
UN
CO

RR
EC

TE
D

PR
OOF

Journal of Trace Elements in Medicine and Biology xxx (2017) xxx-xxx

Contents lists available at ScienceDirect

Journal of Trace Elements in Medicine and Biology
journal homepage: www.elsevier.com

New insights into the metal partitioning in different microphases of human gallstones
Annika Parviainen ⁠a⁠, ⁠⁎, Manuel Jesús Roman Alpiste ⁠a, Claudio Marchesi ⁠a⁠, ⁠b, Juan Manuel Suárez-Grau⁠c,
Rafael Pérez-López⁠d

a Instituto Andaluz de Ciencias de la Tierra (IACT), CSIC-UGR, Avda. de las Palmeras 4, E-18100, Armilla, Granada, Spain
b Departamento de Mineralogía y Petrología, UGR, Avda. Fuentenueva s/n, E-18002 Granada, Spain
c Riotinto Hospital, Avda. La Esquila 5, E-21660, Minas de Riotinto, Huelva, Spain
d Department of Earth Sciences & Research Center on Natural Resources, Health and the Environment, University of Huelva, Campus ‘El Carmen’, E-21071 Huelva, Spain

A R T I C L E I N F O

Keywords:
Biomineralization
Cholesterol
Bilirubinate
Ca carbonate
Ca phosphate
Pigment stone

A B S T R A C T

Chronic metal exposure, e.g. from metal mining, may cause accumulation of metals in soft and hard tissues, and
in developing biomineralizations in the human body. Gallstones are biomineralizations formed in the gallbladder
which are able to trap trace elements from the bile. Laser Ablation-Inductively Coupled Plasma-Mass Spectrom-
etry (LA-ICP-MS) was used to analyze gallstone cross-sections to trace the elemental abundances and correlate
them with the principal phases constituting gallstones, namely cholesterol, Ca bilirubinate salts, Ca carbonate,
and Ca phosphate. Five different types of gallstones (pure, mixed, and composite cholesterol stones, pigment
stone, and carbonate stone) were chosen according to a previous classification based on phase characterization
by different spectroscopic and microscopic techniques. These data were combined with bulk solution ICP-MS/
OES analyses for total elemental concentrations. The results indicated that cholesterol has a zero capacity to re-
tain elements except for Ca. Hence, pure cholesterol stones contained the lowest bulk metal concentrations, and
the metals were found in the scarce carbonate and phosphate phases in these calculi. Calcium and trace element
concentrations increased in other types of gallstones along with increasing amount of bilirubinate, carbonates
and phosphates; pigment stones being the most enriched in metals. Phosphates were the principal carriers of
Ca, P, Na, Mg, Mn, Fe, Pb, and Cd, whereas carbonate phases were enriched in Ca, Mg, Na, and Mn in order
of decreasing abundance. Bilirubinate on the other hand was enriched in Ca, Cu, Ag, and Ni. The higher trace
metal affinities of bilirubinate and phosphate explain the elevated metal concentrations observed in the pigment
stones. These results give new insight to the trace metal behavior in the gallstone formation and the metal accu-
mulation in the human body, validating the possible use of these biomineralizations as a proxy for exposure to
metal pollution.

1. Introduction

Gallstone formation (cholelithiasis) is a common disease in which
biomineralizations, mainly composed of cholesterol, Ca bilirubinate, Ca
carbonate, and Ca phosphate, and some other minor phases, develop
in the gallbladder. The bile fluids of the gallbladder naturally contain
trace elements such as, Al, Ca, Cr, Cu, Fe, Mn etc., and they are elim-
inated from human body through bile discharge [1,2]. There are indi-
cations that metals can play a role in the gallstone formation and ele-
vated concentrations of Cu, Cd, Ni, Cr, and Pb in serum, bile, and gall-
bladder tissue have been shown to have a strong relation with gallblad

der cancer [3,4]. Additionally, consumption of drinking water contami-
nated by metals is possibly linked to gallbladder diseases [5]. However,
more evidence is needed on how chronic metal exposure may influence
on the gallstone formation, metal accumulation in them, and on the re-
lated gallbladder diseases. Previous studies have indicated that different
types of gallstones may contain varying concentrations of metals and
that especially pigment stones exhibit high amounts of metals [6–14].
Hence, these biomineralizations can be considered as long-term traps
for metals, yet it remains unclear in which phases and in what form the
metals appear.

⁎ Corresponding author.
Email addresses: aparviainen@iact.ugr-csic.es (A. Parviainen); mj.roman@csic.es (M.J.R. Alpiste); claudio@ugr.es (C. Marchesi); graugrau@gmail.com (J.M. Suárez-Grau); rafael.

perez@dgeo.uhu.es (R. Pérez-López)

https://doi.org/10.1016/j.jtemb.2017.09.013
Received 18 July 2017; Received in revised form 15 September 2017; Accepted 15 September 2017
Available online xxx
0946-672/ © 2017.

Toxicology



UN
CO

RR
EC

TE
D

PR
OOF

A. Parviainen et al. Journal of Trace Elements in Medicine and Biology xxx (2017) xxx-xxx

Up to day, the lack of high precision techniques has prevented the
detailed study of metal partitioning in biological samples, but Laser Ab-
lation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) of-
fers a powerful technique for the microanalysis of trace elements in a
great variety of organic and inorganic materials. For instance, this tech-
nique has been used in the study of kidney stones [15–17]. Semi-quanti-
tative elemental distribution by LA-ICP-MS in combination with bulk el-
emental analysis by solution ICP-MS can be used to evaluate the relative
elemental abundances of metals and their distribution among different
phases.

The aim of this study was to investigate the trace element affinities
of different types of gallstones and unveil the main host phases of the
metal(loid)s. The cross-sections of five different types of gallstones were
analyzed by LA-ICP-MS to identify the main carriers of metal(loid)s, and
their respective bulk sample concentrations were analyzed by solution
ICP-MS and ICP-OES (Optical Emission Spectrometry). The final purpose
of this study, which is part of a larger research project investigating the
impact of metal mining on humans in the Huelva region in SW Spain,
is to validate the use of these biomineralizations to assess the impact of
chronic exposure to metal pollution on humans.

2. Materials and methods

Five representative gallstone samples of different types of calculi
based on previous classification [18] were selected, i.e. pure, mixed and
composite cholesterol stones, a pigment stone, and a carbonate stone.
The gallstone samples were supplied by the General Hospital of Riotinto
in Huelva Province, SW Spain, under informed consent of the patients,
and under approval of the Regional Ethical Committee of Huelva and of
the Ethical Committee of the Spanish National Research Council (CSIC).
The selected samples were previously photographed by optical micro-
scope and characterized for mineralogical phase composition by bulk
powder X-Ray Diffraction (XRD), Fourier Transformed Infra-Red Spec-
troscopy (FTIR), Micro-Attenuated Total Reflection FTIR (μ-ATR-FTIR),
and Environmental Scanning Electron Microscopy with Energy Disper-
sive X-ray Spectroscopy (ESEM-EDS). Full description of the previous
characterization can be found elsewhere [18].

The gallstone samples were first embedded in resin (Epofix) and cut
in half using a slow-speed diamond saw exposing the central cross-sec-
tion. The LA-ICP-MS analyses were performed on the specimen at the
IACT (CSIC-UGR, Granada, Spain) using a Photon Machine excimer
193 nm laser coupled to an Agilent 8800 ICP-MS/MS. The analyzed ele-
ments include major elements and potentially toxic elements considered
as contaminants derived from metal mining: Ag, As, Ca, Cd, Co, Cu, Fe,
Mg, Mn, Na, Ni, P, Pb, and S. The ICP-MS/MS system offers the possibil-
ity to use a quadrupole filter before the reaction cell to remove potential
isobaric interferences on some of the elements of interest, particularly
the mono-isotope As. Preliminary experiments conducted provided sat-
isfactory results in the Single Quad/No gas mode. Hence, mass shift and
reaction gases were not necessary in LA-ICP-MS in this study. The opti-
mized operating conditions of LA-ICP-MS are summarized in Table 1.

Internal standardization for the quantitative calculation of elemen-
tal concentrations was not feasible for these samples. We opted not to
use an internal standard element (for instance Ca which is the most
abundant element in gallstones) measured with another technique, e.g.
electron micro-probe analysis, because the variation of Ca concentra-
tions even within one microphase is considerable which could lead
to significant errors in the result interpretation. Hence, the results of
the LA-ICP-MS are presented as semi-quantitative, and merely approx-
imated elemental abundances are discussed which is suitable to fulfill
the objectives of this work. The NIST612 synthetic glass was used as

Table 1
Summary table of LA-ICP-MS equipment and optimized conditions of analysis.

Laser
Ablation
System ICP-MS

Model PhotonMachines
Analyte Excite
193

Model Agilent 8800
QQQ

Type Excimer Type Single Collector
Wavelength 193 nm Forward

Power
1550 W

Mode/Spot
size

Raster/40 μm Scanned
Masses

Na⁠23, Mg⁠24, P⁠31,
S⁠32, S⁠34, Ca⁠43,
Ca⁠44, Mn⁠55, Fe⁠56,
Co⁠59, Ni⁠60, Cu⁠63,
Cu⁠65, As⁠75,
Ag⁠107, Cd⁠111,
Pb⁠208

Ablation
Speed

5 μm/s Integration
Time

0.1 s each
element

Fluence 10.5 mJ/cm⁠2 Sample
Depth

4 mm

Raster
Length

1 mm/segment Ar Carrier
Gas Flow

0.8 l/min

Washout
Time

40 s Analysis
Mode

Time resolved
Analysis

He Carrier
Flow

0.8 l/min primary

0.2 l/min
secondary

external standard for the system set up, lenses tuning, and for drift cor-
rection. The measurements for NIST612 were performed under same
conditions as for the samples. Blanks were measured for 40 s.

A cross-section of each sample was studied under LA. Each cross-sec-
tion consisted of a sequence of segments of approximately 1 mm in
length covering the whole sample section. Hence, 2–11 segments were
analyzed on each sample depending on the length of the sample
cross-section. The external standard was run before and after every sam-
ple with the exception of larger samples with more than six segments
in which case the external standard was also measured in the middle of
the sample. Blanks were measured before and after every integration of
external standard and sample segment.

Processing of the final data was performed using Iolite 2.5 software
[19,20]. For the semi-quantitative calculation, NIST612, which contains
multi-elements, was used for calculating the concentration conversion
coefficient (K) separately for each element measured. This K-value was
calculated by comparison of the sensibility ratios between sample and
standard taking into consideration the instrumental drift. Due to the dif-
ferent matrix of the NIST glass in comparison to the measured material,
the error in semi-quantitative values may increase. Using the standard
concentration values, and using the same analysis conditions we assume
that the volume of ablated material for both NIST and the unknown
sample is similar and the ablation behavior is also the same. The lim-
its of detection (LOD) were calculated for each element using the Iolite
software (Table 2). The semi-quantitative LODs use the semi-quantita-
tive sensitivity in absence of the internal standard. Hence, sensitivity is
calculated using the simplified Longerich et al. [21] equation:

here R⁠ancal is the Count rate produced by X analyte in the reference ma-
terial, C⁠ancal is the Concentration of X analyte in the reference material.
Variables concerning to IS values are ignored on this method. Subse-
quently, the LOD is calculated using the Howell et al. [22] equation:

2



UN
CO

RR
EC

TE
D

PR
OOF

A. Parviainen et al. Journal of Trace Elements in Medicine and Biology xxx (2017) xxx-xxx

Table 2
Limits of detection for LA-ICP-MS (ppm).

Ca Mg Na P S Ag As Cd Co Cu Fe Mn Ni Pb

Limit of
detection

1400 5.1 62 50 300 0.16 4.6 0.73 0.33 2.8 5.6 1.1 4.3 0.21

here S is the Sensitivity, σ⁠b is Standard deviation of the background, n⁠b
is number of points in the background, n⁠a is number of measurements in
the sample. The Howell method of calculation is used to avoid negative
or infinite LODs when background yields zero value.

The elemental abundances in varying phases were estimated based
on the identified phase distribution on the ablated lines. Special atten-
tion is paid on the discussion of As, Ag, Co, Cd, Cu, Fe, Ni, and Pb,
which are considered as possible environmental contaminants derived
from sulfide mining. Correlations of the elements were evaluated calcu-
lating Pearson correlation using IBM SPSS statistics 23 software.

Bulk element concentrations were determined using solution ICP-MS
and ICP-OES techniques to evaluate the LA results and the element
abundances. The elements analyzed were the same for solution tech-
nique as for LA: Ag, As, Cd, Co, Cu, Fe, Mn, Ni, and Pb were analyzed by
ICP-MS, and Ca, Mg, Na, P, and S by ICP-OES. For this end, the respec-
tive sample halves were ground in an agate pestle mortar and 20 mg
were digested in closed Savillex© in two cycles. First, 1 ml of purified
HNO⁠3 (65%) and 0.1 ml of H⁠2O⁠2 (30%) were added and the vials were
placed on a hotplate at 100 °C for 24 h. Subsequently, same amount of
reagents were added and the vials were again placed on the hotplate
for another 24 h in order to assure the total digestion of the samples.
The ICP-MS analyses were carried out by an Agilent 8800 ICP-MS/MS at
IACT, whereas ICP-OES analyses were performed using Varian 720-ES
equipment at the Instrumental Technical Services of the Estación Exper-
imental del Zaidín (CSIC, Granada, Spain). For the analyses by ICP-MS,
Ag⁠107, Cu⁠63, Co⁠59, Fe⁠56, Mn⁠55, Ni⁠60 were analyzed in He mode, whereas
Cd⁠111 and Pb⁠208 were analyzed in No gas mode. For As⁠75 reaction with
O⁠2 was used to shift the mass to 91 in order to eliminate interference
mainly by ArCl⁠+ which overlaps with mass 75. Compositions were cor-
rected for contributions from procedural blanks and standards were run
to control the quality of the solution analysis. The available standards
that best represent gallstone samples are very limited and attention was
paid in the selection of these materials. Bone meal (NIST1468 provided
by the National Institute of Standards & Technology) and limestone
(JLs-1 provided by the Geological Survey of Japan) were chosen as stan-
dards and show compositions similar to certified values (Table 3; ex-
ception of Na in JLs-1 for very low concentration). The bone meal rep-
resents the organic sample matrix with phosphates, whereas limestone
represents the carbonate phases.

3. Results

3.1. Pure cholesterol stone

The pure cholesterol stone sample was composed of cholesterol and
of merely traces of Ca bilirubinate, Ca carbonate and Ca phosphate
(Fig. 1; [18]). The elemental determination by LA-ICP-MS was per-
formed over cross-sections of two cholesterol grains in the same calcu-
lus and the respective elemental profiles are plotted in Fig. 1. Generally
speaking, the pure cholesterol stone was poor in trace elements (Table
3). Calcium was the only element detected over the entire lines ana

lyzed, while the other elements were merely observed in association
with carbonates and phosphates. The Ca peaks together with the high-
est P peaks (up to 13 wt.%) were interpreted as phosphate grains while
Ca peaks with lower P concentrations (average 1 wt.%) were associ-
ated to carbonate (Fig. 1B). The ESEM-EDS analysis revealed that car-
bonate phases may contain traces of P. Thus, these lines were prin-
cipally composed of cholesterol (89%), whereas carbonate and phos-
phate phases together accounted for approx. 11% of the analyzed pro-
file (Fig. 2A). Calcium was positively correlated with P (r = 0.583),
Mg (r = 0.634), Mn (r = 0.535), and Na (r = 0.533). Among trace ele-
ments, Cu was the most abundant (average 1440 and 2070 ppm in car-
bonate and phosphate, respectively) and correlated with Na (r = 0.757)
and other minor elements such as Fe (r = 0.656; 49.1 and 73.6 ppm,
respectively) and Ni (r = 0.666; 21.8 and 39.9 ppm, respectively). The
carbonate and phosphate phases contained low concentrations of Pb
(1.89 and 5.02 ppm, respectively) and Ag (2.24 and 2.19 ppm, respec-
tively), while As, Cd, Co, and S were not detected. These results are in
accordance with the bulk metal concentrations which exhibited Ag, As,
Co, Cd, and Ni below detection limit (BDL) and very low concentrations
for Fe and Pb (Table 3).

3.2. Mixed cholesterol stone

The mixed cholesterol stone presented a composition very similar to
the pure cholesterol stone with cholesterol as the main phase, though
Ca carbonate and phosphate were slightly more abundant in compari-
son to the pure cholesterol stone (Fig. 3; [18]). This is also visible in
the elemental profiles presented in Fig. 3 representing the correspond-
ing LA raster line. Cholesterol as the major phase covered 86% of the
ablated line, whereas carbonates and phosphates comprised 14% of the
profile (up to 40 wt.% Ca and 2 wt.% P). Here the highest Ca and P
peaks were associated to phosphates (corresponding to 2% of the pro-
file) though due to the larger spot size than the size of the thin phos-
phate grains with needle-like texture (Fig. 3b) the concentrations re-
sulted from a mixture with adjacent cholesterol grains. The layers com-
posed of cholesterol were void of other elements than Ca, while both
carbonate and phosphate in the core and in the thin outer layers of the
sample were the carriers of a variety of elements, such as P, Na, Mg, Cu,
Fe, Ni, and Mn (in decreasing order). Silver (average 1.44 and 0.27 ppm
in carbonate and phosphate, respectively) and Pb (1.56 and 2.11 ppm,
respectively) were scarce, whereas As, Cd, Co, and S were BDL in this
sample (Fig. 3; Table 3). The phase distribution in the mixed cholesterol
stone was similar to the one in pure cholesterol stone (Fig. 2A), hence
pie diagram was not presented here. Calcium had good positive corre-
lation with P (r = 0.628), Na (r = 0.845), and Mn (r = 0.858), while
Cu (2600 and 2140 ppm, respectively) correlated with Fe (r = 0.938;
36.9 and 76.6 ppm, respectively), Mg (r = 0.738; 475 and 1850 ppm,
respectively), Ag (r = 0.758; 1.44 and 0.29 ppm, respectively) and Pb
(r = 0.841; 1.56 and 2.12 ppm, respectively).

3.3. Composite cholesterol stone

The composite cholesterol stone exhibited a visible layer structure
with a core composed of pure cholesterol and a distinct layering with
mixed and monomineralic outer bands (Fig. 4; [18]). The core pre-
sented notable resemblance to the pure cholesterol stones, and con

3
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Table 3
Bulk elemental concentrations of gallstones and the standards by solution ICP-MS/OES analysis. All values are given in ppm. (BDL = below detection limit; * non-certified values).

Sample/Standard Ca Mg Na P S Ag As Cd Co Cu Fe Ni Mn Pb

Pure cholesterol
stone

27.6 11.8 1754 1075 177 BDL BDL BDL BDL 2.32 8.08 BDL 0.33 0.01

Mixed
cholesterol stone

30512 155 2178 2439 1250 0.15 BDL 0.009 BDL 26.0 22.3 BDL 15.2 0.34

Composite
cholesterol stone

69260 880 2137 28155 825 BDL BDL 0.013 BDL 15.2 6.57 BDL 10.0 1.45

Black pigment
stone

10637 1427 16388 1636 9247 2.68 0.20 1.28 0.11 2860 1155 BDL 47.1 32.8

Carbonate Stone 221779 1321 2155 1573 854 BDL 0.006 BDL 0.05 26.0 94.5 2.07 554 1.2
Limit of
detection

0.0001 0.0001 0.0002 0.002 0.003 0.1 × 10⁠−4 0.4 × 10⁠−4 0.4 × 10⁠−4 0.5 × 10⁠−6 0.5 × 10⁠−4 0.006 0.001 0.4 × 10⁠−4 0.5 × 10⁠−5

NIST1486
(certified)

265800 4660 5000* 123000 – – 0.006* – – 0.8* 99 – 1.1 1.34

NIST1486
(measured)

273303 4116 6792 126541 – – 0.008 – – 0.8 105 – 1.2 1.27

Accuracy (%) 2.8 −11.7 35.8 2.9 – – 33.3 – – 0.0 5.6 – 9.1 −5.2
JLs-1 (certified) 393724 3655 14.4 129 123 0.0013* 0.15* 0.159 0.008 0.27* 125 0.36 13.9 0.22*
JLs-1 (measured) 432915 2855 23.5 153 153 BDL 0.15 0.157 0.006 0.27 129 0.41 14.6 0.12
Accuracy (%) 10.0 −21.9 63.6 18.9 24.5 – 0.0 −1.3 −25.0 0.0 3.6 13.9 5.0 −45.5
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Fig. 1. A) Cross-section of the pure cholesterol stone and B–C) photographs of two grains showing the analyzed lines with their respective elemental LA-ICP-MS profiles covering the
cross-sections, and a–c) back-scattered images of cholesterol (Cho), Ca carbonate (Carb), and Ca phosphate (Pho) grains in the respective sample. In the elemental profiles cholesterol is
highlighted in white, Ca carbonate in light grey, and Ca phosphate in dark grey.

Fig. 2. Phase distribution in A) the pure cholesterol stone, B) the composite cholesterol stone, and C) the pigment stone. The pie diagrams represent the approximated portions of choles-
terol (Cho), Ca carbonate (Carb), Ca phosphate (Pho), and Ca bilirubinate (Bil) in the analyzed LA raster lines.

tained merely scarce grains of Ca carbonate. The mixed layer containing
varying amounts of cholesterol, bilirubinate, carbonate and phosphate
(Fig. 4c) was covered by a homogeneous layer (approx. 1 mm in thick-
ness; Fig. 4d) of hydroxyapatite [Ca⁠5(PO⁠4)⁠3(OH)] [18]. The ESEM-EDS
analysis detected traces of Na and Mg in this layer (Fig. 4d). The out-
ermost, whitish layer is also composed of phosphates (Fig. 4e). The dis-
tinct layering was also visible in the laser ablation profile where the
characteristics of each layer were reflected as varying elemental abun-
dances (Fig. 4). First, in the core Ca was the most abundant element
with generally <0.5 wt.% and with a few peaks of Ca (up to 6 wt.%)
corresponding to small grains of carbonates. Due to the small grain size

of the carbonates, Ca concentrations were rather low for carbonates,
which is a consequence of mixed analysis of cholesterol and carbon-
ate grains. Other elements appeared merely in association with carbon-
ate phases. The elemental abundances rose drastically in the layer with
mixed composition first hitting a more homogeneous phosphate grain
(average 66 wt.% of Ca and 11.5 wt.% of P) followed by a general de-
crease in Ca which probably corresponded to carbonate, cholesterol and
Ca bilirubinate phases (Fig. 4). The concentrations of Ca and P together
with Mg, Na, and Pb again increased in the hydroxyapatite layer and
remained fairly stable until the end of the line in the whitish layer. In
the latter, Cu, Fe, Mg, and Ni experienced a decrease with respect to

5
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Fig. 3. A) Cross-section of the broken mixed cholesterol stone where the darker core of the gallstone is to the left and the surface of the calculus to the right on the analyzed line, B)
the analyzed line with the respective elemental LA-ICP-MS profile covering the cross-section, and a–b) back-scattered images of cholesterol (Cho), Ca carbonate (Carb), and Ca phosphate
(Pho) grains in the a) core and b) outer layers of the sample. In the profile cholesterol is highlighted in white, Ca carbonate in light grey, and Ca phosphate in dark grey.

hydroxyapatite layer. As a whole, in the composite cholesterol stone,
Ca correlated positively with P (r = 0.635), Mg (r = 0.725), and Na
(r = 0.731), while P exhibited good correlations with Fe (r = 0.685;
average 30.7 and 85.9 ppm in carbonate and phosphate, respectively),
Mn (r = 0.647), and Pb (r = 0.765; 4.81 and 17.2 ppm, respectively).
Lead seemed to be enriched in phosphate phases, hence it was more
abundant in the composite cholesterol stone than in the other two
types of cholesterol stones. Copper (420 and 413 ppm, respectively) on

the other hand presented positive correlations with Fe (r = 0.609) and
Ni (r = 0.718; 3.29 and 3.24 ppm, respectively). Other elements, such
as Ag, As, Cd, Co, and S are not shown in Fig. 4 as they were extremely
scarce or BDL (Table 3).

Cholesterol occupied 41% of the ablated line, whereas phosphate
and carbonate covered 43% and 16%, respectively (Fig. 2B). Based on
the LA profiles, bilirubinate in the mixed layer could not be distin-
guished from carbonate phases due to the small grain size and the in

6
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Fig. 4. A) Cross-section of the cut composite cholesterol stone, B) the analyzed line with the respective elemental LA-ICP-MS profile covering the cross-section, and a–e) back-scattered im-
ages of the varying layers of the sample with cholesterol (Cho), Ca bilirubinate (Bil), Ca carbonate (Carb), and Ca phosphate (Pho) grains, some of which contain Mg and Na. a) represents
the cross-section of the sample, in which b) corresponds to cholesterol core, c) mixed layer of cholesterol, bilirubinate, Ca carbonate, and Ca phosphate, d) monomineralic hydroxyapatite,
and e) outer crust with phosphate nodules. In the profile cholesterol is highlighted in white, Ca carbonate in light grey, and Ca phosphate in dark grey. The phosphate layer (“Pho”) to the
right (corresponding to Fig. 4e) has a band highlighted with slightly darker tone to distinguish the whitish phosphate crust.

ter-grown texture of the phases hence the possibly ablated bilirubinate
grains are included in the estimation of carbonates.

3.4. Black pigment stone

The black pigment stones were principally composed of Ca biliru-
binate and smaller amounts of Ca phosphate and Ca carbonate (Fig. 5;
[18]). Roughly 32% of the ablated raster line corresponded to phos-
phate and carbonate phases which had >12 wt.% of Ca (Figs. 2C and
5). The highest P peaks (up to 18 wt.%) with high Ca peaks (up to

60 wt.%) were assumed to correspond to phosphate covering approx-
imately 18% of the analyzed line and leaving 14% to the carbonate
phases (Fig. 2C). The rest of the analyzed raster line, 68%, corresponded
to Ca bilirubinate which exhibited abundant yet notably lower con-
centrations of Ca (approx. 10 wt.%) and considerably less P in com-
parison to the carbonate and phosphate phases (Figs. 2C and 5). Cal-
cium, P, Mn, Na, Pb, and Cd, in order of abundance, were found in
phosphate phases (Fig. 5). Phosphorous (r = 0.947), Mn (r = 0.964),
Pb (r = 0.888; 132, 280, and 660 ppm, in bilirubinate, carbonate and
phosphate, respectively), and Cd (r = 0.887; average 1.42, 5.45, and

7
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Fig. 5. A) Cross-sections of the black pigment stones, B–C) photographs of two grains showing the analyzed lines with their respective elemental LA-ICP-MS profiles covering the cross-sec-
tions, and a–b) back-scattered images of Ca bilirubinate (Bil), Ca carbonate (Carb), and Ca phosphate (Pho) grains in the respective samples. In the profiles Ca biliruninate is highlighted
in light grey, Ca carbonate in medium grey, and Ca phosphate in dark grey.

17.4, respectively) exhibited very good positive correlations with Ca.
Furthermore, Na exhibited elevated and fairly constant concentrations
across the analyzed lines with a positive correlation with Ca
(r = 0.532). Copper (2.0 wt.%, 1.3 wt.%, and 0.7 wt.%, respectively),
on the contrary, presented negative correlation with Ca (r = −0.331)
and P (r = −0.377), but other elements, such as Ni (r = 0.502; 10.1,
5.61, and 3.26 ppm, respectively) and Ag (r = 0.691; 16.2, 10.2, and
8.03 ppm, respectively) appeared in association with elevated Cu con-
centrations (>1.5 wt.%) preferentially in Ca bilirubinate. Cobalt pre-
sented extremely low concentrations (0.49, 0.52, and 0.50 ppm, respec-
tively), whereas As was generally BDL, hence these elements are not
shown in Fig. 5. Iron (3486, 2903, and 2594 ppm, respectively), Mg,
and S did not exhibit clear affinity for any of the phases. For the most
part, concentrations of S were BDL (300 ppm).

3.5. Carbonate stone

The carbonate stone was principally composed of Ca carbonate
and cholesterol, but bilirubinate was detected as minor phase (Fig.
6; [18]). The elemental profile highlights the abundance of carbonate
phases (Fig. 6). The higher peaks of Ca (generally >30 wt.% and up to
70 wt.%) were assumed to correspond to pure carbonate phases which
occupy 61% of the analyzed raster line. On the other hand, merely few
pronounced negative peaks of Ca in the absence of other elements can
be observed where the laser hit larger cholesterol grains (Fig. 6). Cho-
lesterol accounts for 8% of the profile. The peak downs in between car-
bonate grains were associated with the uneven surface where the laser
probably hit small grains of cholesterol or bilirubinate or cracks (31%
of the profile). This resulted in a mixture of phases, hence phase dis-
tribution pie diagram is not shown for carbonate stone. The overall Ca
concentrations showed good, positive correlation with Mg (r = 0.638),
Mn (r = 0.565), and Na (r = 0.753), while P (r = 0.160) was not de

pendent on Ca. Copper (r = −0.511; average 540 ppm in overall) and
Ni (r = −0.459; 4.11 ppm), on the contrary, exhibited a significant
negative correlation with Ca, but Cu correlated with Ni (r = 0.781)
and Fe (r = 0.331; 127 ppm). In the pure carbonate phases, Ca had a
slightly weaker though significant correlation with Mg (r = 0.435) and
Na (r = 0.640). Besides As, Cd, Co, and S which were generally BDL, Ag
(1.69 ppm) and Pb (4.11 ppm) exhibited very low concentrations, and
were not clearly correlated with other elements.

4. Discussion

4.1. Metal affinities of different gallstone phases

The bulk metal abundances increased in the studied gallstones in the
following order: pure cholesterol stone, mixed cholesterol stone, carbon-
ate stone, composite cholesterol stone, and black pigment stone (Table
3). Previous studies have presented bulk concentrations of trace ele-
ments, e.g. using bulk analysis after acid digestion or X-ray Fluores-
cence. According to these results as well, pigment gallstones are the
most enriched in metals such as Ca, Cu, Fe, Mg, Mn, and Zn [9–12,23].
However, these studies do not reveal which phases are the main hosts
of metals in gallstones. Additionally, Parviainen et al. [18] documented
the presence of metal nodules in gallstones, which are few microns in
size and commonly contain different portions of e.g. Fe and Cu in as-
sociation with other trace elements and for instance S. In the current
study, LA-ICP-MS offered a more detailed insight to the metal distrib-
ution among the varying phases that compose the different gallstones.
The low concentrations of metals in pure and mixed cholesterol stones
were attributed to the abundance of cholesterol, which is void of met-
als except for Ca, and to the scarcity of metal bearing phases, such
as carbonates and phosphates (Fig. 2A). The elemental distribution de-
picted in Fig. 1, highlights that carbonates and phosphates are the prin
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Fig. 6. A) Cross-section of the carbonate stone, B) the analyzed line with the respective elemental LA-ICP-MS profile covering the cross-section, and a–b) back-scattered images of choles-
terol (Cho) and Ca carbonate (Carb) grains in the respective sample. In the profile Ca carbonate is highlighted in light grey and cholesterol in white.

cipal carriers of trace elements in pure cholesterol stones. The composite
cholesterol stone presented a core similar to the pure cholesterol stone,
but the outer layers, composed principally of Ca phosphates and carbon-
ates, were rich in Ca and trace elements. Additionally, phosphate was
the major carrier of P, Na, Mg, Mn, Fe, and Pb (in order of abundance;
Fig. 4). On the contrary, Cu and Ni were distributed more evenly be-
tween carbonate and phosphate phases. The Ca carbonate phases of the
carbonate stone were enriched in Mg, Na, and Mn, whereas P, Cu, Fe,
and Ni behaved differently implying that carbonates are not their prin-
cipal carriers. The elevated concentrations of metals in the black pig-
ment stones were distributed throughout the sample surface appearing
in the two major phases, namely in Ca bilirubinate and Ca phosphate.
The phosphate was enriched in Ca, P, Na, Mn, Fe, Pb, and Cd (in or-
der of abundance), whereas bilirubinate was enriched in Cu, Ni, and Ag
(Fig. 5). Magnesium, Fe, and S were distributed more evenly over all of
the phases with no clear preferences.

In other biomineralizations, phosphates may incorporate a variety
of metals in their structure. For instance, the phosphate phases of uri-
nary stones are enriched in Na, Mg, Sr, and Zn [17]. Moreover, ele-
vated concentrations of Pb, Zn, Hg, Sb, Al, Sr, and Sn in human teeth

dentine, composed of hydroxyapatite, have been detected in Chinese,
Malay, and Indian people, which are attributed to exposure to environ-
mental pollution [24]. Evident from the outer layers of the composite
cholesterol stone and from the black pigment stones, phosphates have
the highest affinity to immobilize Pb and Cd among the studied phases.

These results suggest that metals are retained from the bile in gall-
stones which preferentially are composed of carbonates, phosphates, or
organic bilirubinate salts. In case of the pure cholesterol stones, cho-
lesterol has no capacity to accumulate metals, and the metals are elim-
inated from human body through bile discharge instead of being ac-
cumulated in these biomineralizations. On the contrary, the pigment
stones are most enriched in a variety of metals. This work elucidates
the trace element behavior in the gallstone formation and gives new
perspectives to use these biomineralizations as proxies for exposure to
metal pollution.

4.2. Significance of the LA-ICP-MS results

Although few articles have attempted to constrain the elemental dis-
tribution in gallstones using scanning electron microscope
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[18,25–27], to our knowledge, this is the first time LA-ICP-MS is ap-
plied to natural gallstones in such detail, and the elemental concentra-
tions are related to mineral phase composition of these biomineraliza-
tions. On the other hand, the elemental abundances of kidney stones
by LA-ICP-MS have been previously studied on powdered and homog-
enized samples through pressed pellets and on cross-section of cal-
culi [15–17]. The combination of mineral identification, bulk solution
ICP-MS/OES, and LA-ICP-MS analyses in this work allowed a detailed
interpretation of metal abundances and metal partitioning in different
phases constituting varying types of gallstones.

The semi-quantitative elemental abundances constrained by
LA-ICP-MS were generally in good agreement with the bulk solution
ICP-MS/OES results (Table 3). For example, Ca exhibited the lowest
concentrations in the pure cholesterol stone and was richer in the rest
of the sample types according to the increasing abundance of bilirubi-
nate, carbonate, and phosphate phases in agreement with the LA pro-
files (Figs. 1, 3–6). Silver, As, Cd, Co, Ni, and Pb were generally very
scarce or BDL in the bulk analyses, and exhibited consistent, extremely
low concentrations or were BDL under LA, with the exception of pig-
ment stones. However, as the analyzed LA profiles represent merely a
small portion of each sample, some inconsistencies between the LA and
bulk results may be observed. For instance, some scarce elements (such
as Ag and Ni) were BDL in the homogenized bulk sample but were pre-
sent at low concentrations in specific phases (carbonate, phosphate, or
bilirubinate) in the LA profile of the sample cross-sections. On the con-
trary, for example S was BDL (300 ppm) under LA-ICP-MS in nearly all
of the gallstone cross-sections except for pigment stones, but was con-
centrated in hundreds to thousands of ppm in the corresponding bulk
analysis (Table 3). This may be due to nugget effect as possible presence
of S-bearing metal nodules or other minor phases in the bulk samples
[18] which are not represented in the LA profile on the sample cross-sec-
tion.

5. Conclusions

Chronic exposure to metal pollution, for instance derived from metal
mining, may have an adverse effect on human health, and metals are
known to accumulate in the human body. This study presents the trace
element affinities of five different types of gallstones, namely pure,
mixed and composite cholesterol stones, pigment stone and carbonate
stone. The LA-ICP-MS measurements on the gallstone cross-sections in
combination with bulk solution ICP-MS/OES analyses revealed that cho-
lesterol cannot retain any elements except for Ca. Ca phosphates on the
other hand had the highest capacity to trap a variety of elements such
as Na, Mg, Cu, Mn, Fe, Pb, and Cd. Also Ca carbonate phases exhib-
ited high affinity to trap Mg, Mn, and Na, while Ca-bilirubinate was
enriched in Cu, Ni, and Ag. These tendencies explain the varying bulk
trace element concentrations in the different types of gallstones, where
pure cholesterol stone was the most depleted while pigment stone, com-
posed principally of bilirubinate and phosphate, was the most enriched
in trace metals. The findings of this work give new insight to the trace
element behavior in the gallstone formation and their possible use as
environmental proxies for metal pollution in areas seriously affected by,
for instance, mining or other industrial activities.
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