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1. Introduction 

Urolithiasis distresses Western population with an incidence of up to about 20%. The phenomenon 

has been addressed in medicine since the early 1800s, although evidence of a bladder stone dates 

back to the prehistoric period [1]. Nowadays, several studies have been published [2–12] and 

mostly conducted in order to contribute to the improvement of the clinical treatment of this painful 

pathology with impacting social and economic implications [13,14]. From an epidemiological point 

of view, in addition to the geographical location, other key factors to consider are: gender, race, age, 

familiarity, diet (included drinking water quality), smoking, climate, occupation and physical 

activity [15–18]. It is almost certain that most of the people suffering from this disease are white, 

males, between 40 and 50 years old, observing diets rich in animal proteins, sedentary and living in 

warm and humid regions [15,19]. Within this frame, Italian population seems to be particularly 

predisposed to such forms of urolithiasis (up to 9% of the population reports cases), as evidenced by 

an estimated incidence of 100k new cases per year stimulating the scientific community to always 

proceed to investigations taking into account the aforementioned key factors [20].  

Main actors of urolithiasis are polyphasic biominerals mixed with organic phases consisting, as 

reported by Daudon et al. (2016) [11], of calcium oxalates, calcium phosphates, urates and uric 

acid, and other rare phases (e.g. cystine, proteins, purines or rare drugs). 

Formation of urinary stones is determined by a combination of different processes, from 

supersaturation followed by nucleation, the latter enhanced by the activity of inhibitors (e.g. 

magnesium, citrate ions) and promoters (e.g. calcium, organic compounds such as cholesterol) 

[7,21]. Hence, the need to address the issue with a multidisciplinary approach: a new geobiological 

model on the dissolution of kidney stones in vivo has recently been proposed, shedding new light on 

clinical implications [22]. “Give me your stone, I will tell you who you are” was the title of an 

interesting study by Cloutier et al. (2015) [6], which highlighted the importance of a thorough 

analytical characterization at the basis of a correct aetiology, unveiling the minerogenetic processes 
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underlying kidney stones. This interesting approach highlights two important aspects: 1) which 

information from stone analysis could be clinically relevant and 2) the keys for interpretation of 

stone analysis. In other words, the urinary stone can be likely defined as an environmental geo-bio-

marker and its in-depth analytical characterization may provide useful information regarding the 

anamnesis of the patient. To achieve this goal, the scientific community requires the application of 

an approach typical of mineralogical sciences, as suggested for the first time by Prien and Frondel 

(1947) [12]. Several analytical techniques have been used to acquire chemical, mineralogical and 

textural data for urinary stones: Scanning Electron Microscopy coupled with Energy Dispersive 

Spectroscopy or Wavelength Dispersive Spectroscopy analysis (SEM/EDS or WDS), X-ray 

Diffraction (XRD), Infrared spectroscopy (IR), thermal analyses, computed tomography, polarized 

light and stereoscopic microscopy, and image analysis [3,5–7,23–28]. Nevertheless, a limit to this 

approach is due to i) a usually low amount (few milligrams) of sample and ii) the lack of 

comprehensive and comparative studies reporting data from all the techniques above described. 

Actually, it is necessary to remark that a reliable laboratory analysis should provide, beyond a 

mineralogical classification, also a chemical characterization concerning the content of alkaline, 

earth-alkaline and heavy metals (e.g. Hg, As, Pb, Cd, etc.). In fact, it has been shown that trace 

elements can be markers of environmental risks also representative of the trigger factors involved in 

urinary stones formation [19,29–32].  

Based on this premises and considering the very few studies giving information on bladder stones, 

especially indicative of Italian patients [20], the present research offers a multi-methodological 

approach aimed at a mineralogical characterization of a number of human bladder stones, available 

thanks to an active collaboration with the Department of Urology of San Pio Hospital in Benevento, 

Italy. The primary purpose of this investigation was to verify the existence of correlations between 

the studied biominerals and the association of major (> 1 wt.%) and trace (< 1 wt.%) elements, 

including “exotic” metals that can be crucial for the assessment of a potential environmental/food 

contamination. 
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1.1 The bladder stones 

Most urinary stones are located in the kidney (kidney stones), but a small fraction (ca. 5%) grows 

inside the ureter and bladder, the latter called bladder stones. Those who suffer most are males from 

developed countries with a bimodal trend: children and adults over 60 years of age. According to 

EUA guidelines [33], bladder stones can be classified as primary, secondary or migratory, as a 

consequence of a multifactorial etiology. Primary bladder stones (also known as endemic bladder 

stones) are typically observed in children, in absence of urinary tract pathologies. Secondary 

bladder stones can be due to several causes, such as bladder outlet obstruction or other urinary tract 

abnormalities. In some cases, urinary stones that formed in the upper urinary tract can reach the 

bladder becoming a nidus for bladder stones (migratory bladder stones).  

Bladder stones represent a non-negligible set of biominerals, having quite amazing features. 

Referring to the classification of urinary stones by Daudon et al. (2016)[11], there are seven 

morpho-constitutional types: type I (a, b, c, d, e) Calcium Oxalate Monohydrate (COM), type II (a, 

b, c) Calcium Oxalate Dihydrate (COD), type III (a, b, c, d) uric acid and urate, type IV (a1, a2, b, 

c, d) phosphate, type V (a, b) cystine, type VI (a, b, c) protein and Type VII miscellaneous stones.  

Jackstone calculus, commonly reported in veterinary and rarely in human literature [34,35], is a rare 

bladder subtype of urinary stone with a sea-urchin appearance or resembling a toy jacks. It is almost 

always composed of calcium oxalate dehydrate, characterized by a dense central core and radiating 

spicules [36]. As far as investigation of Italian bladder stones are concerned, rare case studies have 

been reported so far [37], thus leaving some questions related to mineralogical aspects still debated. 
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2. Materials and methods 

 

2.1 Biominerals 

Bladder stone samples have been surgically collected from six male patients admitted to the 

Department of Urology of the San Pio Hospital (Benevento, Italy) in 2020. Clinical interviews were 

also held, in anonymous form, in order to gather some useful information about patient’s medical 

history and lifestyle (Table 1). All the patients (67-76 years old) are resident in Campania region. 

Only one patient states to have a desk job, whereas the remaining ones are farmers or retired. None 

of the patients has a regular physical activity. Considering their body weight and height, the BMI 

(Body Mass Index) ranges from 25.3 (KS011B) and 29.4 (KS012B) that, according to the World 

Health Organization, define them as overweight. Furthermore, they suffer from a large variety of 

diseases such as diabetes (KS011B), arteriosclerotic heart disease (KS012B), dyslipidemia 

(KS020B) and hypertension (KS006B and KS023B). As far as eating habits are concerned, all 

patients state to get carbohydrates and protein foods (meat, eggs, and cheese) at least once per week 

or more, and less frequently vegetables. They also drink wine and coffee every day, and moderately 

beer and other alcohols. Only one patient drinks exclusively tap water (KS022B).  

 

Table 1 - Patient's personal details. BMI, Body Mass Index.    

n ID Gender Age Occupation 
Physical 

activity 
Body weight Height BMI Weight of the calculus 

1 KS006B Male 76 Retired no 78 kg 175 cm 25.5 1.09 g 

2 KS011B Male 75 Farmer no 69 kg 165 cm 25.3 0.53 g 

3 KS012B Male 73 Farmer no 90 kg 175 cm 29.4 1.55 g 

4 KS020B Male 67 Barman no 78 kg 165 cm 28.6 1.05 g 

5 KS022B Male 76 Farmer no 74 kg 170 cm 25.6 3.15 g 

6 KS023B Male 75 Employed no 75 kg 165 cm 27.6 9.75 g 

 

Bladder stones were selected as a function of the availability of material (weight ranging from 0.5 g 

to 9.7 g) in order to ensure a complete chemical, mineralogical and petrographic characterization. 
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Before the analyses, bladder stones have been washed thoroughly with distilled water, sterilized in 

pure ethanol and then dried at room temperature.  

 

2.2 Lab strategy 

Preliminary morphological description of bladder stones has been carried out by means of a NIKON 

SMZ 1000 stereomicroscope connected to a NIKON digital Sight DSRi2 camera. Polarized Light 

Microscopy (PLM) observations carried out on thin sections (ca. 30 µm) using a Nikon Eclipse 

6400 POL microscope equipped with a Nikon DS-Fi camera provided information on the 

microtextural features and the mineralogical composition of the bladder stones. Chemical phases 

were also detected by Fourier Transform Infrared Spectroscopy (FTIR) performed in Attenuated 

Total Reflectance mode (ATR) by means of a Bruker ALPHA-R spectrometer (Bruker Opus 7.0 

software) in the mid-infrared spectral range (4000–400 cm−1, 64 scans, 4 cm−1 resolution).  

For a crystalline phase identification of the aforementioned samples, X-ray powder diffraction data 

were collected at the XPRESS beamline of the ELETTRA Synchrotron radiation facility (Trieste, 

Italy) [38]. Data collections were performed by a monochromatic and polarized circular beam, with 

a wavelength of 0.4957 Å and a diameter of ca. 50 µm. Powder samples were loaded in B-glass 

capillaries (300 µm in diameters). A MAR345 image plate detector was used, positioned at 340 mm 

from the sample. The following collection strategy was adopted: the capillary was rotated from -5 to 

+5 ° around the (vertical) ω -axis for an exposure time of 60 s. The 2D powder diffraction rings, 

collected in transmitting geometry, were converted into 2-theta vs. intensity plots, using the Fit2D 

software [39]. Geometrical parameters were previously refined based on the XRD pattern of the 

LaB6 calibrant. The preliminary identification of the crystalline components was performed using 

the suite of programs X’Pert-HighScore (Panalytical). 

Major and trace elements were quantitatively detected via electron-microprobe analyses obtained 

from polished and carbon-coated sections using a JEOL JXA-8200 microprobe in wavelength 

dispersive mode (EMPA/WDS). The system was operated using an accelerating voltage of 15 kV, a 
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counting time of 30 s on the peaks and 10 s on the backgrounds. The following standards were 

used: Na (omfacite), Sr (celestine), Mn (rodonite), K (K-feld), Mg (forsterite-154), As (niccolite), 

Hg (HgSe), Fe (fayalite-143), Ca (grossularia), Al (grossular), Se (HgSe), Cd (metal), Ni (niccolite), 

Pb (galena), P (apatite), Sb (metal), Cu (e metal), Cr (metal), Zn (metal). 

The thermal behavior of bladder stones was investigated by Simultaneous Thermal Analyses (STA) 

TG-DSC (NETZSCH STA 449 F3 Jupiter) coupled with a FTIR BRUKER Tensor 27 for the 

Evolved Gas Analysis (EGA) by a transfer line heated at 200 °C. The samples were heated from 40 

°C to 1050 °C, with a heating rate of 10 °C/min in pure air atmosphere (flow rate 60mL/min). TG 

and DSC curves were processed with the NETZSCH Proteus 6.1 Software. 

 

3. Results 

3.1 Under microscope 

3.1.1 Stereomicroscopy 

The observation of urinary stones by means of a stereomicroscope represents a first fundamental 

approach in their characterization, providing important information in terms of etiological or 

pathophysiological conditions [11]. This examination is based on a morphological evaluation of the 

aggregates, taking into account color, shape, aspect of the surface and the section, presence of 

umbilication (papillary imprint) and Randall’s Plaque [40–42].  

Fig. SM reports selected micrographs of the examined bladder stones. KS006B shows a light 

colored rough surface with radial crystallization and not well-defined concentric layers in the inner 

part (Fig. SMa and b). Sample KS011B shows an orange, compact and concentric microstructure 

with a radiating organization, interested by sporadic brownish intercalations. This sample exhibits a 

homogeneous smooth surface (Fig. SMc). KS012B displays a sea-urchin appearance and a 

particular brown spiculated surface (Fig. SMd), with a finely granular and poorly organized section 

(Fig. SMe). In KS020B, the brown-orange concentric structure is poorly organized with thin porous 
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and orange layers (Fig. SMf, g and h). A heterogeneous coloration, from beige to brown-orange, is 

observed for the rough surface of KS022B, which clearly shows an orange concentric structure with 

radial organization (Fig. SMi and j). Lastly, the fragments forming KS023B exhibit a compact 

concentric internal structure with a radiating organization, along with frequent small orange-brown 

inclusions (Fig. SMk). The color is not homogeneous, ranging from pale yellow to whitish. A quite 

smooth surface can be also observed (Fig. SMl).  

 

3.1.2 Polarized light microscopy 

Further information about the internal microstructure and mineralogical nature for the examined 

bladder stones can be inferred by means of Polarized Light Microscopy (PLM). In order to describe 

shape, size and optical properties (birefringence, cleavage, extinction, etc.) of mineralogical species, 

bladder stones were thin-sectioned parallel to the concentric layers, in order to investigate even the 

central portion of the samples, where the nuclei usually occur. 

The sea-urchin appearance of KS012B is still recognizable in thin section (Fig. PLMa). The 

internal concentric pattern of this sample appears well-defined but irregular and poorly organized, 

suggesting the occurrence of different nucleation centers. It is composed by subhedral or anhedral 

crystals with high interference colors (Fig. PLMb), consistent with the optical properties of calcium 

oxalate (i.e., whewellite) aggregates [20,43]. 

KS006B displays a weakly consistent internal structure made of acicular crystal of brushite (Fig. 

PLMc). This mineral species shows a low surface relief, a perfect cleavage and first order 

interference colors [44]. Furthermore, this aggregate is interested by the presence of darker layers, 

likely made of amorphous/organic substances. 

The remaining samples (KS011B, KS020B, KS022B and KS023B) are generally similar each other 

as they exhibit a more or less compact concentric structure, with colors ranging from dark brown to 

pale yellow. In crossed polars, the aggregates display not well-defined interference colors, ranging 

from grayish to yellowish. These features are usually consistent with uric acid aggregates [20,45]. 
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3.3 FTIR  

FTIR measurements on bulk powdered samples provide a first reliable characterization, at the 

atomic scale, of urinary stones [2,3,10,23,46–51]. Absorption bands of the bladder stones examined 

in the present investigation are summarized in Table FTIR, whereas in Fig. FTIR their FTIR 

spectra (ATR mode) are shown. Excluding some shared signals, the results clearly highlighted the 

compositional differences between the analyzed biominerals. 

Samples KS011B, KS020B, KS022B and KS023B display the same pattern, fully compatible with 

that of uric acid C5H4N4O3 [10]. Particularly interesting are the absorption bands assigned to N-H 

stretching vibrations [49,51], such as those at ca. 3086 cm-1, 2994 cm-1, 2915 cm-1
, 2788 cm-1

, 2685 

cm-1
 and 2604 cm-1

 standing on a broad band between 3300-2800 cm-1. The remaining absorption 

bands describe a very dense sequence of narrowed signals in the fingerprint region, approximately 

between 1800-400 cm-1 (Fig. FTIR). 

Different spectroscopic features were observed for the samples KS006B and KS012B. The former 

shows the typical FTIR spectrum of the mineral brushite CaHPO4ꞏ2(H2O) [52–54]. As a whole, the 

absorption bands at higher wavenumbers indicate the stretching (3542 cm-1 and 3474 cm-1) and 

bending (1664 cm-1) vibrations of H2O molecules. On the other hand, absorption bands in the 

fingerprint region are mainly due to the HPO4 group. The peak at 1205 cm-1 is assigned to H-in 

plane bending vibration, whereas the signals at 1135 cm-1
, 1059 cm-1

, 986 cm-1 and 872 cm-1
 are due 

to P-O stretching vibrations. The bands at 577 cm-1
 and 523 cm-1

 could be ascribed to the O-P-O 

bending vibrations. In spite of the high correlation of the FTIR spectrum of the sample KS006B 

with those reported in literature [52–54], some bands in the fingerprint region did not perfectly fit 

the typical expected wavenumbers. This mismatch is likely due to some ionic substitutions or to the 

occurrence, in this sample, of other chemical compounds. Moreover, the additional occurrence of a 

band at 1323 cm-1 (Table FTIR) is probably due to the presence of CaOx inclusions. 
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As far as sample KS012B is concerned, FTIR measurements suggest the typical composition of a 

calcium oxalate [49,50,55]. The main diagnostic bands of this species lie at ca. 1610 cm-1 (C=O 

vibration), 1313 cm-1 (C-O vibration), 886 cm-1 (C-C stretching), 779 cm-1 (C-H bending), 656 cm-1 

(O-H bending), 511 cm-1 (in-plane O-C=O bending). Spectra also showed a sequence of absorption 

bands at higher wavenumbers (3440 cm-1, 3318 cm-1, 3225 cm-1 and 3043 cm-1), generally 

ascribable to symmetric and asymmetric O-H stretching vibrations. According to the previous 

experimental findings [56], the high intensities of the absorption bands at 779 cm-1 and 511 cm-1 

allow to infer the occurrence, in sample KS012B, of the mineral whewellite (calcium oxalate 

monohydrate CaC2O4ꞏH2O). Lastly, a very weak absorption band at ca. 1044 cm-1 can be also 

observed (Table FTIR). 
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Table FTIR: FTIR data of bladder stones (expressed in cm-1). Note: br = broad; vs = very strong; s = strong; sh = 
shoulder; m = medium; w = weak; n.d. = not determined.  

KS006B KS011B KS012B KS020B KS022B KS023B Chemical phase 
3542 w      Brushite 
3474 w      Brushite 

  3440 w    Calcium oxalate 
3268 w      Brushite 

  3318 w    Calcium oxalate 
  3225 w    Calcium oxalate 

3155 w      Brushite 
 3089 sh  3084 sh 3082 sh 3088 sh Uric Acid 
  3043 w    Calcium oxalate 
 2983 m  2996 m 2992 m 3005 m Uric Acid 
 2918 w  2912 w 2914 w 2917 w Uric Acid 
 2788 m  2785 m 2787 m 2793 m Uric Acid 
 2687 m  2680 m 2687 m 2684 m Uric Acid 
 2605 sh  2609 sh 2600 sh 2603 sh Uric Acid 
 1661 vs  1654 vs 1662 vs 1662 vs Uric Acid 

1644 w      Brushite 
  1610 vs    Calcium oxalate 
 1584 s  1585 s 1584 s 1585 s Uric Acid 
 1435 m  1434 m 1435 m 1435 m Uric Acid 
 1398 m  1399 m 1399 m 1399 m Uric Acid 
  1380 vw    Calcium oxalate 
 1347 m  1347 m 1347 m 1347 m Uric Acid 

1323 vw      Calcium oxalate 
  1313 vs    Calcium oxalate 
 1301 m  1302 m 1301 m 1302 m Uric Acid 

1205 m      Brushite 
1135 m      Brushite 

 1121 m  1121 m 1121 m 1121 m Uric Acid 
1059 s      Brushite 

  1044 vw    n.d. 
 1025 w  1026 w 1025 w 1026 w Uric Acid 
 990 m  990 m 990 m 990 m Uric Acid 

986 m      Brushite 
  952 vw    Calcium oxalate 
  886 w    Calcium oxalate 

872 w 875 w  876 w 875 w 875 w Uric Acid/Brushite 
784 w 779 m 779 vs 781 m 779 m 780 m Uric Acid/Calcium oxalate/Brushite 

 742 s  743 s 742 s 743 s Uric Acid 
 703 s  702 s 703 s 703 s Uric Acid 

655 vw  656 m    Calcium oxalate/Brushite 
 617 m  617 m 617 m 617 m Uric Acid 
  597 m    Calcium oxalate 

577 w 572 m  572 m 571 m 572 m Uric Acid/Brushite 
523 vs 519 m  519 m 520 m 520 m Uric Acid/Brushite 

  511 s    Calcium oxalate 
  470 vs   471 vs 469 vs 470 vs Uric Acid 
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3.4 Synchrotron X-ray Diffraction (XRD)  

The X-ray diffraction patterns (2-theta range: 3 – 40°,  = 0.4957 Å) were successfully indexed and 

ascribed to the following crystalline species (Fig. XRD-1): 

- KS006B is substantially composed by brushite [Ca(HPO4)ꞏ2H2O, a  6.36, b  15.19, c  

5.81 Å, β  118.4°, sp. gr. C2/c] and weddellite [CaC2O4ꞏ(2.5-x)H2O, a  12.37, c  7.36 Å , 

sp. gr. I4/m], and minor evidence ascribable to the presence of whewellite [CaC2O4ꞏH2O, a 

 6.29, b  14.58, c  10.12, β  109.46, sp. gr. P21/c] are observed (Fig. XRD-2). In 

particular, the most intensive peak of whewellite (at 2-theta  4.753°) lies on the shoulder of 

the most intensive peak of weddellite (at 2-theta  4.576°); 

- KS011B is substantially composed by uric acid [C5H4N4O3,  a  14.46, b  7.40, c  6.21 Å, 

β  65.10 °, sp. gr. P21/a]; 

- KS012B is composed by whewellite; 

- KS020B is substantially composed by uric acid (only very minor evidence, potentially 

ascribable to the presence of whewellite, can be considered); 

- KS022B is substantially composed by uric acid (only very minor evidence, potentially 

ascribable to the presence of whewellite, can be considered); 

- KS023B is substantially composed by uric acid (only very minor evidence, potentially 

ascribable to the presence of whewellite, can be considered); 

The full-width-at-half-maximum (FWHM, estimated by Le Bail full-profile fit; [57]) of the 

brushite peaks is about 0.22°, whereas the diffraction peaks of uric acid (FWHM  0.14°) and 

weddellite (FWHM  0.15°) are significantly sharper. 
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Fig. XRD-1. Synchrotron X-ray powder diffraction patterns [d-spacing (Å) vs. intensity (counts)] 

pertaining to the samples KS006B, KS011B, KS012B, KS020B, KS022B and KS023B ( = 0.4957 

Å).  
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. 

 

Fig. XRD-2: X-ray diffraction pattern pertaining [2-theta (°) vs. intensity (counts)] to the sample 

KS006B, and zoom of the low-theta region ( = 0.4957 Å). Red bars: brushite, purple bars: 

weddellite, grey bars: whewellite 
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3.5 EMPA/WDS 

Chemical data here provided (Table EMPA) reflect the occurrence and relative concentration of 

both major and some peculiar trace elements, as well as their distribution in the bladder stones. 

Although mainly formed by brushite, as detected by FTIR and XRD analyses, chemical and 

mineralogical composition of sample KS006B appears quite heterogeneous in EMPA/WDS (Fig. 

EMPA), showing the occurrence of acicular and radiating crystals of brushite (Ca ~23.5 wt.%, P 

~18.0 wt.%), along with bipyramidal crystals of calcium oxalate (Ca ~30.9 wt.%) (Table EMPA). 

This bladder stone also displays the occurrence of spheroidal particles (< 10 µm) composed by 

calcium (~32.25 wt.%) and phosphorous (~17.5 wt.%), characterized by an internal concentric 

structure and mainly located into the cavities (Fig. EMPA).  

Ca-phosphate inclusions (Ca, 33.83 wt.%; P, 15.70 wt.%) can be also observed for the sea-urchin 

calculus (KS012B), at the interface between its internal multinucleus structure and the external 

budding surface (Fig. EMPA). The remaining part of this bladder stone is composed by calcium 

oxalate (Ca ~30.23 wt.%) (Table EMPA).  

Inclusions of Ca-oxalate and Ca-phosphate in uric acid bladder stones (KS011B, KS020B, KS022B 

and KS023B) are scattered along the layers forming the internal concentric structure (Fig. EMPA). 

In sample KS011B, a compact layer of calcium oxalate is clearly observed between uric acid levels 

(Fig. EMPA). 

As far as trace elements are concerned, the occurrence of alkali metals such as Na and K can be 

observed in all the mineral species forming the examined samples (Fig. EMPA map and Table 

EMPA). Nevertheless, their concentration in Ca-phosphate inclusions was generally higher than 

those measured in oxalates and uric acids. The same goes for the alkali-earth metal Mg and 

transition metal Zn, whereas Sr is generally more abundant in calcium oxalates. Iron, and less 

frequently Mn, is mainly concentrated in Ca-P and Ca-Ox phases. Aluminum and antimony were 

also detected in most of analyzed points, whereas nickel was only found in sample KS012B (CaOx 

urolith) and Ca-P scattered inclusions of sample KS023B (uric acid). Traces of Pb were also found 
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in all samples, sometimes along with other heavy metals such as Cr, Cd and Hg. Chromium and 

mercury were found only in oxalates (scattered inclusions) and uric acids, as well as arsenic and 

selenium. The latter was detected only in uric acid bladder stones, except for sample KS011B and 

the outer part of sample KS020B (Table EMPA). It is worth to note also the sporadic occurrence of 

copper in some uric acids (KS011B, KS020B and KS023B) and CaOx (KS012B).  
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Table EMPA: Average concentration of major (>1 wt.%, in bold) and trace elements (<1wt.%) detected for bladder stones by EMPA/WDS. Main mineral species (*), standard deviation (σ), 
detection limits (D.L.), number of analyzed points and measurements are also reported.  

Sample 
ID 

Chemical 
phase 

  Ca P Na K Zn Pb Sr Mg Cr Mn Fe Ni Cu Al Cd Sb As Se Hg 

Brushite* wt.% 23.536 17.986 0.063 0.034 0.109 0.057 0.024

(5 points) σ 0.402 0.329 0.002 0.051 0.011 0.004

D.L. 0.014 0.027 0.015 0.010 0.056 0.027 0.014

  meas. 5 5 1 3 3 2   3                       

KS006B  Ca-Oxalate wt.% 30.954 0.148 0.068 0.021 0.077 0.039 0.064
 

0.039 
 

0.042 
 

0.064
  

0.072 

(16 
points) 

(scattered 
inclusions) σ 0.350 0.013 0.027 0.006

 
0.036

  
0.017 

 
0.015

   
(5 points) D.L. 0.014 0.021 0.015 0.010 0.052 0.029 0.035 0.028 0.025 0.043 0.068 

  meas. 5 5 4 4 1 2 1   1   2         3     1 

 
Ca-Phosphate wt.% 32.253 17.472 0.764 0.186 0.236 0.037 0.063 0.505

 
0.033 0.042 

 
0.030 0.045 0.058

   

 
(spheroidal 
particles)  σ 0.556 0.412 0.144 0.013 0.064 0.002

 
0.047

 
0.007 0.018 

 
0.007 0.008

   
(6 points) D.L. 0.015 0.026 0.019 0.011 0.057 0.030 0.046 0.015 0.027 0.027 0.014 0.030 0.045

    meas. 6 6 6 6 5 2 1 6   2 2     2 2 1       

Uric acid* wt.% 0.031 0.034 0.033 0.023 0.043 0.038 0.017 0.020 0.019 0.041 0.015 0.040 0.086 

(5 points) σ 0.025 0.012 0.007 0.019 0.009 0.010 0.001

D.L. 0.008 0.017 0.013 0.007 0.037 0.021 0.012 0.017 0.018 0.026 0.010 0.023 0.050 

  meas. 4 1 3 5 1 2   2   1 2   1 1 2       1 

KS011B Ca-Oxalate wt.% 29.162 0.161 0.170 0.026 0.057 0.032 0.172 0.028
 

0.042 
 

0.057 0.041 0.044 0.040 
  

(17 
points) (layer) σ 1.029 0.027 0.040 0.006 0.001

 
0.030 0.015

 
0.060

   
(6 points) D.L. 0.014 0.021 0.016 0.010 0.051 0.029 0.052 0.013 0.026 0.013 0.031 0.043 0.034 

  meas. 6 6 6 5 2 1 2 4     1     3 1 1 1     

 
Ca-Oxalate wt.% 28.675 0.171 0.157 0.020 0.066 0.039

 
0.017

 
0.032 0.041 

 
0.032

   

 
(scattered 
inclusions) σ 0.583 0.020 0.020 0.006 0.010

 
0.003

 
0.005

 
0.032

   
(6 points) D.L. 0.014 0.021 0.018 0.010 0.054 0.027 0.014 0.023 0.025 0.013

    meas. 6 6 6 6 3 1   4   2 1     3           

 
Ca-Oxalate* wt.% 30.228 0.384 0.101 0.035 0.084 0.035 0.131 0.035 0.043 0.026 0.034 0.030 0.051 0.034 0.048 0.067

   
(19 points) σ 0.929 0.120 0.028 0.014 0.019 0.007 0.051 0.018 0.010 0.006 0.001 0.016 0.014 0.006

D.L. 0.014 0.022 0.017 0.010 0.050 0.030 0.056 0.013 0.027 0.023 0.026 0.029 0.039 0.012 0.028 0.042
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KS012B    meas. 19   19 19 7 4 4 16 3 1 4 3 3 12 1 2       

(22 
points) Ca-Phosphate wt.% 33.827 15.697 0.852 0.185 0.203 0.112 0.105 0.409

 
0.036

   

 
(scattered 
inclusions) σ 2.164 2.735 0.068 0.011 0.013

 
0.009

 
0.004

   
(3 points) D.L. 0.015 0.027 0.022 0.011 0.059 0.030 0.054 0.015 0.033

    meas. 3 3 3 3 3 1 1 3       2               

Uric acid* wt.% 0.054 0.020 0.212 0.130 0.043 0.041 0.097 0.029 0.038 0.038

(outer part) σ 0.027 0.002 0.045 0.021
  

0.025
   

(4 points) D.L. 0.009 0.019 0.015 0.007 0.036 0.023 0.050 0.011 0.028 0.011

KS020B    meas. 4 2 4 4 1 1 1 1         1 3           

(12 
points) Uric acid* wt.% 0.018 0.023 0.033 0.033 0.056 0.052 0.085 0.014 0.034 0.018

 
0.041 0.04 0.026 0.029 0.039 0.041 0.099 

(inner part) σ 0.004 0 0.009 0.012 0.006 0.027 0.004 0.009 0.003 

(8 points) D.L. 0.008 0.017 0.016 0.007 0.036 0.020 0.041 0.011 0.019 0.017 0.026 0.010 0.022 0.027 0.026 0.021 0.048 

    meas. 8 2 4 8 2 1 2 2 1 1     1 4 1 1 1 1 2 

Uric acid* wt.% 0.024 0.027 0.028 0.024 0.064 0.034 0.084 0.015 0.026 0.019 0.018 0.043 0.027 0.029 0.061 

(11 points) σ 0.007 0.006 0.009 0.006 0.035 0.009 0.027 0.005 0.002 0.037 0.006 0.005 

D.L. 0.009 0.018 0.015 0.008 0.038 0.021 0.046 0.010 0.019 0.017 0.017 0.010 0.023 0.023 0.052 

KS022B    meas. 11 4 7 11 2 3 3 4 2 1 1     3 2     1 3 

(13 
points) Ca-Oxalate wt.% 30.22 0.246 0.161 0.02 0.116

 
0.025 0.029 

 
0.042 

 
0.067

   

 
(scattered 
inclusions) σ 1.329 0.064 0.001 0.006 0.014

 
0.005

   
(2 points) D.L. 0.014 0.023 0.017 0.010 0.048 0.014 0.028 0.026 0.012

    meas. 2 2 2 2 2     2 1   1     1           

Uric acid* wt.% 0.021 0.025 0.021 0.035 0.039 0.046 0.094 0.013 0.031 0.021 0.035 0.043 0.027 0.03 0.084 

(6 points) σ 0.004 0.004 0.02 0.005 0.005 0.013 

D.L. 0.008 0.017 0.015 0.007 0.033 0.021 0.050 0.010 0.019 0.017 0.026 0.028 0.030 0.026 0.054 

  meas. 5 1 4 6 1 1 2 1 1 2     1     1 2 1 1 

KS023B Ca-Oxalate wt.% 29.272 0.407 0.092 0.016 0.051 0.035 0.064 0.025
 

0.041 
 

0.041 0.022
 

0.033
  

0.081 

(13 
points) 

(scattered 
inclusions) σ 10.023 0.144 0.02 0.002

 
0.009

 
0.01 

   
(5 points) D.L. 0.014 0.020 0.016 0.010 0.041 0.030 0.046 0.013 0.024 0.032 0.011 0.032 0.079 

  meas. 5 5 5 3 1 1 1 5     3   1 1   1     1 

 
Ca-Phosphate wt.% 17.895 9.055 0.737 0.076 0.181 0.067 0.074 0.168

 
0.023 0.61 0.026

 
0.042 0.037
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(scattered 
inclusions) σ 11.773 6.682 0.456 0.007 0.022

 
0.108

 
0.31 

   
(2 points) D.L. 0.012 0.025 0.021 0.008 0.055 0.030 0.061 0.015 0.019 0.026 0.024 0.013 0.028

    meas. 2 2 2 2 2 1 1 2   1 2 1   1 1         
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3.6 Thermal behavior  

A discrimination between anhydrous and hydrated phases occurring in the aggregates forming 

urinary stones is easily performed by following their thermal transformations recorded in STA 

analysis [5,23,51,58–64]. The TG curve of acid uric (samples KS011B, KS020B and KS023B) 

shows a unique event mainly consisting in a thermal decomposition of C5H4N4O3 occurring in the 

range 300-700 °C, with a maximum decomposition rate at around 430 °C and the consequent 

emission of complex mixtures of carbon dioxide and other nitrile compounds (Fig. STA). TG 

curves also show residual masses between 1-3 wt.%, due to the presence of impurities such as 

calcium oxalate and non-stoichiometric phosphates. This information was also confirmed by FTIR 

analyses carried out on the residues (Suppl. Material), which showed the occurrence of calcium 

monoxide (sharp absorption band at ~3640 cm-1 and a broader one at ~1410 cm-1) [65,66] and 

calcium carbonate (~1412, ~873, and ~711 cm-1) [67] as decomposition products of oxalate [68]. 

Thermal decomposition of phosphates also accounts for the formation of hydroxyapatite (~1016, 

~958 and ~565 cm-1) [66]. 

Thermal analyses of sample KS012B (Fig. STA) show the typical decomposition of calcium 

oxalate characterized by three well-defined thermal endothermic events [68]. The first one is due to 

the dehydration of CaC2O4ꞏH2O at around 175 °C with a weight loss of ~13 wt.%. During the 

second event (~495 °C; ~19.5 wt.%), the decomposition of CaC2O4 leads to the formation of CaCO3 

and the concomitant release of CO (Fig. STA). Nevertheless, as a consequence of the 

disproportionation reaction 2CO → CO2 + C, EGA also shows the simultaneous occurrence of 

carbon dioxide. At ~750 °C, CaCO3 decomposes to form CaO and CO2 (weight loss ~29 wt.%) 

(Suppl. Material). 

Thermal transformation of sample KS006B (Fig. STA) reflects a two-steps dehydration of 

CaHPO4ꞏ2H2O; the first one, within 300 °C (~162 and ~197 °C; weight loss ~20 wt.%), forms the 

mineral monetite CaHPO4 [69–72], as well as the dehydration of oxalate impurities. Between 300-

550 °C, a weight loss of about 6 % indicates the complete dehydration of monetite that leads to the 
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formation of a calcium pyrophosphate Ca2P2O7. During this step, thermal decomposition of calcium 

oxalate also occurs with emission of CO and CO2 as recorded by EGA. An additional weight loss 

(~2.5 wt.%) between 550-800 °C, with emission of CO2, also occurs by dissociation of calcium 

carbonate, previously formed by decomposition of calcium oxalate. The presence of oxalate 

impurities along with monetite and calcium pyrophosphate was ascertained by means of FTIR 

analyses carried out on the residues after each thermal treatment (Suppl. Material).   

4. Discussion 

4.1 Morpho-constitutional classification  

The chemical and mineralogical composition, coupled with the petrographic features, of urinary 

calculus allows to trace a classification on a morpho-constitutional basis, usually correlated to the 

specific patho-physiological conditions responsible for urolithiasis [6,11,73], essential to choice the 

best therapeutic strategy [74–76]. Following the classification proposed by Daudon et al. 

(2016)[11], further subgroups can be distinguished by a morphological observation of the surface of 

the stone: aspect of the section, characteristics of the nuclei, presence of Randall plaque, etc. 

Excluding the minor amounts of calcium oxalate inclusions and non-stoichiometric phosphate 

species detected (Table FTIR, Table EMPA and Fig. EMPA), the samples KS011B, KS020B 

KS022B, KS023B belong to the Type III (uric acids), while the KS006B and KS012B belong to the 

Type IV (brushite) and Type classes I/II (CaOx stones), respectively.   

The compact and concentric microstructure of the samples KS011B and KS023B, along with a 

quite smooth surface, allow to assign them to the morphological subtypes IIIa (anhydrous uric acid), 

usually observed for older men affected by bladder urolithiasis, especially when interested by 

prostate hypertrophy [6,11]. Sample KS011B also displays the typical orange surface due to the 

presence in the urine of the red pigment uricine, easily trappable in the uric acid crystals, poorly 

adsorbed by the surface of sample KS023B as evidenced by the lighter shade, ranging from pale 

yellow to whitish. The poorly organized, porous internal microstructure of KS020B accounts for the 
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subtype IIIb (uric acid dihydrate). Lastly, sample KS022B presented at the same time an internal, 

concentric and compact structure (Type IIIa) and a rough surface (Type IIIb). This transition (Type 

IIIa -> Type IIIb) could be due to a progressive decrease of the urine pH (<5.5) and the consequent 

formation of uric acid dihydrate in the external parts of the bladder stone. The formation of uric 

acid-based bladder stones is often associated, in addition to the reduction of pH levels in the urine 

and their prolonged stasis often linked to benign hypertrophy of the prostate, also to 

hyperuricosuria, as well as to eating and metabolic disorders (the patient KS011B suffers from 

diabetes) [6,11]. Actually, in overweight subjects, uric acid and oxalate stones are often found. 

According to recent studies, there seems to be a relationship between calcium excretion and BMI. 

Calcium excretion could also justify the appearance of CaOx and CaP inclusions. This condition is 

supported in this study as all patients have a medium-high BMI index.  

KS006B is a Type IVd calculus, as mainly formed by brushite and characterized by the occurrence 

of rod-shaped crystals arranged in a radial internal microstructure, with scarcely defined concentric 

patterns. Surface is rough and dappled. This kind of bladder stone is usually considered as 

idiopathic, namely related to unknown causes, although often observed in patients affected by 

primary hyperparathyroidism, hypercalciuria and medullary sponge kidney [9,77]. Considering the 

high recurrence rate of these stones and their resistance to extracorporeal shock wave lithotripsy 

(ESWL), patients affected by brushite nephrolithiasis usually require more aggressive clinical 

treatments [11]. KS006B also shows the occurrence of inclusions of CaOx (mainly weddellite) and 

spheroidal particles of non-stoichiometric and amorphous CaP stones, located as concentric layers 

in the porous system of brushite aggregate. It is possible that the latter inclusions act as precursors 

for apatite stones and the higher content of calcium could deal with the composition of amorphous 

calcium phosphate and/or rarer CaP phases, indicating hypercalciuria or urinary tract infection [11] 

and indicative of recent lithogenic processes [6]. Morphological features of these spherical 

inclusions remind those of some common inorganic mineral concretions (i.e., ooids) generally 

formed in subaqueous environments. It is possible that the mechanism of formation of these 
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inclusions was due to the interaction of supersaturated urine through the porous system of brushite, 

with a consequent release of calcium phosphate around a starting nucleus [20]. The tendency to 

form a perfect sphere could be strictly related to kinetic energy of the urine flow and/or steric 

effects between CaP inclusions [78]. 

Sample KS012B shows a spiculated appearance that allow us to classify this stone among the so-

called Jackstone calculi [34,36,37,79–82]. This kind of urinary stone is freely movable in the 

bladder and is usually composed, according to literature [34,37,82], by calcium oxalate dehydrate.  

Considering the mineralogical composition and the poorly organized internal microstructure and the 

spiculated surface, sample KS012B generally accounts for Type I/II urinary stone, typical of 

weddellite/weddellite aggregates. It is possible that calcium oxalates, initially hydrate, converted to 

more stable mineralogical (anhydrous) phases [20,55,83].  

 

4.2 Assumption on meaning of major and trace elements 

The role of major and trace elements in the pathogenesis of urinary stones was widely investigated 

in the last decades, encouraging the use of these biominerals for biomonitoring purposes 

[7,30,84,85]. In particular, major and trace elements naturally occur in biocrystals as a consequence 

of food intake, metabolic processes and environmental factors. However, part of the trace elements 

can be accidentally incorporated into urinary stones, after a temporary storage in the kidneys, and 

can sometimes even affect the formation of crystals, thus acting as promoter or inhibitor agents 

[7,30,86].  

The most relevant element for the lithogenesis of urinary stones is doubtless calcium, which occurs 

in the present study as major element in CaOx and CaP uroliths (either as dominant mineralogical 

species/minor inclusions; Table Y), or trace elements in uric acids. It is widely accepted that Ca can 

significantly influence the distribution of other trace elements, promoting the new crystallization 

processes in kidney or bladder [21]. In calcium-bearing phases forming uroliths, this element can be 
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partially replaced by substituent ions as sodium, magnesium or strontium, the latter particularly 

observed in CaOx phases. Since magnesium acts as inhibitor element in urolithiasis, its occurrence 

turns to be useful for the treatment and prevention of kidney stones [76].  

Most of the calcium comes from Daily Dietary Intakes (DDI), especially from hard waters. 

Nevertheless, during the interview all the patients reported to drink mostly bottled water, except for 

patient KS022B (producer of uric acid stone), drinking only local tap water. It is worth to note that 

the fraction of calcium in the CaOx species is particularly higher than that expected for COD (ca. 24 

wt.%) or COM (ca. 27 wt.%), and mainly follows the stoichiometric composition of anhydrous 

calcium oxalate (namely, ca. 31 wt.%). According to literature [20,55,83,87,88], whewellite is the 

most common and stable calcium oxalate that can be formed by partial dehydration of weddellite. 

This process could give rise to a perfect pseudomorphism [83], as observable for bipyramidal 

crystal inclusions in brushite aggregate KS006B. It is possible that oxalates in bladder stones can 

evolve to more stable (i.e., more anhydrous) phases, probably thanks to the dry conditions allowed 

by the internal and more compact parts of these aggregates, especially observed in the jackstone 

calculus KS012B.  

Trace elements have been encountered in the CaP phases as a consequence of the isomorphic 

substitutions. Among them, metals such as sodium, iron, magnesium, zinc and potassium reach the 

highest values (Fig. BOXPLOT). The role of some of these metals in lithogenesis, for example 

zinc and iron, is still debated, whereas undesired trace elements such as copper, cadmium, lead, 

chromium, mercury and arsenic are generally attributable to environmental pollution or 

contaminated food. As a matter of fact, some of these elements (i.e., Hg, Cu and Cd) can cause 

important healthy problems, especially in kidney damage [30,86,89]. In the present study, Pb was 

detected in all the examined samples and its average elemental concentration (ca. 480 wt ppm) is 

consistent with that reported in the literature for Basilicata region (southern Italy) [30], as well as 

average concentrations of Cr found both in CaOx and uricite minerals. Another dangerous element, 

Hg, is often observed in association with selenium and displays significantly high concentrations 
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(on average ca. 800 wt ppm). Mercury is toxic also at low concentrations and can occur in 

environment and in food chain rarely as inorganic form (e.g., native Hg) or most commonly as 

organic form (mainly methylmercury or ethylmercury) [90]. The presence in the human body is also 

known to be ascribed to the dental amalgam restoration.  

The role of selenium as inhibitor in urinary stones formation has been clearly highlighted in 

literature [7]. Selenium is considered an essential trace element for human body and its 

simultaneous occurrence with Hg seems to be mainly attributable to a methylmercury detoxification 

process, often leading to the formation of a rare HgSe compound known as tiemannite, recently 

found as small inclusion (< 10 µm) in a struvite bladder stone, surgically removed from a 4-years 

old Austrian patient [90]. We detected the tiemannite via EMPA, and considered the conditions of 

crystallization of this mineral as consistent with those required for struvite precipitation, namely 

low temperature (i.e., human body) and high pH values. In our investigation, Hg and Se were found 

in uric acid bladder stones (with stoichiometric ratio 1/1 with wt.% 70/30) that usually form in low 

pH urine, also compatible with the formation of tiemannite [90,91]. Therefore, we do not exclude 

that Hg and Se detected in the present study could be related to the occurrence of tiemannite tiny 

crystals.  

The amount of Cu appears significantly lower than data from literature and is mainly observed in 

uric acid uroliths. Lastly, according to the literature [7], arsenic is often associated with antimony. 

The latter can accumulate in the human body displacing essential elements and acting as toxin [92].  

From a clinical point of view, it is possible to consider the main causes that could lead to the 

formation of the examined bladder stones (Table Y). Except for the sample with brushite (KS006B) 

which suggests an idiopathic nature [11], for all the others it can be assumed that the cause is a 

condition of urine stasis due to potential obstructions of the urinary tract, favoring the considerable 

accumulation and consequent growth of these aggregates. Moreover, epistemological questionnaires 

report that patients daily consume alcohol, protein-rich (e.g., meats, eggs, cheeses) and oxalates-rich 

(e.g., coffee, cocoa, dried fruit) foods, all likely concurring to generate supersaturated urine which 
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may lead to the precipitation of uric acids and calcium oxalates, especially if associated to 

particularly low pH values. 

Table Y. Synoptic table reporting classification of bladder stones examined in the present study and main clinical 
assumption.  

n 
ID_sa
mple 

Typ
e* 

Dominant 
phases 

Minor 
Phases 

Undesired 
elements 

Clinical assumption [6,11] 

1 
KS006
B 

IVd Brushite 
CaOx, 
CaP 

Hg, Pb, Sb, Cd, 
Cr 

Idiopathic, potential exposure to pollution 

2 
KS011
B 

IIIa Uric acid CaOx 
Hg, As, Pb, Sb, 
Cd, Cu 

Eating and metabolic disorders, stasis, hyperuricosuria, 
hypercalciluria, potential exposure to pollution 

3 
KS012
B 

I/II  CaOx CaP 
Pb, Cd, Sb, Cu, 
Cr,  

Hyperoxaluria, hypercalciluria, stasis, potential exposure to 
pollution 

4 
KS020
B 

IIIb Uric acid ‐ 
Hg, Pb, As, Se, 
Cd, Cu, Cr 

Stasis, hyperuricosuria, potential exposure to pollution 

5 
KS022
B 

IIIa/
IIIb 

Uric acid CaOx 
Hg, Pb, Se, Cd, 
Cr 

Stasis, low urine pH, hyperuricosuria, hypercalciluria, 
potential exposure to pollution 

6 
KS023
B 

IIIa Uric acid 
CaOx, 
CaP 

Hg, Pb, As, Se, 
Cd, Cu, Cr 

Stasis, hyperuricosuria, hypercalciluria, potential exposure to 
pollution 

*, according to Daudon et al., 2016 

 

5. Conclusions 

This multidisciplinary study has led to the characterization and classification of human bladder 

stones (including a jackstone calculus) of patients residing in the Campania region. As similar 

studies were not so far reported in the open literature, this contribution sheds new light on the 

potential clinical assumptions and some implications in the geohealth sphere, linked to the presence 

of some specific undesired elements. A brand-new finding worth to be underlined is that the 

distribution of the investigated chemical elements was regulated by each single mineralogical 

species that contributes to the urinary stones formation. This leads us to believe that an evaluation 

of the type and content of major and trace elements cannot be only achieved by means of wet 

chemical analysis (i.e., bulk chemical analysis). Actually, these techniques (e.g., Atomic Absorption 

Spectroscopy, AAS; Inductively Coupled Plasma, ICP) require a total destruction of the sample by 

digestion and provide chemical data representative of the entire stone sample. By contrast, the use 

of microscopic techniques coupled with microanalysis, such as those used for this study (i.e., 

EMPA/WDS) or others (e.g., LA-ICP-MS) [93], allows to investigate the sample, without 

destroying it, in a short time and with an acceptable limits of detection. The added value to our 

scientific and analytical approach is that we can discriminate the mineralogical species where these 
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elements tend to concentrate, for example by isomorphic substitution. Table EMPA shows the 

concentrations of the investigated elements (Na, K, Mg, Ca, Sr, Cr, Mn, Fe, Ni, Cu, Zn, Cd, Hg, Al, 

Sb, Pb, As, Se, P) in each mineralogical species of each sample. Excluding the most abundant 

elements (mainly Ca and P), all the others occur in the range of about one percent in weight. There 

is, therefore, a dualism in the partitioning of the elements in the mineralogical species belonging to 

the investigated urinary stones. The clearest interpretation is to consider calcium and phosphorus as 

the elements generating inorganic bladder stones, coming from the DDI and influencing the 

distribution of all the others trace elements. The concentrations of trace elements as a function of 

DDI have been addressed in several papers [20 and references therein]. Some are related to studies 

carried out on sedentary populations (e.g., Iran, Jordan) [19,29], which therefore return a fairly 

realistic representation of the contamination induced by the ingestion of food mostly consisting of 

ingredients (water, milk and dairy, vegetables, meat, etc.) from the areas where they live. In 

contrast, a very different situation occurs in Western populations, like the one resident in the 

Campania region, where the foods are not all indigenous, and, thus, infinite variables do not allow 

to univocally associate anomalous concentrations of trace elements to the territory in which the 

patient lives. In this study, the clinical interviews clearly indicate that the majority of patients drink 

bottled water and wine, the origin of which are unknown, and probably ascribable to areas far from 

their residence. At present, it is therefore not possible to make robust correlations between the 

geological environment hosting the patient and the presence of undesired elements. It is necessary 

to promote further studies that take into consideration a wider set of urinary stones (bladder, kidney 

stones) in order to increase the number of cases necessary to provide a statistically robust research. 

Above all, the combined use of wet chemical analysis (AAS, ICP) and EMPA/WDS must be 

envisaged for the purposes of dosing the trace elements and to satisfy two requests: how much is 

there and where the element is going to be concentrated.  

Finally, the involvement of further expertise such as physiologists and nephrologists will be able to 

dispel the uncertainty regarding the possibility of understanding the mechanisms of 
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biominerogenesis and the way and timing of accumulation of undesired elements (i.e. Hg, As, Pb, 

Cd) during the nucleation and growth of this impacting biominerals. 
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Figure captions 
Fig. SM – Micrographs of bladder stones captured in stereomicroscopy: a) and b) KS006B; c) KS011B; d) and e) 

KS012B; f), g) and h) KS020; i) and j) KS022B; k) and l) KS023B. 
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Fig. SM – Micrographs of bladder stones captured in polarized light microscopy: a) internal structure and b) detail of 
calcium oxalate crystals for sample KS012B; c)  

 

 

 

Fig. FTIR – FTIR spectra of analyzed bladders: KS006B (brushite), KS011B (uric acid), KS012B (calcium oxalate) 
KS020 (uric acid), KS022B (uric acid) and KS023B (uric acid). 

 

 

 

Fig. STA – Thermal analyses and EGA-FTIR of UA (KS011B), COM (KS012B) and brushite + COM (KS006B).  

 


