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a b s t r a c t

Inhalation of airborne particles can produce crystallization of phosphatic microcrysts in intraaveolar
areas of lungs, sometimes degenerating into pulmonary fibrosis. Results of this study indicate that these
pathologies are induced by interactions between lung fluids and inhaled atmospheric dust in people
exposed to volcanic dust ejected from Mount Etna in 2001. Here, the lung solid–liquid interaction is
evaluated by the distribution of yttrium and lanthanides (YLn) in fluid bronchoalveolar lavages on selected
individuals according the classical geochemical approaches. We found that shale-normalised patterns of
eywords:
edical geochemistry

anthanides
ttrium
olcanic ash

yttrium and lanthanides have a ‘V shaped’ feature corresponding to the depletion of elements from Nd
to Tb when compared to the variable enrichments of heavy lanthanides, Y, La and Ce. These features and
concurrent thermodynamic simulations suggest that phosphate precipitation can occur in lungs due to
interactions between volcanic particles and fluids. We propose that patterns of yttrium and lanthanides
can represent a viable explanation of some pathology observed in patients after prolonged exposure

d are
ronchoalveolar lavages
endriform pulmonary ossification

to atmospheric fallout an
stresses.

. Introduction

Investigating the effects on human health of the exposure to
otentially hazardous geological materials represents one of the
resent issues in comprehension of the Earth dynamics [1]. The
uman pulmonary system is a place where inhaled geological
articulates material can interact with lung fluid and relative tis-
ues. Dendriform pulmonary ossification (DPO) and pulmonary
icrolithiasis (PAM) are two rare diseases that have been recog-

ized in the lungs of individuals who have inhaled atmospheric
articles released by industrial practices or hydrocarbon com-
ustion [2]. Both these pathologies generate new phosphatic

icrocrysts in intraaveolar areas of the lungs [3,4] that may

rogress to pulmonary fibrosis [5]. Both DPO and PAM are consid-
red difficult to recognise under in vivo observations, whereas their
ccurrence is usually evidenced only after authoptic examination.

∗ Corresponding author at: Dipartimento C.F.T.A., Università di Palermo, Via
rchirafi, 36 90123 - Palermo, Italy. Tel.: +39 3479662844; fax: +39 0916168376.

E-mail address: censi@unipa.it (P. Censi).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.113
suitable to become a diagnostic parameter of chemical environmental

© 2010 Elsevier B.V. All rights reserved.

Causes of these diseases are not well defined, although the
disposal of metal dust with large affinity to phosphate precipita-
tion, such as lanthanides, can represent a suitable possibility. This
suggestion agrees with recognition of DPO in people exposed to
industrial dust produced during the manufacture of mirrors, optical
lenses, and certain electronic components that are usually consid-
ered lanthanide-rich materials [6–11].

Trace elements present in atmospheric particles of either natu-
ral or anthropogenic origin can dissolve in lung fluid [12–14]. Since
the phosphate (PO4

3−) concentration in lung fluid is approximately
1.175 mmol l−1 [15], some cations with an affinity for phosphate,
such as those of the lanthanides, can crystallize in interstitial lung
spaces. This can be observed using a mildly invasive procedure
in which broncho-alveolar lavage (BAL) fluid is analysed for YLn
content using a shale-normalised approach. Techniques borrowed
from geochemistry are used to identify dissolved particles and

their phosphate crystallizations. This method can be used to assess
DPO and PAM induction, and has been texted in human lung flu-
ids of individuals exposed to freshly released volcanic particles
by inhalation. This may represent a suitable explaination of DPO
and PAM induction and has been tested in human lung fluids of

dx.doi.org/10.1016/j.jhazmat.2010.11.113
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:censi@unipa.it
dx.doi.org/10.1016/j.jhazmat.2010.11.113
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eople exposed by inhalation of freshly released volcanic parti-
les.

. Experimental

.1. Brief characterization of the fine particulates emitted by the
ruption of Mount Etna in the summer of 2001

During the eruption of Mount Etna in the summer 2001 the
mount of ejecta was so large as to cause the deposition of about
.39 kg m−2 ash between 21 and 24 July 2001 in the area [16]. Vol-
anic ejecta typically consisted of a mixture of several solids ranging
rom particles made of silicate minerals and volcanic glass to sol-
ble salts adsorbed onto those particles [17–19]. The solid fraction
f ejected materials mainly consisted of glass fragments (about
0%) with smaller amounts of clinopyroxene (about 15%) and minor
mounts of olivine and spinel [20,21]. There is a soluble ash frac-
ion (SAF) that coats the solid particles, and it consisted of highly
oluble sublimates of acids, metal salts, and adsorbed halogen-rich
uids (formed during the uprising of the volcanic eruptive plume
16].

.2. BAL extraction and chemical processing of the samples

Six patients in care at the Dipartimento di Medicina Interna e
edicina Specialistica of the Università degli Studi di Catania were

ubject (after giving their written informed consent) to the BAL
rocedure during the summer of 2001. This occurred immediately
fter residents of the city of Catania were exposed by inhalation
o volcanic ash produced by pyroclastic activity of Mount Etna,
he largest European volcano. Due to the particular location of
atania with respect to the eruptive source and the ambient mete-
rological conditions, there was an extreme deposition of volcanic
articles mainly consisting of mineral, glass and rock fragments
etween 1 and 500 �m diameter, with main grain-size in the range
f 5–10 �m diameter [22,16]. The International Commission on
adiological Protection (ICRP) considers that the percentage of
espirable particles within the size range of 5–10 �m is 30–1%,
espectively.

BALs were obtained by instillation of four lavages carried out
ith 30 ml aliquots of physiological solution (SW) using a fibro-

ronchoscope according to Bargagli et al. [23]. Each aliquot was
mmediately gently aspirated. From each lavage the first 20 ml of
ample were used to clean the fibrobronchoscope and the next
0 ml of sample, after filtration with a 0.22 mm NalgeneTM mem-
rane, were used for chemical investigations. BAL samples were
reated with 15 ml of hydrogen peroxide, 5 ml of HNO3 30% solu-
ion, 1.5 ml of HCl 30% solution and 0.1 g of solid NH4F in a
olytetrafluoroethylene (TFMTM) reactor. Reactors were sealed and
eated in a microwave oven (MARS 5TM, CEM Technologies) at
× 105 Pa and 200 ◦C for 30 min. Acid excess was removed from
ach solution up to incipient dryness using a CEM microvapTM

pparatus and HNO3 solution (5%, v/v) was added to attain final
olution volumes of 20 ml. The solutions were finally transferred to
reviously cleaned polycarbonate vials. The samples were treated
nder a laminar air flow clean bench to minimize contamination
isks.

YLn analyses were carried out with a double focusing magnetic
ector field inductively coupled plasma mass spectrometer SF-
CP-MS Thermo-Scientific Element 2, without gas chromatograph,

sing an external calibration approach. BAL analyses are reported

n Table 1. All the investigated elements were analyzed in medium-
esolution mode, apart from Y and La that were determined in
igh-resolution mode, in order to avoid an overestimation of true
oncentrations due to effects of interferences of polyatomic Ar- Ta
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earing species. Although several polyatomic interferences based
n Ar-bearing species can influence the correct evaluation of inves-
igated masses, this problem can be avoided using a high-resolution
ector field ICP-MS like this used in this research. On the other hand
he problem of the over estimation of the mass of interest partially
till remains for 89Y which is influenced by 49Ti40Ar species also
nder high resolution mode. According to the Thermo Finnigan

nterference WorkshopTM this interference can be avoided with
0,000 M–�M−1 theoretical resolution that cannot be attained
ith our SF-ICP-MS. On the other hand a 89Y/49Ti40Ar signal-to-
oise ratio close to 100 has very limited influence of the correct
valuation of the Y content. Although we did not monitor the 49Ti
ass, very low Ti concentrations are expected in BAL samples due

o the very low solubility of Ti-bearing materials, both of lithogenic
nd anthropogenic origin where 49Ti represents only 5.5% of the
ntire Ti abundance. The calibration for each element was based on
standard solutions at known concentrations. Analytical precision
as evaluated using the same physiological solution (SW) used for

ollection of BAL samples, due to the absence of standard reference
aterials with certified values for all the investigated elements.

ive aliquots of SW solution were added with the same quanti-
ies of chemicals used for the BAL samples treatment, they were
ubject to mineralization procedures and then used as procedural
lanks (PBs). YLn contents measured in PBs were used to evaluate
he critical values (LC), the detection limits (LD) and the limit of
uantification (LQ) for the investigated trace elements, according
o EPA [24]. Obtained results are reported in Table 2. The low LQ
alues indicate that the amounts of trace metals lost and/or added
uring recovery procedures and sample preparation are negligible
ith respect to the trace element contents of BAL samples.

All the studied solutions were prepared with Millipore ultrapure
ater (18.2 M�). All used chemicals were Merck ULTRAPUR®. All

he materials used to sample and manipulate water samples were
lasticware acid cleaned with hot 1:10 HNO3 solutions.

.3. Thermodynamic modeling

In order to evaluate if interactions between lung fluids and vol-
anic particles could induce crystallization of secondary phases,
e followed the modeling approach. Modeling calculations were

arried out using the composition of simulated lung fluid (SLF)
eported by Wood et al. [25], taking in account that SLF dissolves
he soluble-ash fraction (SAF) of suspended volcanic particulates
fter quick reaction. Due to the large SAF solubility the rate of the
lass dissolution was supposed to be negligible with respect to the
ate of SAF dissolution in lung fluids. As a consequence the SLF com-
osition was modified (simulated modified lung fluid, here called
MLF) before interacting with glass and crystalline fractions of vol-
anic particles. In our calculations the fractionation of YLn induced
y the occurrence of colloidal phase was not considered because the
olloidal stability in aquatic systems is limited to low salinity con-
itions (0–6 mg l−1) [26,27]. On the contrary, salt contents of lung
uids and the physiological solution used for BAL collection (9.5
nd 11.4 mg l−1, respectively) were too high to involve the occur-
ence of a significant colloidal phase in these fluids. YLn contents
n SMLF are reported in Table 3. Chemical modifications induced in
MLF by the dissolution of the glassy-ash fraction were evaluated
ith the aid of the EQ3/6, version 7.2b software package [28–30],
sing the LLNL thermodynamic database from the Lawrence Liver-
ore National Laboratory, where the same software package was

eveloped. EQ3/6 algorithm models the chemical evolution of geo-

hemical systems using thermodynamic and kinetic constraints.
n order to treat rock–water interactions in a lung system lead-
ng to major, minor and trace element released, the double solid
eactant method (DSRM) was adopted according to Accornero and
arini [31]. This approach is usually carried out to model trace Ta
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Table 4
List of the parameters in the thermodynamic modeling.

Parameter symbol Description Units

N+,ij Mechanism-specific reaction order
nT+,ij Activity of aqueous species number

(iT+,j) of parallel mechanisms, each
one comprising a rate constant (k+,ij),
a kinetic activity product, and a term

i Depending on thermodynamic
affinity (A+,j)

r� Dissolution rate mol s−1

ASj Physical surface area of jth solid cm2

fj Ratio of reactive to physical surface
area

k+,iJ Kinetic rate constant mol cm−2s−1

an Term depending on thermodynamic
affinity
�+,iJ Temkin’s coefficient
T Absolute temperature K
A+j Thermodynamic affinity of jth solid
R Gas constant J mol−1 K−1

elements released to the aqueous solution during dissolution of
host rocks. In fact, thermodynamic models and rate laws based
on transition state theory (TST) [32,33] can be used to describe
trace elements release during dissolutions of primary minerals.
In DSRM, each dissolving solid phase is considered as a double
solid reactant, consisting of a pure mineral or a solid mixture (the
solid reactant) and another reactant, defined as the special reac-
tant according to EQ6 nomenclature. Basaltic glass is considered
to be a mixture of amorphous silica and cryptocrystalline AlOOH;
therefore, the hydrolysis reaction for amorphous silica and gibb-
site, rather than for crystalline silica, was used to better simulate
natural conditions [34]. Thermodynamic and kinetic properties of
the solid reactant are enclosed in the geochemical database and
determine analogous properties (i.e. equilibrium constant of the
hydrolysis reaction), whereas the same features are unknown for
the special reactant. The saturation state of the aqueous solution
with respect to the solid reactant is calculated during the pro-
gressive dissolution of rocks until the attainment of the solution
saturation.

The input parameters utilized in EQ 6 thermodynamic model for
dissolution of volcanic particle components by lung fluids include:
(a) composition and surface area of solid reactant, (b) the specia-
tion model consistent with the composition of SMLF and (c) kinetic
parameters of the solid reactant. The first two parameters are
obtained from analyses of solid and liquid reactants and construc-
tion of the speciation model with the aid of the EQ3NR computer
code. Reaction path modeling has been carried out according to a
kinetic approach based on the TST. Rate-laws are written in the
form [35]:

rϕ = fiASj

iT+j∑
i=1

k+,iJ

(∏nT+ij

n=1
a−N+iJ

n

)
(1 − e−(A+j/�+iJ RT)) (1)

The terms in brackets are the kinetic activity product taking into
account the effect of the dissolved composition and the affinity fac-
tor that is influenced by the distance from equilibrium. Symbols
used in Eq. (1) are explained in Table 4.

The reaction progress is described by the variable � (expressed
in moles) that measures the relative extent of the reactive pro-
cess [35–37]. In EQ6, reaction progress variables are used to
describe only the reactions that are irreversible (not at equilib-

rium). The irreversible process is defined by an array of simple
irreversible reactions. A reaction progress (�) is associated to
each of these reactions. There is in addition an overall reaction
progress variable (�) for the process as a whole. The investigated
system consists of a primary mineral, an aqueous solution and
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ther secondary minerals that can crystallize as a consequence of
olid–liquid interactions. The reaction path modeling starts tak-
ng into account the dissolution of basaltic glass according to the
eaction

iAl0.36O2(OH)1.08 + 0.36H2O = SiO2 + 0.36Al(OH)4
− + 0.36H+.

Thermodynamic properties were estimated from the stoichio-
etrically weighted sum of hydrolysis reactions for amorphous

ilica and gibbsite. They were re-computed at the temperature,
ressure grid required by software package EQ3/6 and included

n the thermodynamic database. The kinetic parameters used in
his simulation correspond to the Gislason and Oelkers estima-
ions [34]. Inhaled particles interesting the deep lung area should
ave diameters lower than 3 �m [38]. Their shape was suggested
y optical observations carried out on the material used for kinetic
xperiments and revealed wide presence of glass with low poros-
ty and rounded, rather than irregular shape. Therefore we did not

easure the specific surface area of these products with a BET
pproach, according to Wolff-Boenisch et al. [39] who reported
hat dissolution rates of volcanic glass particles were more closely
roportional to geometric surface area rather than their BET sur-
ace area. Thus the geometrical surface area of ash was calculated
ssuming a spherical grain shape (with radius equal to 0.3 �m)
ith intra-grain porosity equal to 0.3. Although this can be con-

idered an arbitrary choice and a scalene ellipsoidal form could
e more adequate to describe features of ash grains [40], recent

nvestigations suggest that real ash particles have higher surface
reas that geometric forms due to their roughness [41] and the
eometrical approach attains to minimum surface area values. On
he other hand Ersoy’s results corroborate our choice of a spher-
cal shape of grains in volcanic product because indicate that the
pherical assumption of ash shape better than the ellipsoidal form
imulates the surface area/volume ratio of natural products, espe-
ially for the finest grain size. Clearly, modeling the interface area
ccording to a geometric approach rather than its direct assessment
nduces an underestimation of interacting solid–liquid surface and
onsequently involves an incorrect evaluation of leaching rate of
nvestigated elements. On the other hand the reactivity of volcanic
sh in lungs is taking in account only in terms of reaction progress
�), not in terms of absolute time, to assess if the modeling approach
ttains to results that corroborate geochemical indications of crys-
allization of lanthanide phosphate. Trace element concentrations
ere used to define a special reactant associated with hydrated

asaltic glass in DSRM. Model calculations were performed under
pen-system conditions (being the system in contact with a large
xternal gas reservoir) at 37 ◦C (body temperature). Simulated
hysical-chemical conditions, major and minor elemental concen-
rations in SMLF are reported in Table 5. In the reaction path

odeling, a set of realistic secondary solid phases has been allowed
o precipitate, including the minerals which have been shown
o reach saturation at the investigated conditions, and alteration

inerals originated from hydrated basaltic glass (gibbsite, kaolin-
te, chalcedony, saponite and a mechanical mixture of transition

etal hydroxides, constituted by ferrihydrite, Fe(OH)2, Cr(OH)3,
n(OH)3, amorphous Mn(OH)2, Co(OH)2, Ni(OH)2, Cu(OH)2, and �-

n(OH)2). Instantaneous equilibrium between these minerals and
ung fluids was assumed. As regards to YLn, the composition of
ung fluids, usually mirrored by Gamble’s solution [15], implied
hat the most suitable lanthanides precipitating phase was the
hosphate and this hypothesis also agreed with model calcula-

ions carried out by Wood et al. [25]. However, YLn do not form
ure phosphates [42]. Instead, due to the close similarities in their

onic radii the entire YLn suite in presence of PO4
3− in natural

olutions forms coprecipitates [42]. YLn compositions is related to
he composition of parent solution (pf) according to the relation- Ta
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ig. 1. Shale-normalised YLn contents in BAL fluids (black symbols). Concentrations
f soluble-ash fractions from Etna [50] are reported as reference (red symbols). (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

hip:

YLni

YLnj

)
PO4

3−
= �ij

(
YLni

YLnj

)
pf

(2)

here [YLni] and [YLnj] denote concentrations of two elements
f the suite in co-precipitates (PO4

3− subscript) and coexisting
uid (pf subscript), respectively, whereas �ij are factors that influ-
nce the relative YLN fractionations. Therefore, being coexisting
uid represented by SMLF, on the basis of �ij values measured
y Byrne et al. [43] the consisting YLn concentrations in the
ypothetical co-precipitated phosphate were calculated. The YLn-
hosphate concentration in agreement with SMLF data and �ij
alues is Y0.15La0.15Ce0.31Nd0.24Sm0.10Gd0.05(PO4). This chemical
omposition to falls in the range of monazites, a common natu-
al phosphate mineral [44] thus, the thermodynamic properties of
atural monazite were used during the calculation. During simula-
ions, newly-formed authigenic minerals are considered isolated
ith respect to the residual lung fluid and do not react with

t.

. Results

YLn cumulative concentrations in the BAL samples analyzed in
his study span a range from 56.9 to 165.4 �g l−1. However, the
elative abundances of the different elements in the REE series plus
are all very similar in all the samples, with Y and light REE (LREE),

a, Ce and Pr, as the most abundant elements. The overall pattern
f YLn abundances in BALs are very different with respect to those
f the solid components of volcanic ejecta making it unlikely that
he wide range of cumulative YLn contents is caused by residual
ndissolved inhaled volcanic particles (<6.4 �m, [45]) mechanically
emoved from bronchial tissues during BAL lavages.

Comparing shale-normalised YLn patterns of BAL solutions with
nalogous patterns for SAF, we observe significant differences
Fig. 1). While the YLn patterns of SAF are flat, those from BAL
avages are flat only between Pr and Eu. Y and La normalised con-
entrations are about 50 times higher, whereas Ce is about 4 time
igher than Pr–Eu normalised concentrations. Normalised concen-
rations of heavier elements, from Gd to Lu, progressively increase
espect to those measured in Pr–Eu interval, attaining to a Lu
nrichment of about 3 times. Furthermore, all YLn concentrations

re higher in BALs than in SAF.

Since over-estimation of true concentrations, due to spectral
nterferences, were avoided by measurements carried out both in
igh and medium resolution modes for the entire suite of inves-
igated elements, the observed enrichments from Y to Nd can be
Fig. 2. YLN fractionation calculated between initial modeled concentrations of SMLF
and BAL solutions. For further details see text. YLn fractionations induced by crys-
tallization of YLn-phosphate after 24-h and 49-h [43] are reported for comparison.

influenced by co-precipitation of YLn-phosphate from lung fluids
in intra-alveolar spaces. Indeed features observed in BAL patterns
are very similar to those recognised in solutions that experienced
YLn-phosphate co-precipitation [43]. As proposed by Byrne and
Kim [42], the co-precipitation of trace elements may follow the
relationship:

log
{

[YLni]
[YLni]0

}
= �ij log

{
[YLnj]
[YLnj]0

}
(3)

where [YLni] and [YLnj] denote dissolved concentrations during
co-precipitation whereas [YLni]0 and [YLnj]0 are the initial con-
centrations.

In Fig. 2 the behavior of log{[YLni]/[YLni]0} values computed
for BAL lavages using SMLF as representative of initial concen-
trations are compared with fractionation patterns determined by
Byrne et al. [43] in a study of YLN fractionation during phosphates
co-precipitation from solutions at 25 ◦C and pH ≈ 4 between 24 and
49 h. Patterns relative to BAL solutions are similar to 49 h phosphate
co-precipitation pattern, rather than after 24 h [43]. This suggests
that phosphate co-precipitation had different amplitude in stud-
ied individuals probably as a consequence of different amount
of inhaled atmospheric dust. Therefore, if the particle dissolution
occurred during a longer time, phosphate co-precipitation had a
longer duration and YLn were more intensely fractionated. Since
log{[YLni]/[YLni]0} BAL values for Y, La and Ce in Fig. 2 are often
higher than those in phosphate co-precipitation [43], the concur-
rent presence of an additional particulates source of these elements
cannot be excluded (i.e. anthropogenic particulates, [46]).

The recognition of newly-formed phases in lungs usually
requires micrometric scale observations that need to remove lung
tissues by biopsy [4,11]. This is particularly expensive and not easily
made in routine hospital practice in many countries. The results of
our calculations indicate that effectively the SMLF-ash interaction
produces the precipitation of Al and transition metal hydroxides,
cryptocrystalline SiO2 and phosphates (Fig. 3). The precipitation of
metal hydroxides and cryptocrystalline SiO2 does not induce YLn
fractionation in parent solution [47,48] because only weak sur-
face complexation processes are involved. On the contrary, YLn
have large affinity as regards of phosphates that usually accept in
their lattice significant amounts of YLN with large preference for
elements, from Sm to Gd, during crystallization of Ca-phosphate.

The incorporation of intermediate REE induces REE fractionation
in parent solution of newly formed phosphates that consequently
assume specular REE features [49]. Similarly, if YLn-phosphate
co-precipitate as solid solution of YLn, similar YLn behavior is rec-
ognized [42,43].
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ion. The simulations carried out considering glass–ash as the solid reactant and YLn
s the special reactant indicate that AlOOH, hydroxides and poorly crystalline SiO2

re the first-formed and the most abundant secondary minerals along the reaction
ath.

. Implications

The combination of analytical results and model calculations
hat we present in this study gives a viable explanation for the
ccurrence of dendriform pulmonary ossification, a rare pulmonary
athology affecting people exposed to inhalation of YLn-bearing
ust. DPO causes the development of branching bony spicules in
he lung parenchyma of people with pulmonary fibrosis that, in
he light of results of this study, can be explained as a consequence
f the co-precipitation of YLn-phosphates from YLn-rich lung fluids
ue to dissolution of atmospheric particles.

We observe a strong similarity between log{[YLni]/[YLni]0} pat-
erns of BALs and those produced by co-precipitation of phosphates
rom parent solution. Such similarity suggests that the amplitude
f YLn fractionations in BAL can be used as proxy to investigate
he effects of human exposure to inhalation of YLn-bearing atmo-
pheric dust and can represent a tool to develop strategies for the
revention of DPO.

Due to the increasing utilization of YLn for agricultural and
ndustrial applications, the measurement of YLn fractionation in
ung fluid (through BAL) has the potential to be a viable tracer of
uman exposure to heavy fluxes of fine particulates enriched in
eavy metals pollutants.
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