucophane sample.

The XPS spectrum reported in Fig. 7 shows the Fe 2p energy region
after subtraction of the Mg X-ray source satellites. The spectrum is de-
composed into spin-orbit split Voight doublets, corresponding to 2p3/2
– 2p1/2 components, over a Shirley type background. The spectrum pre-
sents Fe2+ and Fe3+ main components, accompanied by related satel-
lites (Grosvenor et al., 2004). The surface Fe2+/Fe3+ ratio obtained
from XPS peak intensity is 0.88 indicating that the surface of the fibres
is oxidized (the Fe2+/Fe3+ ratio in bulk glaucophane is 1.87).

Results of the ζ potential analyses as a function of pH are illustrated
in Fig. 8. The ζ potential values are all negative and strongly correlated
with pH. In the pH range between 2 and 10, the ζ potential of the sam-
ple varies from −4 to −37 using double-distilled water as a dispersion
media, while from −18 to −28 using Gamble's solution. Nevertheless,
the trend of the ζ potential is similar in both dispersion media (see Fig.
8). When the pH of the suspension increases, the ζ potential becomes
more negative. Significant differences were only found at highly acidic
and alkaline pH conditions. At low pH, the ζ potential is more negative
in Gamble's solution with respect to distilled water whereas the oppo-
site is observed at alkaline pH. In both dispersion media, glaucophane
shows ζ potential values similar to those found for asbestos amphiboles
like crocidolite (Fig. 8b).

SSA of the sample is 7.9m2/g. SSA was used to calculate the kinetic
parameters of the in vitro acellular dissolution (with Gamble solution at
pH 4) of glaucophane (Table 1). Dissolution times (t) and dissolution
rate (R) of glaucophane are comparable with those estimated for the as-
bestos amphiboles as shown in Table 4.

Table 5 reports the mean values of the content of trace elements
measured by ICP-MS. The concentrations are very high if compared with
the values found in human lungs (Vanoeteren et al., 1986). Some met-
als considered as ecological and health risks (As, Co, Cu, Ni, and V) are
present in concentrations exceeding recommended limits (Tóth et al.,
2016) although this should not represent a concern because the bio-
durability of the glaucophane amphibole phase prevents their release in
vivo.

4. Discussion

4.1. Characteristics of fibrous glaucophane

In this study, a thorough characterization is presented on a repre-
sentative sample of the fibrous glaucophane component of a rock sam-
ple obtained from San Anselmo, Marin County, CA (USA). This locality
was chosen because of its high concentration of fibrous glaucophane. In
fact, the results of the Rietveld quantitative phase and EPMA analyses
of the bulk rock confirmed that the blueschist is composed mainly of

Fig. 8. Plot of the ξ potential versus pH curves. a) fibrous glaucophane in distilled water and Gamble's solution. b) fibrous glaucophane (solid line) and crocidolite (dashed line) in both
distilled water and Gamble's solution.
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Table 4
Kinetic parameters calculated for the dissolution of mineral fibres.

SSA
(m2g−1)

k
(s−1)

R
(mol·m−2s−1)

t
(days)

t
(years)

Glaucophane 7.9 8.2×10−13 4.2×10−13 20,075 55
UICC amosite 9.5 6.1×10−13 2.7×10−13 27,010 74
UICC
anthophyllite
asbestos

4.4 1.2×10−13 1.0×10−13 83,950 245

UICC crocidolite 16.1 1.3×10−13 3.2×10−13 24,090 66
Val d’Ala
tremolite
asbestos

9.2 5.4×10−14 4.5×10−13 17,885 49

UICC chrysotile 43 2.5×10−10 2.3×10−10 94 0.3

Table 5
Trace elements concentration (ppm) of the studied blueschist, concentration found in the
human lungs (Vanoeteren et al., 1986) and threshold values (Tóth et al., 2016). n.a.
(not available).

Blueschist Elements in human lungs Threshold values

V 215 0.50 100
Cr 95.5 0.50 100
Mn 3337 3.00 n.a.
Co 38.2 0.01 20.0
Ni 150 1.00 50.0
Cu 240 5.00 100
Zn 188 30.0 200
As 6.03 0.10 5.00
Pb 8.04 0.50 60.0
Be 7.04 0.03 n.a.

glaucophane with minor ferro-glaucophane and another amphibole of
uncertain nature that needs further investigation. In addition, there is
a compositional variability across and between some fibres crossing
compositional boundaries. This behaviour is common in many amphi-
bole assemblages, for example that found in the vermiculite deposit at
Libby, Montana (Lowers et al., 2012). In the optical microscope the
mean length of the glaucophane fibres is<5μm, but all the fibres dis-
play a fibrous habit, with “split-ends”, slight curvature and aspect ratio

>3:1, similar to the appearance exhibited by minerals deemed to be as-
bestos.

Similar to the asbestos amphiboles, glaucophane is biodurable and
has negative values of ζ potential at pH 4.5 (Gualtieri et al., 2018b;
Pollastri et al., 2014). Negative ξ potential, such as those displayed by
of glaucophane may prompt the formation of hydroxyl radicals, affect
apoptosis and favour the binding of collagen and redox-activated Fe-rich
proteins (Pollastri et al., 2014).

The role of Fe in fibre toxicity is crucial. The total Fe content in
the bulk and surface of amphiboles are an important factor for the as-
bestos-induced patho-biological activity (Gualtieri et al., 2018c). The
analysed fibres have a relatively high ferrous (FeO wt%>1) and total
iron (Fe2O3+FeO wt% > 10) content. In addition, XPS analysis showed
that both Fe+2 and Fe+3 are available as structural iron at the surface
of the fibres.

4.2. Toxicity/pathogenicity potential of fibrous glaucophane

Table 1 reports the FPTI calculated for fibrous glaucophane and Fig.
9 shows a plot of the FPTI of fibrous glaucophane and other fibrous am-
phibole species. Following the protocol of the FPTI index, a represen-
tative sample of fibrous glaucophane was characterized using a suite of
experimental techniques to determine morphometric and chemical para-
meters, biodurability and related parameters as well as surface reactiv-
ity.

The plot reports both the FPTI values calculated assuming the ac-
tual morphometric parameters (length L and diameter D) of the fi-
bres (raw) and those calculated assuming ideal values of L>20μm and
D<0.25μm (normalized morphometry) relative to the fibres with the
maximum toxicity/pathogenicity potential. The FPTI of fibrous glauco-
phane is markedly greater than that of chrysotile from the Balangero
mine, and comparable to that of amphibole asbestos species like tremo-
lite asbestos from Val d'Ala (Gualtieri, 2018). The results of this cal-
culation clearly indicate that the toxicity/pathogenicity potential of fi-
brous glaucophane is comparable to that of other amphibole asbestos
species, having a value which is very close to that of fibrous fluoro-eden-
ite recently classified as “Carcinogenogenic for Humans” (Group 1) by
the IARC (IARC, 2012). A closer look at the plot (Fig. 9) reveals that
the FPTI of fibrous glaucophane is smaller than that of the other fi-
brous amphibole species. This is due to the short length L of the indi-
vidual fibres with the mean value ‾L=4.1μm smaller than the thresh

Fig. 9. FPTI calculated for fibrous glaucophane and other fibrous amphibole species.
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old limit of 5μm set for acting successful phagocytosis by alveolar
macrophages (Gualtieri et al., 2017). As a matter of fact, our SEM
study reveals that the long fibrous glaucophane bundles are basically
composed of an intergrowth of short fibre aggregates (clusters) (Fig.
10). If single short fibres released as airborne particulate are respired
and reach the deep respiratory system (alveoli), their alveolar phago-
cytosis and clearance is efficient. A plethora of studies in the literature
deals with the issue of the length L of mineral (asbestos) fibres as key pa-
rameter in inducing in vivo adverse effects. L is one of the key parameters
of the fibre toxicity paradigm based on L, D, and biodurability (Pott,
1978) and a key factor in inflammation and pathogenicity of fibres, es-
pecially in the development of malignant mesothelioma (MM) (Donald-
son et al., 2010). Many researchers in the scientific community believe
that short fibres are not hazardous. This model is supported by the ‘Stan-
ton hypothesis’ (Stanton et al., 1981) indicating that the optimum
morphology for inducing intrapleural tumours in rats following injec-
tion and implantation is D≤0.25μm and L>8μm because longer fibres
cannot be eliminated by phagocytic cells leading to frustrated phago-
cytosis (Churg, 1993). The ‘Stanton’ model is supported by the evi-
dence that cytotoxicity, inflammatory potential and the development of
asbestos-related MMs, lung cancers, and fibrosis are observed with long
fibres (L≥5μm) that are selectively retained in the lung or pleura (Rog-
gli, 2015). Along the same line, Lippmann (2014) concluded that,
for biopersistent airborne fibres, L dictated their ability to cause MM
and pulmonary fibrosis or lung cancers with MMs caused by fibres with
L>5μm. Nonetheless, large body of literature have expressed concerns
regarding pathogenicity of shorter fibres (Roggli, 2015; Boulanger et
al., 2014). Specifically, to date there are no conclusive studies proving
the non-fibrogenicity of short (<5μm) mineral fibres. In this regard, in-
vestigations by Nayebzadeh et al. (2006) showed that in the lungs of
Québec chrysotile miners the degree of fibrosis is inversely related to the
length of the fibres. Subsequent investigations by Adib et al. (2013)
underline that the percentage of short fibres in the lungs of miners suf-
fering from fibrosis is slightly larger than the long fibres.

If the assumption that short fibres (i.e. with L≤5μm) have limited
toxicity/pathogenicity potential, in principle blueschist may have low
hazard because of the prevalence of short fibres. Erskine and Bai-
ley (2018) have shown that 6.6% of the fibres found in the air at
the Calaveras Dam replacement project are >5μm and only 0.6% are
>10μm long. The weight of L in determining the toxicity/pathogenic-
ity potential of fibrous glaucophane is witnessed by the value assumed
by the FPTI if normalized morphometry is considered. In the event that
fibrous glaucophane fibres display L>20μm, their potential toxicity/

Fig. 10. Representative high-resolution SEM-FEG image of short glaucophane fibre aggre-
gates.

pathogenicity would be greater than that of asbestos anthophyllite, cro-
cidolite, and fibrous fluoro-edenite.

4.3. Implications for the excavation activities in California

The sample from San Anselmo, Marin County (USA) was chosen be-
cause of the high concentration of fibrous glaucophane that allowed
us to perform its complete characterization and calculation of the FPTI
based on the bulk material (the properties of airborne particles liberated
by mechanical disturbance of the bulk material may differ from those of
the bulk material). The outcome of this study has several implications,
as a first step forward to understand the toxicity/pathogenicity and haz-
ardousness of fibrous glaucophane. Although the Marin County locality
is 115Km away from Calaveras Dam site, our study can be useful to sup-
port the precautionary approach used during the excavation activities
for the CDRP. The characteristics of fibrous glaucophane from Calav-
eras may be different from those of the Marin County sample. We have
also performed a quantitative phase analysis using the Rietveld method
(with agreement factors of the refinement Rexp =4.20%; Rwp =31.66%;
Rp =24.86% and GOF=7.54) on a representative Calaveras sample
determined a mineral composition with clinochlore 18.0(8) wt%, am-
phibole 5.8(1) wt%, fibroferrite 5.8(4) wt%, glaucophane/ferroglau-
cophane 49.0(1) wt%, lawsonite 18.7(7) wt%, mica 0.7(4) wt%, and
quartz 1.9(1) wt%, indicating a comparable mineralogical assemblage.
Hence, the outcome of this study justifies a cautious application of the
results of the study also to the Calaveras case.

California has the most stringent regulations regarding NOA in exca-
vation of any State in the United States. For sites greater than an acre
that have any amount of asbestos, an Asbestos Dust Mitigation Plan must
be submitted to the local Air Quality Management Districts, and manda-
tory dust control measures to prevent asbestos emissions and track-out
are required during soil disturbance activities. The California Depart-
ment of Occupational Safety and Health (DOSH; otherwise known as
Cal/OSHA) requires personal protection and exposure control measures
when soil with asbestos in any amount at school site is disturbed. How-
ever, the mandatory test methods for asbestos, for both soil and air sam-
ples, require reporting only of the five “regulated” amphiboles. Labora-
tories generally exclude glaucophane from test reports because it is not
considered “asbestos” and this amphibole species is reported as a non-as-
bestos mineral or not reported at all.

Soil, perimeter, and personal air monitoring data from the CDRP
document the high potential of airborne exposures to the public and
site workers from the blueschist amphibole, a mix of amphibole com-
positions in solid solution with glaucophane being the dominant species
(Erskine and Bailey, 2018). During periods of intense blueschist dis-
turbance activities, the concentrations of the blueschist amphibole may
routinely exceed perimeter thresholds (based on asbestos risk), and ex-
posures to certain workers may routinely exceed the US federal asbestos
permissible exposure limit (PEL). It should be remarked that glauco-
phane is not a regulated amphibole in California or the US so there is
no PEL for exposure to it. PCME structures would be counted by NIOSH
7400 PCM, but further analysis by NIOSH 7402 would have negated
the finding (National Institute for Occupational Safety and Health
(NIOSH), 1994a; National Institute for Occupational Safety and
Health (NIOSH), 1994b). The NIOSH handbook does consider any
amphibole in the glaucophane-riebeckite solid solution to be considered
hazardous, but the strict regulations do not include glaucophane. Al-
though the blueschist amphiboles are composed predominantly of short
fibres (about 7% of the fibres of the CDRP bulk samples are long), it is
the number of long fibres in fugitive emissions rather than the percent
present in rock and soil that is important.

The potential of adverse exposures to fibrous glaucophane in north-
ern California, as well as other locations where Franciscan rocks are

11



UN
CO

RR
EC

TE
D

PR
OO

F

D. Di Giuseppe et al. Environmental Research xxx (xxxx) xxx-xxx

disturbed, is significant and previously unrecognized. For example, the
City and County of San Francisco and majority of the Silicon Valley and
surrounding areas to the south are underlain by the Franciscan Com-
plex or Franciscan-derived alluvium. These are areas of intense devel-
opment, and large construction projects involving commercial buildings
and residential subdivisions in close proximity to existing populations
are a ubiquitous presence.

5. Conclusions

Glaucophane is a key mineral of blueschist-grade rocks in the Fran-
ciscan Complex, and the fibrous habit may be more common than pre-
viously recognized (Erskine and Bailey, 2018). The disturbance of
blueschist-grade rocks by anthropogenic activities may cause dust emis-
sions that expose workers and population.

Full characterization of the parameters that may be involved in min-
eral toxicity/pathogenicity cannot be achieved through the application
of one or even a few analytical techniques. In this study, fibrous glau-
cophane was fully characterized using a suite of experimental tech-
niques, and its toxicity/pathogenicity potential was assessed using the
FPTI model. The calculated toxicity/pathogenicity potential of fibrous
glaucophane is markedly greater than that of chrysotile and compara-
ble to that of asbestos amphibole fibres supporting the application of the
precautionary approach when excavation activities regard fibrous glau-
cophane-rich blueschist rocks. In the future, fibrous glaucophane should
be tested in vitro to provide experimental confirmation of the outcome
of this work. While the findings on the fibrous glaucophane from Marin
County may show differences in terms of mineral assemblage and mor-
phology with the sample from Calaveras, our study supports the precau-
tionary approach applied during the excavation activities for the CDRP.
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* =sum of the concentrations of heavy metals (Sb, As, Hg, Cd,
Co, Cr, Cu, Pb, Ni, Zn, V, Be) Ci in the fibre (ppm) divided by the limit
Li for that metal according to the existing regulatory system (see Table
5) except for Be with limit = 0.5 ppm; **the total dissolution time of

the fibre calculated in years (y) following the standardized acellular in
vitro dissolution model at pH=4.5 described in reference (Gualtieri et
al., 2018b); ***total content of elemental iron in the fibre (wt%) pos-
sibly made available as active iron at the surface of the fibre divided
by the total dissolution time (y) of the fibre (y); ****total content of Si
of the fibre (wt%) divided by the total dissolution time (y) of the fibre;
*****total content (ppm) of heavy metals (Sb, As, Hg, Cd, Co, Cr, Cu,
Pb, Ni, Zn, V, Be; Mn, Be) divided by the total dissolution time (y) of the
fibre.
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