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a b s t r a c t

Sinter deposits are formed by precipitation of silica from hydrothermal fluids that have reached the
surface environment. They are commonly found around hot springs and represent surface expressions of
underlying geothermal systems and/or low sulfidation epithermal gold-silver hydrothermal deposits.
Several studies have reported ppm to weight percent concentrations of metals (e.g., Au, Ag, Cu) and
metalloids (e.g., As, Sb, B) in sinters capping geothermal systems and epithermal gold-silver deposits.
However, the relation between the maturity of the siliceous sinter and its metal enrichment remains
unknown. Here we use geochemical and mineralogical data that link the silica crystallinity degree with
trace metal and metalloid contents in sinter. In this paper, we provide in situ trace element data in metal-
rich silica sinter samples from the Puchuldiza geothermal field in the Altiplano of northern Chile that
record the complete diagenetic sequence from non-crystalline opal A to microcrystalline quartz. Com-
bined SEM, XRD and LA-ICP-MS data show that the concentration of metals and metalloids in sinters
from Puchuldiza display a strong correspondence with silica crystallinity. While arsenic and boron are
predominantly enriched in the more amorphous silica phases (opal A/CT), gold and silver show higher
concentrations in the more crystalline phases (opal C/quartz). Silica structural, morphological and
geochemical transformations from its initial precipitation to its final maturation after diagenesis are
responsible for this differential enrichment. During the initial stages, gold and silver are incorporated
into silica microspheres as cationic species and/or metal nanoparticles or colloids, while arsenic and
boron incorporation is controlled by As-bearing accessory minerals and Fe-oxyhydroxides. As diagenesis
progresses and the crystallinity of silica increases, diffusion-driven processes such as Ostwald ripening
may progressively enrich gold and silver in the sinter, while metalloids are depleted owing to the low
retention of arsenic by silica. These findings indicate that the diagenetic transitions of silica, defined by
significant structural changes that involve generation of surface defects and the creation of reactive sites,
may play an important role in elemental uptake by silica in near surface environments.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Siliceous sinters (or sinters) are natural chemical sedimentary
deposits formed at or near the surface by precipitation from silica-
rich, near neutral hydrothermal fluids as they discharge and cool at
the surface (Fournier and Rowe, 1966; Rodgers et al., 2004; Lynne
et al., 2007). Sinter deposits are commonly found around hot
springs and represent surface expressions of underlying
geothermal systems and/or low sulfidation, epithermal gold-silver
deposits (Parker and Nicholson, 1990; Guido et al., 2002; Rodgers
z-Yanez).
et al., 2004; Lynne et al., 2007; Sillitoe, 2015). Since sinter de-
posits form above the water table and close to the surface, they are
commonly used to identify the paleoenvironmental conditions of
extinct hot spring systems (Lynne et al., 2008). Furthermore, the
identification and geomorphic interpretation of these paleosurface
products can be used as guides for the exploration of concealed
geothermal resources and epithermal precious metal deposits
(Parker and Nicholson, 1990; Guido et al., 2002; Rodgers et al.,
2004; Lynne et al., 2007; Sillitoe, 2015). Additionally, recent
studies on silica sinter deposits have revealed preservation path-
ways of environmentally controlled, microbe-dominated sedi-
mentary facies and biosignatures that are relevant to
astrobiological investigation (Konhauser et al., 2001, 2003; Handley
et al., 2005; Gibson et al., 2014; Campbell et al., 2015).
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Sinter deposits are texturally complex and are predominantly
composed of metastable silica phases (SiO2*nH2O) that include
amorphous opal A, para-crystalline opal CT, opal C, and stable mi-
crocrystals of silica (SiO2) including quartz and moganite (Smith,
1998; Rodgers et al., 2004; Lynne et al., 2007). In geothermal hot
springs, silica precipitation is strongly controlled by the under-
cooling of thermal water, evaporation rate, and changes in the pH
and ionic strength of the hydrothermal fluid (Ichikuni, 1970;
Rimstidt and Cole, 1983; Campbell et al., 2003; Rodgers et al.,
2004; Tobler et al., 2008; Tobler and Benning, 2013; Nicolau et al.,
2014). The first stage of sinter formation comprises the nucle-
ation of Si(OH)4 monomers in the silica-saturated fluid. This pro-
motes aggregation by coagulation and/or floculation of colloidal
silica particles, with coarser grains formed by Ostwald ripening
(Iler, 1979; Smith, 1998; Tobler et al., 2008, 2009; Tobler and
Benning, 2013). The first silica phases precipitated from the hy-
drothermal fluid have very low structural order and their mor-
phologies result from aggregations of porous nano- to micro-sized
silica spheres (Rodgers et al., 2004; Lynne et al., 2007). Silica un-
dergoes further morphological and structural transitions as a result
of changes in the thermodynamic conditions, such as variable
exposure to weathering, fluid re-circulation, and changes in the
degree of silica saturation, temperature, pH, and evaporation rate,
among others (Williams et al., 1985; Herdianita et al., 2000a;
Konhauser et al., 2001; Lynne and Campbell, 2004; Rodgers et al.,
2004; Nicolau et al., 2014). Each silica phase displays particular
morphologies as expressions of their internal structure. A higher
structural order or maturation grade is reached during diagenesis
as a result of increased density and a decrease in porosity and water
content (Herdianita et al., 2000a; Rodgers et al., 2004; Lynne et al.,
2008).

Several recent mineralogical studies have focused on the
texture, morphology, degree of crystallinity, and biogeochemical
signatures of silica sinters (e.g., Herdianita et al., 2000a; Rodgers
et al., 2004; Fernandez-Turiel et al., 2005; Lynne et al., 2007;
Garcia-Valles et al., 2008; Lynne, 2012b; Orange et al., 2013; Tobler
and Benning, 2013; Nicolau et al., 2014), whereas other studies have
centered on the presence of metals and metalloids in sinters that
form common accessory minerals in low sulfidation gold-silver
epithermal deposits (Ichikuni, 1970; Parker and Nicholson, 1990;
Saunders, 1990; McKenzie et al., 2001; Guido et al., 2002; Guidry
and Chafetz, 2003; Pope et al., 2005; Sillitoe, 2015). Common
accesory minerals reported in different sinter deposits include,
pyrite, stibnite, realgar, orpiment, and cinnabar. Additionally,
amorphous arsenic and antimony sulfides have been identified in
the Waiotapu sinter, New Zealand (Jones et al., 2001), and halite,
sylvite, realgar, gypsum and cahnite have been reported at the El
Tatio sinter deposits, in northern Chile (Nicolau et al., 2014). Sinter
deposits can contain several elements at the ppm level (i.e., Au, Ag,
Li, B, As, Mo, Hg, Cu, Pb, Sb, and W). In the Waiotapu geothermal
field, New Zealand, reported gold and silver values range from 9.2
to 543 ppm and 3.7e33 ppm, respectively (Pope et al., 2005; Jones
et al., 2001). Guido et al. (2002) have documented 18e530 ppm of
Ag and 3.8e8.1 ppm of Cu in paleo sinters from the El Deseado
massif, Argentina, and Uysal et al. (2011) have shown that sinter
samples from the Drummond Basin in Queensland, Australia, have
up to 7.98 ppm of Cu. Besides these data, no studies have combined
the sinter trace element geochemistry with the silica crystallinity
degree. This is critical in order to determine the possible mineral-
ogical controls on the abundance of trace metals in the sinter.
Further, there is no published information regarding the form of
these metals in the sinter, i.e., structurally bound into particular
silica phases, or if they are incorporated as nano- to micro-sized
mineral particles into sinter. This information is not only relevant
to evaluate the partition of dissolved metal species into silica
phases during sinter formation, but it is also crucial to better un-
derstand metal transport and precipitation in near surface hydro-
thermal systems, and to assess the potential impacts of silica
precipitation on toxic metal uptake and release in the local
environment.

This study provides new in situ trace element data in natural
silica sinter samples that record the complete diagenetic sequence
from non-crystalline opal A to microcrystalline quartz. The metal-
rich silica sinter samples were obtained in the Puchuldiza
geothermal field located in the Altiplano of northern Chile. This
active geothermal system has been previously evaluated for high-
enthalpy geothermal resources and as a potential epithermal
gold-silver prospect (JICA, 1979). The purpose of this study is to
determine the relation between the degree of silica crystallinity,
the micro-morphology and the trace metal/metalloid content. We
use a combination of techniques including scanning electron mi-
croscopy (SEM) observations, X-ray diffraction (XRD) structural
characterization and laser-ablation inductively-coupled plasma
mass spectrometry (LA-ICP-MS).

The high-altitude (>4.000 m a.s.l) silica sinter deposits of the
Chilean Altiplano exhibit unique textural and mineralogical char-
acteristics resulting from the extreme climatic conditions. These
include a high degree of structural disorder, which is probably
related to cation incorporation into the silica structure and/or the
occurrence of micro- to nano-scale accessory minerals (Garcia-
Valles et al., 2008; Nicolau et al., 2014). Our data indicates that
the degree of silica crystallinity plays a fundamental role in the
metal and metalloid uptake in geothermal systems.

2. Geological background and samples

The Puchuldiza geothermal field is located in the Altiplano
Plateau of northern Chile (19.412925�S, 68.959900�W) at an
elevation of 4200 m above sea level (m a.s.l.), and 200 km east of
the city of Iquique, Tarapac�a region (Fig. 1). The geothermal field
covers an area of ~1 km2 (Fig. 2A) and the sinter deposits occur in a
volcano-tectonic depression that is structurally controlled by a NW-
SE reverse fault system and a NNE-SSW normal e strike-slip fault
system (Lahsen et al., 2005; Tassi et al., 2010; Amberg, 2011). The
geology of the area is represented by a Cretaceous continental
sequence overlain by Miocene to Pliocene andesitic and dacitic
lavas. Ash-flow tuffs, and glacial and alluvial deposits of Holocene
age cover an important part of the area (Lahsen, 1970; Lahsen et al.,
2005). The hydrothermal surface alteration in the geothermal area
is characterized by typical low sulfidation alteration assemblages,
that is mainly sericite and adularia (JICA, 1979).

The Puchuldiza field has more than 100 surface expressions of
geothermal activity that are related to the intersection of the fault
systems described above. The area comprises an extensive paleo-
sinter deposit (Fig. 2 C,E), actively forming siliceous sinters
(Fig. 2F and G) and surface manifestations including hot, bubbling
and thermal springs, fumaroles, geysers andmud pools (Fig. 2 B,-D).
The near boiling (87.6 �C at ~4.200 m a.s.l.) spring waters are
characterized by a near-neutral pH and are rich in alkalis and
chloride (alkali-chloride type). Previous geothermometry de-
terminations indicate a geothermal reservoir temperature at depth
in the range of 180� to 240 �C (JICA, 1979; Mahon and Cusicanqui,
1980; Lahsen et al., 2005).

The silica sinter deposits in Puchuldiza have an estimated
thickness of up to 25 m according to previous geophysical pro-
specting (Ortiz et al., 2008) and exhibit textures related to fast to
intermittent flow of hotwater. Siliceous sinters are characterized by
different colorations that form bands, nodules or surface pre-
cipitates (Fig. 2 C,-E,-F,-G), probably related to changes in their
chemical content and the incorporation of bio-materials such as



Fig. 1. Main Geothermal areas of northern Chile: Location map of the Puchuldiza
geothermal field in the Altiplano of northern Chile. Other geothermal areas are shown
(purple circles), as well as active volcanoes (black triangles). Figure modified from
Nicolau et al. (2014) and Aravena et al. (2016). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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thermophilic cyanobacteria and micro-algae (Schultze-Lam et al.,
1995; Jones et al., 1999; Benning et al., 2005; Fernandez-Turiel
et al., 2005; Gibson et al., 2008; Barbieri et al., 2014).

Thirteen silica sinter deposit associated with active and inactive
geothermal manifestations were selected for sampling based on
their coloration and textures (Fig. 2A). The sinters were deposited
on pool margins (Fig. 2B), and discharge channels (Fig. 2 D), with
mature phases in deep pool and proximal vent facies. Textures such
as geyseritic, lily-pad, palisade and streamer (Guidry and Chafetz,
2003; Lynne, 2012b) were recognized in various samples contain-
ing different silica phases. In active vents, the sinter samples were
collected in both subaqueous and subaerial settings. All sinter
samples exhibited significant color variations in bands 0.2e0.5 cm
wide. For each sample, fragments of consecutive bands were
extracted to determine their mineralogy, crystallinity, micro-
morphology and geochemical characteristics. Additionally, water
samples were collected for chemical analysis and the pH of the
water were measured on site.
3. Analytical methods

Representative thirty-seven siliceous sinter samples were
collected and analyzed using X-ray powder diffraction (XRD)
methods as a means of identifying microcrystalline silica phases
and accessory minerals according to established protocols (Smith,
1998; Herdianita et al., 2000b; Lynne et al., 2007; Nicolau et al.,
2014). The XRD analyses were carried out using a Siemens D-
5000 diffractometer in the Physics Department at the Universidad
de Chile, Santiago. The untreated powder samples (<200 mm) were
scanned at a rate of 0.6�2W/min, with a step size of 0.01�, from 0 to
80�2W, and operating conditions of 40 kV and 30 mA. Accessory
minerals were identified using the XPowder12 software. In all
diffractograms, the value of the Full Width at Half Maximum
(FWHM) was measured by fitting the curve and base line manually
(Lynne et al., 2007). The FWHM is the main parameter used to
determine the degree of structural disorder in different non-
crystalline silica (Smith, 1998; Lynne et al., 2007). This parameter
was then used to assess the mineralogical maturation of silica and
compared with other FWHM values from different silica sinter
deposits worldwide.

The samples analyzed by XRD were also studied by scanning
electron microscopy (SEM) in order to determine the morpholog-
ical characteristics of silica and the presence of accessory minerals.
Clean silica sinter samples were coated with a thin carbon film, and
later mounted on a sample holder with carbon tape. The analyses
were performed at the Andean Geothermal Centre of Excellence
(CEGA), Universidad de Chile, using a FEI Quanta 250 SEM equipped
with secondary electron (SE), energy-dispersive X-ray spectrom-
etry (EDS), backscattered electron (BSE) and cathodoluminescence
(CL) detectors. The analyses were performed using a spot size of
1e3 mm, an accelerating voltage of 10e20 keV, a beam intensity of
80 mA, and a working distance of 10 mm.

Semi-quantitative EDS analyses were used to constrain major
elements in individual mineral phases. The EDS operating condi-
tions were 20 keV, a spot size of 1e3 mm and a working distance of
10e18 mm.

Eight representative sinter samples previously studied under
the SEM and structurally-characterized by XRD were selected for
major and trace element analyses in specific silica sinter phases
(opal A, opal A/CT, opal CT, opal CT/C and opal C/quartz). The
measurements were carried out in the Isotope Geochemistry Lab-
oratory at CEGA, Universidad de Chile, using a Thermo Scientific™
iCAP™ quadrupole inductively coupled plasma mass spectrometer
(Q-ICP-MS) coupled with a 193 nm ArF excimer laser (Photon
Machines Analyte G2). The following isotopes were analyzed: 7Li,
11B, 23Na, 24Mg, 27Al, 39K, 44Ca, 48Ti, 54Fe, 55Mn, 63Cu, 75As, 79Br,
107Ag, 121Sb, and 197Au. The ICP-MS operates with a RF power of
1550Wand a vacuum pump with a capacity of <1 � 109 l/minwith
an acquisition time of 1.049 s for one cycle. Ablationwas performed
within a HelEx 2 cell, with two different spot sizes (20 and 30 mm)
according to the grain size of silica in the samples. A repetition rate
of 7 Hz and a constant fluency of 4.64 J/cm2 were used with a 0.3 L/
min flow of He as carrier gas. The calibration was performed using
NIST 610 and 612 standards (National Institute of Standards and
Technology). The samples were analyzed using a standard-sample-
standard bracketing methodology. An Excel macro was developed
for off-line data reduction. The data considered representative
displayed a signal that is three times higher than the standard
deviation of the background. Elemental quantification was carried
out based on the normalization of the sum of all metal oxides to
100 wt.%. and the use of an ablation yield correction factor (AYCF)
(Liu et al., 2008).

The concept behind this methodology can be developed as fol-
lows (equations (1)e(6))

Ci
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where Ci
sam represents the concentration of i element in the sample,

and Ci
rm the concentration of element “i” in the reference material.

The cpsisam and cpsirm are net count rates of analyzed element “i” in



Fig. 2. Sampling sites and silica sinter samples: (A) Location of the 13 sinter sampling sites, distributed throughout the Puchuldiza field. Sites 8, 9 and 13 represent paleo-sinter
and other sites are actively-forming sinter. (B and D) Sites 7 and 2 respectively. Sampling sites actively forming sinter related to bubbling pools. The pool in B has ~1 m diameter and
in D the pool has ~0.3 m diameter, with discharge channels and temperatures of 84 �C and 54 �C, correspondingly. (C and E) Paleo-sinter samples showing multiple color bands and
red nodules (black arrow in C), sampling site 9 and 13 respectively. (F and G): Active sinter samples showing high porosity (site 6, F) and nodules of a sulfide precipitate (site 11, G).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the sample and reference material, respectively, while cpsisrm and
cpsissam are net count rates of internal standard of element “is” in the
sample. The Cis

sam and Cis
rm are the concentrations of “is” in the

sample and in reference material, respectively (Liu et al., 2008).
Considering that:

k ¼
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Cis
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Cis
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!
(2)

the concentration of an element i in the sample is denoted by

Ci
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� k (3)

Based on the fact that the sum of all elements is represented by
100 wt%, the concentration of all species in the sample can be
expressed as:

 XN
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can be calculated through regression statistics

considering the analysis of referencematerials, independently of an
internal standard (Liu et al., 2008). The calculation of k represents a
unique value and is denoted as the ablation yield correction factor
(AYCF):
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Finally, the concentration of each element ðCis
samÞ in the samples

is calculated using:

Ci
sam ¼ AYCF � cpsisam � li (6)

In addition to the mineralogical and trace element data of sinter
samples, the chemical composition of nine geothermal spring wa-
ter samples spatially associated with active sinter was determined.
Separate samples for cations and anions were collected and filtered
through a 0.45 mm cellulose acetate filter and stored in pre-cleaned
polypropylene bottles. Samples for major cations and trace metal
analyses were acidified with 4 N HNO3. The samples were analyzed
at the Fluid Geochemistry Laboratory at CEGA, Universidad de
Chile, using atomic absorption spectrometry (AAS) for major cat-
ions, and ion chromatography (IC) for anions and bicarbonates. The
trace element concentration of the geothermal water samples was
analyzed using high resolution inductively coupled plasma e mass
spectrometry (HR-ICP-MS) at Activation Laboratories Ltd (Actlabs),
Canada.
Table 1
Mineralogical features of silica sinters from Puchuldiza. The FWHM values and the corr
description and location information. Accessory mineralogy is described for each sample

Sample ID FWHM
(�2Ɵ)

Silica phase Other constituents

M1.2 9.5 Opal A Detrital quartz and hemati
M3.2a 8.9 Opal A Hematite, calcite, halite, an
P8a 8.5 Opal A Laminated paleo-sinter fro
M3.5v 8.5 Opal A Halite and silica microsphe
M3.1a 8.3 Opal A Halite and microorganisms
M3.1ar 8.3 Opal A Realgar, sulfur, halite and m
M3.3 8.3 Opal A Halite. From pool margin in
M3.1 8.2 Opal A Quartz, anorthite, halite an
P8b 7.9 Opal A Laminated paleo-sinter fro
P7b 7.9 Opal A Laminated paleo-sinter fro
M3.7v 7.7 Opal A Calcite, albite, halite, quart
P7e 7.7 Opal A Laminated paleo-sinter, da
M3.1.r 7.5 Opal A Halite in pool margin. Activ
P7a 7.7 Opal A Laminated paleo-sinter, ora
P7c 7.7 Opal A Laminated paleo-sinter, wh
M3.7 7.5 Opal A Calcite. Site 11, actively-for
M2.7m 7.5 Opal A Sample from site 5, activel
M3.3r 7.5 Opal A Sample from site 3 with or
M3.6 7.5 Opal A Halite. Sample from site 12
P8c 7.2 Opal A Laminated paleo-sinter fro
M3.7p 7.2 Opal A Halite, hematite, magnetite
M3.1 7 Opal A Realgar, halite and high pr

P7d 6.5 Opal A/CT Laminated paleo-sinter wit
M3.7b 5.6 Opal A/CT Sample from site 11, active
M3.5 4.3 Opal A/CT Quartz and halite. Sample

M3.6b 2.5 Opal CT Diffractogram with tridym
M3.6d 2.5 Opal CT Diffractogram with tridym
M2.6b 1.9 Opal CT Cinnabar, halite and cristob
P5 1.7 Opal CT Paleo-sinter sample from s
M2.2b 1.6 Opal CT Cinnabar, halite and tridym
M2.2r 1.6 Opal CT Cinnabar, halite and tridym
M2.5b 1.2 Opal CT/C Calcite, quartz and cristoba
M2.5 0.3 Opal CT/C Quartz, cinnabar and cristo

M2.6r 0.2 Opal C/Quartz Quartz, cinnabar and cristo
M2.1 0.2 Opal C/Quartz Quartz. Site 9, Paleo sinter.
P1a 0.1 Opal C/Quartz Quartz. Laminated paleo-si
P1b 0.1 Opal C/Quartz Quartz. Laminated paleo-si
4. Results

4.1. Sinter mineralogy and micro-morphology

The main mineralogical characteristics of the 37 sinter samples
from Puchuldiza are listed in Table 1, including silica phases and
accessory minerals. The FWHM value is also shown for each sam-
ple. Samples were classified as opal A, opal A/CT, opal CT, opal CT/C,
and opal C/quartz according to their FWHM values and micro-
morphologies (Lynne et al., 2007). Representative XRD traces for
selected samples are shown in Fig. 3.

Active and fossil silica sinter samples from Puchuldiza exhibit a
wide range of FWHM values from amorphous to crystalline phases,
between 0.11�2Ɵ and 9.52�2Ɵ (Table 1). Samples M1.2, M3.2a, P8a,
M3.5v, and M3.1a show the highest FWHM values and correspond
to amorphous opal A. Samples with FWHM values higher than
7�2Ɵ were classified as the same phase (e.g., samples M3.1, M3.6,
M3.3r, P7a). FWHM values between 0.39�2Ɵ and 6.59�2Ɵ were
measured in samples P7d, M3.7B, M3.5, M3.6b, M3.6d, M2.6b, P5,
M2.2b, M2.2r, M2.5b, andM2.5. In these samples, opal A/CT (4.3�2Ɵ
- 6.59�2Ɵ), opal CT (1.6�2Ɵ - 2.51�2Ɵ), and opal CT/C (0.39�2Ɵ -
1.21�2Ɵ) phases were identified (Table 1). The most mature phases
opal C/quartz were identified in samples M2.6r, M2.1, P1a and P1b,
and show FWHM values of 0.11�2Ɵ - 0.28�2Ɵ.

The mineralogical contents and micro-morphologies are
described for sinter samples as classified based on their constituent
esponding structural classification are provided, along with a general macroscopic
.

te. Pool margin from actively-forming sinter site 4.
d organic material. Pool margin from actively-forming sinter site 2.
m site 13, Sample of yellow bands (Fig. 2 E).
res encrusted on microorganisms filaments; from actively-forming sinter site 10.
. Pool margin from actively-forming sinter site 1.
icroorganisms. Sample from actively-forming sinter site 1.
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ite-like peaks and quartz, from site 12 actively-forming sinter.
alite-like peaks. Site 6, actively-forming sinter.
ite 13.
ite-like peaks. Laminated paleo-sinter in site 8, with white bands.
ite-like peaks. Laminated paleo-sinter in site 8, with red bands.
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Fig. 3. Representative X-ray diffractogram traces of sinter samples from Puchuldiza: (A) Stack of 5 diffractograms of opal A- bearing samples: the broadband is centered at
23.5�2Ɵ -24 �2Ɵ, with FWHM values between 7�2Ɵ - and -9.5�2Ɵ. Samples top-down: M3.1, M1.2, M3.7p, M3.1ar, and M3.1a. (B) Stack of 4 diffractograms of paracrystalline silica
phases: B1 correspond to opal A/CT, and B2, B3 and B4 to opal CT. The broadband in centered at ~21.5�2Ɵ, and FWHM values vary between 1.6 and 6.59�2Ɵ. Samples M3.5, M3.6b,
M3.6D, P5. (C) Stack of 3 diffractograms of opal CT/C-C/quartz: the well-defined peaks of quartz are representative of high degree of crystallinity. Samples: M2.5, M2.6r, M2.1. Main
accessory minerals phases are labeled and correspond to anorthite (An), hematite (Hem), realgar (Rlg), halite (Hl), detrital quartz (Qz), cinnabar (Cin), native sulphur (S), trydimite
(Trd) and cristobalite (Crd).
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silica phases (opal A, opal A/CT, opal CT, opal CT/C, and opal C/
quartz). The Puchuldiza sinter samples are characterized by silica-
bearing bands of variable coloration (e.g., Fig. 2 C,-E,-F,-G),
although chemically pure silica is colorless (Rossman, 1994). The
coloration is caused by chemical impurities in the silica and
accessory minerals that co-precipitate with silica in sinter. The XRD
patterns (Fig. 3 and Table 1) show halite (NaCl) as a common
accessory mineral in all phases, and in amorphous and para-
crystalline phases, detrital quartz was identified. Opal A phase-
bearing samples (Fig. 3) contain hematite (Fe2O3) and magnetite
(Fe3O4) in grey-red bands (samplesM1.2, M3.2a, andM3.3r, M3.7p).
Additionally, yellow-orange bands show realgar (As4S4) and native
sulfur (e.g., samples M3.1, M3.1r and M3.1ar), while the pink
coloration of sampleM3.3r is related to orpiment (As2S3). Thewhite
color in opal A phases coincide with the presence of calcite (CaCO3)
and detrital quartz (samples M3.2a, M3.7 and M3.7a), even though
some samples only display XRD patterns associated to amorphous
silica. Opal A/CT phase-bearing samples show yellow and white
colorationwith only halite and detrital quartz as accessoryminerals
(e.g., in sample M3.5, opal A/CT-CT in Fig. 3). Opal CT, opal CT/C, and
opal C/quartz-bearing samples (Fig. 3) display red, pink and yellow
colors related to the co-existence of cinnabar (HgS) and halite (e.g.,
samples M2.6b, M2.2b, M2.2r, and M2.5). Some samples do not
show accessory minerals as determined by XRD analyses, (e.g.,
M2.7m and P7c), although their coloration varies from white to
different shades of white-pink, yellow, green, and red. This color
variation is attributed mainly to chemical impurities or nano-scale
mineral inclusions in silica that were not detected by XRD
techniques.

The micro-morphologies observed in sinter samples from
Puchuldiza are highly variable and strongly correlate with the de-
gree of crystallinity. Samples containing amorphous and para-
crystalline silica phases display microspheres with variable sizes
in different distributions. For example, opal A-bearing samples (22
samples) exhibit well-defined microspheres with diameters
between 1 and 6 mm and smooth surfaces. The microspheres in
these samples are distributed in honeycomb (Fig. 4A), conglom-
erate and micro-botryoidal arrangements (Fig. 4B, -C); also, mi-
crospheres, occur on the surfaces of tubular microorganisms,
forming smooth and rough filaments of ~10 and ~5 mm diameter,
respectively (Figs. 4D and 5B). The presence of tubular microor-
ganisms with different sizes is likely related with variation in the
temperature of water (Fig. 5B). The filaments form a crisscross
growth pattern without alignment resulting in a high porosity
texture in the samples (e.g., samples M3.7b and M3.5v, Figs. 4D and
5B). Additionally, the silica microspheres are joined side by side or
are interconnected in the botroydal arrangements filling the voids
between filaments (Fig. 4D). In general, the silica microspheres
exhibit a regular diameter in different samples (~1e6 mm), except
for sample M1.2 which shows a coexistence of microspheres of
variable sizes (<1e5 mm), that are related to different formations
stages (Fig. 4C). Samples M3.1ar, M2.7m, M3.1m, and M3.3 show
platelets <5 mm that are distributed homogeneously in the samples
and are intergrown with silica microspheres (Fig. 5D, -C). SEM-EDS
analyses suggest that platelets are composed of silica and show
regular hexagonal shapes. Additionally, samples M2.7m, M3.1, and
M3.3 show a massive vitreous silica matrix between silica micro-
spheres or as massive bands (Fig. 5D); related to water evaporation
(Rodgers et al., 2004). Microorganisms such as diatoms and micro-
algae were observed only in active sinter samples containing opal A
silica. The microorganisms are usually associated with different
aggregation of microspheres and in some cases they preserve their
morphological characteristics (Fig. 5A), while in other cases tubular
microorganisms are covered by silica microspheres (Figs. 4D and
5B).

Samples containing opal A/CT (samples P7d, M3.7b, and M3.5 in
Table 1) display agglomeration of irregular microspheres of
~6e15 mm of diameter with rough surfaces and multiple clusters of
filaments (Fig. 5B). For example, sample M3.7b shows a high
porosity due to multiple filaments in a crisscross arrangement



Fig. 4. Morphology and micro-textures of amorphous and semi-crystalline silica phases in sinters from Puchuldiza. (A) Opal A microspheres (1e4 mm) forming a honeycomb
arrangement. Sample M3.5v. (B) Micro-botroidal arrangement of opal A microspheres of diameter ~4e5 mm. Sample P8a. (C) Clusters and packs of aligned opal A microspheres
(2e6 mm), showing a fracture surface. Sample M1.2. (D) Opal A microspheres aligned in tubular rows as filaments. Sample M3.2a. (E) Agglomeration of early opal-CT microspheres
~6e15 mm diameter, showing lepispheres with roughness surfaces. Sample M3.6b. (F) Early Opal-CT lepispheres and micro-particles encrusted between silica platelets on larger
microspheres. Sample M3.6d.
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along with microspheres of ~10 mm and irregular silica platelets of
5e20 mm, both recognized in the voids generated by inter-filaments
gaps. Additionally, samples containing opal CT (samples M3.6b,
M3.6d, M2.6b, P5, M2.2b, andM2.2r) and opal CT/C (samples M2.5b
and M2.5) exhibit agglomerations of uniform silica spheres of
10e25 mm of diameter (Fig. 4E, -F, and Fig. 6A, -B), with roughness
to lepi-surfaces alongwith silica platelets <10 mm that occur side by
side with silica spheres. In sample M2.2r, micro-silica platelets
<5 mmwere observed with silica microspheres <1 mm, both on the
surfaces of lepispheres. The presence of thesemicro silica spheres is
most likely associated with late-stage silica precipitation or
colloidal transport in the hot water (Fig. 4F).

Sinter samples that contain the most mature silica phases
(samples M2.6r, M2.1, P1a, P1b) show agglomeration of spheres of
~40e120 mm diameter with irregular surfaces. These irregular
surfaces are formed by proto-crystals of quartz with sizes <10 mm,
(Fig. 6C, -D), and well-developed microcrystals of quartz
(10e30 mm) (Fig. 6E, -F). In sample M2.1, on the other hand, the
micro-crystals were recognized mostly in micro-fractures and
cavities within the sample. Well-developed quartz crystals usually
occur inside voids, and do not show specific growth orientation.

Despite the fact that accessory minerals were detected by XRD
(Table 1), the SEM inspection of samples did not allow a precise
determination of their morphology, suggesting that these mineral
species might be present as submicron-sized inclusions and/or are
covered by layers of silica spheres or vitreous silica. The only
exception is halite, which occurs as cubic crystals of 5e10 mm size in
samples M2.5 and M3.1.



Fig. 5. Morphology and micro-textures and microbial components of the Puchuldiza sinters: (A) Diatoms between microspheres of opal A show well-defined forms and display
silica platelets on their surfaces. Sample M3.1a. (B) Tubular microorganisms with microspheres of opal A encrusted on the surface. Sample M3.5v. (C) Microspheres show rough
surfaces due to large amounts of silica platelets. An amorphous silica band can be observed at the bottom. Sample M2.6b. (D) Microspheres and silica platelets form clusters of
different sizes. Sample M3.7p.
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4.2. Sinter geochemistry and hydrothermal fluid composition

Representative LA-ICP-MS analyses of sinter samples from
Puchuldiza are shown in Table 2, based on their degree of silica
crystallinity, i.e., opal A, opal CT and opal C/quartz (samples ana-
lyses are presented in the Appendix). Sinter samples contain in
average, more than 79.55 wt.% SiO2, reaching a maximum of
95.82 wt.% in sample M3.7. CaO, Al2O3, Na2O, K2O, and Fe2O3 are
present in all sinter samples and some MnO (samples M3.7, M3.6,
M2.5 and M3.1) and MgO (samples M3.7, M3.6, and M2.5) were
measured, some of these chemical species are present as acces-
sories mineral such as calcite (ex. Samples M3.7 and M2.5b) and
hematite (ex: samples M1.2 and M3.7p). The concentrations of CaO
vary in average between 1.3 and 12.76 wt.%, with the highest value
measured in sample M2.5. The Al2O3 show an average concentra-
tions in the range of 0.043e1.186 wt.%, for samples M2.2r andM2.5,
respectively. Na2O is present in average, between 0.118 wt.% and
1.137% wt.% and shows little variation, similarly to K2O which is
present in an average concentrations of 0.102e0.454 wt.% in sam-
ples M3.1 and M2.5, respectively. Fe2O3 content was determined
using 57Fe, and show average values between 0.163 wt.% in sample
M3.1 and 6.509 wt.% in sample M3.9b. MnO andMgO show average
concentrations between 79.5 ppm to 473 ppm and 52.23e148 ppm,
respectively.

Sinter samples contain high concentrations of metals and met-
alloids including Au, Ag, Cu, As, Sb, B and Li (Table 2). The less
crystalline, more immature opal A-bearing sample M3.7 contains
0.29 ppm Au, 0.85 ppm Ag, and 21.63 ppm Cu as representative
concentrations. The other elements are present with a wide range
of representative concentrations in this silica phase, in samples
M3.1 and M3.7, i.e., As (19090.25 ppm and 133.51 ppm), Sb
(336.57e1007.24 ppm), B (24.37e83.45 ppm), and Li
(1100.36e3015.65 ppm). Samples M3.6b is intermediate and less
immature opal CT-bearing and contains a higher content of
precious metals (10.3 ppm Au, 14.96 ppm Ag as representative
values), and Cu (49.32 ppm). As, Sb, B and Li are present in relatively
high concentrations (4233.93 ppm, 274.03 ppm, 87.85 ppm,
411.41 ppm, representatives values respectively). The most mature
and crystalline opal C/quartz-bearing samples (samples M2.2r,
M2.5, M2.5b, M2.6r, andM2.6b) show the highest concentrations of
Au (1.86e30.58 ppm in samples M2.5b and M2.5), and Ag
(9.3e111.98 ppm in samples M2.5 and M2.6b), whereas the other
elements show variable concentrations (As: 18.63e662.64 ppm in
samples M2.6r and M2.5, Sb: 270.69 ppm in M2.6r and 1568.4 ppm
in M2.5b, B: 196.05e286.06 ppm in samples M2.5 and M2.6
respectively, Cu: 1.18 ppm in M2.6r and 157.26 ppm in M2.5, and Li
71.66e1213.55 ppm in samples M2.2r and M2.5 respectively).

In Fig. 7, the mean and median concentrations of Au, Ag, Cu, As,
Sb, and B are plotted as a function of silica crystallinity. In addition,
a compilation of previously published LA-ICP-MS analyses from
other sinter deposits around the world is shown as a reference;
however, no silica crystallinity was reported for these data, unless
specified otherwise. These results reveal a significant correspon-
dence between trace element concentrations and the degree of
silica crystallinity. Gold and Ag show a trend of higher contents
with increasing crystallinity, spanning two orders of magnitude in



Fig. 6. Morphology and micro-textures of the more crystalline silica phases in sinters from Puchuldiza: (A) Agglomeration of opal C microspheres with rough surfaces.
SampleM2.6b. (B) Agglomerated microspheres of opal-CT/C with quartz pseudo-microcrystals on the surface. Sample 2.5. (C) Typical morphology of opal C microspheres in sinter.
Sample M2.6r. (D) Quartz microcrystals with prismatic faces. Sample M2.1. (E) Microcrystals of quartz on the surface of a microsphere. Sample P1a. (F) Well-defined bipyramidal
microcrystals of quartz. Sample M2.1.
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concentration from opal A to opal C/quartz. In contrast, As and B
content show an inverse relationship with silica crystallinity.
Finally, the concentration of other species such as Sb and Cu do not
show a clear trend with the crystallinity degree of silica, and their
median values do not vary distinctly between different silica phases
(Fig. 7).

The geothermal water related to the sinter deposits are NaCl-
dominated with temperatures ranging between 54.4 and 87.8 �C
(the latter is the boiling T� at ~4.200m a.s.l.), and pH varies between
6.2 and 8.8. The total dissolved solids (TDS) ranges from 4000 to
4500 mg/l, above the average of 3770 mg/l in geothermal springs
from northern Chile (Tassi et al., 2010). Representative chemical
analyses of major cations, anions and trace elements are shown in
Table 3. The major constituents are SiO2 (226.75e400.03 mg/l), Cl
(2316e2616 mg/l), Na (1405e1625 mg/l), and K (144e218 mg/l),
with B (73.9e88.6 mg/l), As (11e13 mg/l), and Li (10.6e12.9 mg/l)
showing significant concentrations. Hg (0.0399e0.1 mg/l), Sb
(0.0288e0.91 mg/l), and Cu (6.94e18.4 mg/l) also show high con-
centrations, and Au is present in low but measurable amounts
(<1.8 ng/l) (Table 3).

5. Discussion

5.1. Silica precipitation and diagenetic maturation effects on trace
element uptake

The siliceous sinter deposits at Puchuldiza record the complete
diagenetic sequence fromnon-crystalline opal A tomicrocrystalline



Table 2
Selected trace element analyses of different silica phases determined by LA-ICP-MS. Concentration are in ppm unless specified otherwise (n.d.: not detected).

Silica phases

Opal A Opal CT Opal C/quartz

M3.1 M3.7 M3.6b M2.2r M2.5 M2.5b M2.6b M2.6r

SiO2 (wt%) min 85.62 93.95 70.30 88.56 69.60 64.46 74.30 67.69
max 91.94 96.30 99.20 91.05 88.19 88.12 91.67 90.89
mean 88.63 95.82 90.32 89.92 79.55 83.24 87.04 87.40

CaO (wt%) min 1.95 0.25 0.19 1.47 0.88 0.99 1.86 1.80
max 4.49 2.05 7.23 3.05 35.16 6.19 10.24 4.01
mean 2.99 1.33 1.30 2.08 12.76 3.83 3.74 3.12

Al2O3 (wt%) min 0.004 0.040 0.001 0.003 0.001 0.004 0.005 0.003
max 0.822 2.584 2.404 0.505 11.188 5.339 1.890 1.248
mean 0.107 0.419 0.233 0.043 1.186 0.577 0.287 0.092

Na2O (wt%) min 0.519 0.077 0.013 0.169 0.041 0.280 0.224 0.221
max 0.982 0.542 0.602 0.374 1.725 0.499 10.985 0.439
mean 0.665 0.284 0.118 0.250 0.509 0.401 1.137 0.351

K2O (wt%) min 0.076 0.028 0.016 0.169 0.012 0.207 0.167 0.185
max 0.152 1.171 0.762 0.345 1.682 0.363 0.343 0.344
mean 0.102 0.254 0.136 0.285 0.454 0.299 0.263 0.278

Fe2O3 (wt%) min 0.111 0.023 0.016 1.366 0.143 1.447 0.768 1.574
max 0.254 0.693 30.155 5.367 13.720 3.291 3.159 4.239
mean 0.163 0.179 6.509 3.742 4.385 2.459 2.400 2.783

MnO min 443.41 76.30 4.29 n.d. 35.47 n.d. 377.99 n.d.
max 443.41 580.28 461.15 n.d. 715.31 n.d. 568.01 n.d.
mean 443.41 174.19 79.25 e 247.67 e 473.00 e

MgO2 min n.d. 11.65 13.40 n.d. 4.49 n.d. n.d. n.d.
max n.d. 647.32 485.24 n.d. 739.93 n.d. n.d. n.d.
mean e 148.00 52.23 e 147.21 e e e

Au min n.d. 0.07 0.05 0.22 0.11 1.86 2.64 n.d.
max n.d. 0.43 142.66 38.77 209.51 1.86 47.90 n.d.
mean e 0.29 10.30 22.75 30.58 1.86 19.05 e

Ag min n.d. 0.41 0.44 36.10 0.43 n.d. 12.15 n.d.
max n.d. 2.10 74.75 62.85 32.17 n.d. 248.73 n.d.
mean e 0.85 14.96 46.34 9.30 e 111.98 e

Cu min n.d. 4.97 1.14 n.d. 1.35 1.17 0.54 1.18
max n.d. 71.95 302.96 n.d. 403.70 87.12 268.32 1.18
mean e 21.63 49.32 e 157.26 17.82 129.08 1.18

As min 1240.56 38.70 503.67 8.16 16.70 10.87 6.61 7.74
max 60189.18 472.49 24040.34 61.48 2731.66 424.95 383.72 43.62
mean 19092.25 133.51 4233.93 20.14 662.64 102.26 60.55 18.63

Sb min 86.82 390.95 5.34 4.78 1.42 2.33 4.11 4.14
max 908.09 2915.75 587.74 2144.04 2305.54 12795.56 1916.34 1739.21
mean 336.57 1007.24 274.03 339.27 394.38 1568.40 435.06 270.69

B min 24.37 24.20 1.00 n.d. 13.76 n.d. 234.42 n.d.
max 24.37 222.64 954.55 n.d. 645.20 n.d. 316.44 n.d.
mean 24.37 83.45 87.85 e 196.05 e 286.06 e

Li min 109.97 1974.01 43.78 33.30 91.65 25.29 30.41 34.74
max 4824.89 7771.00 1916.01 519.59 3054.09 189.59 393.20 272.61
mean 1100.36 3015.65 411.41 71.66 1213.55 91.65 84.30 101.01
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quartz, and the morphological changes observed here are similar to
those described in other geothermal systems (Herdianita et al.,
2000a; Lynne et al., 2005; Lynne et al., 2007). These morpholog-
ical changes (Figs. 4e6) are characterized by an increase in silica
micro-particle abundance and variations in their size, shape and
arrangement. Packed-in honeycombing (Fig. 4A), micro-botroydal
clustering (Figs. 4 and 5), and sphere concatenation (Fig. 4D) cau-
ses continuous modification of the micro-surfaces and changes in
the porosity of the siliceous sample. The multiple dispositions of
silica micro-particles are the result of different mechanisms
induced by self-assemblage and agglomeration processes, and
biological activity, which control the directionality and growth of
particle assembly (e.g., Jamtveit and Hammer, 2012; De Yoreo et al.,
2015). The self-assemblage and biological activity aremore relevant
in amorphous opal A and paracrystalline opal A/CT phases (Fig. 4A,
-D), while characteristics arrangements of opal CT, opal C and opal
C/quartz is the result of agglomeration processes only (Fig. 4E, -D
and Fig. 6). In Puchuldiza sinter deposit a complete diagenetic
transition has been registered in sinter formed around hot springs
with periodic activity, probably related to changes in the hydro-
dynamic activity of the thermal fluid source according to Guidry
and Chafetz (2003).



Fig. 7. Concentrations of metals and metalloids in different silica phases in sinters from Puchuldiza: Box and whisker chart showing the concentration of metals (Au, Ag, Cu)
and metalloids (As, Sb, B) in sinters from Puchuldiza measured by LA-ICP-MS and plotted against the degree of crystallinity of silica. Measured concentrations in opal A, -opal CT and
opal C/quartz are shown in red, blue and green boxes, respectively. As a comparison, elemental concentrations in sinters reported in the literature are shown on the right-hand side
(black lines, no corresponding crystallinity data available. Red and green lines are consistent with silica phases of boxes). References: (1) Opal Mound, US (Lynne et al., 2005); (2): El
Tatio, Chile (Landrum et al., 2009; Nicolau et al., 2014); (3) Steamboat Springs, US (Lynne et al., 2008); (4):Hoshino area, Japan (Belhadi et al., 2002); (5): Deseado Massif, Argentina
(Guido et al., 2002); (6):Drummond Basin, Australia (Uysal et al., 2011); (7):Champagne Pool, New Zealand (Jones et al., 2001; Pope et al., 2005). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Geochemistry of thermal water. The temperatures are in �C and concentrations in ppm, unless specified otherwise.

Muestra Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 11 Site 12

T 54.4 87.8 78.7 75.4 84 82.3 81.2 86 74.5
pH 6.2 8.8 7.5 7.8 8.2 8 8.3 7.4 8.2
Si 106 135 161 187 110 182 172 167 178
SiO2 226.75 288.79 344.41 400.03 235.31 389.33 367.94 357.24 380.77
F� 3.3 3.3 4.49 3.79 3.47 3.84 4.02 3.63 3.83
Cl� 2389 2413 2442 2542 2316 2563 2616 2504 2519
Br� 4.27 4.45 4.43 6.85 6.79 7.38 7.58 6.91 7.31
NO3

� 0.88 1.04 n.d 0.79 n.d n.d n.d 0.62 n.d
SO4

2- 131 133 134 141 125 144 143 137 148
HCO3

� 205.01 168.4 46.37 231.86 195.25 144 154.25 118.37 231.86
Na 1425 1455 1405 1580 1425 1570 1625 1520 1570
K 144 150 183 213 176 209 218 202 211
Ca 53.7 36.8 22.5 39.7 29.9 24.4 23.1 14.5 50.6
Mg 2.32 1.42 0.46 0.99 0.84 0.57 0.64 0.23 1.08
Au (ppt) <0.6 <0.6 <0.6 0.9 1.8 <0.6 1.3 1.6 1.6
Cu n.d n.d n.d n.d 0.0069 n.d 0.018 n.d n.d
As 10.7 11 11.3 12.9 12.5 12.9 13 12.8 12.4
B 75.8 76.4 77.8 84.9 73.9 84.9 88.6 84.1 85.7
Sb 0.02 0.54 0.66 0.71 0.91 0.81 0.87 0.63 0.53
Hg 0.03 0.04 0.1 0.06 0.05 0.06 0.06 0.05 0.06
Li 10.9 10.7 10.6 12.6 11 12.3 12.9 12 12.4
Mn 0.66 0.22 0.072 0.14 0.12 0.015 0.016 0.024 0.21
Pb (ppb) 0.05 0.05 0.05 0.05 1.66 0.05 0.05 0.05 0.05
Sr 2.6 2.62 1.91 2.68 2.35 2.32 2.57 2.34 2.89
Cs 2.24 2.49 3.26 2.86 2.5 2.95 2.99 2.79 2.83
Ba 0.178 0.167 0.134 0.286 0.279 0.246 0.276 0.225 0.274
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The geochemistry of the geothermal water and the formation of
siliceous sinter are closely related, firstly by the degree of SiO2
saturation that triggers silica precipitation, and secondly by other
dissolved species and constituents in the hydrothermal fluid that
may display a strong interaction with silica phases. There is
consensus that the first silica phase that precipitates is opal A
(Rodgers et al., 2004; Lynne et al., 2007; Orange et al., 2013),
although the direct nucleation of more mature phases has been
reported to occur in recent experimental studies of silica precipi-
tation due to the variations in water chemistry (Okamoto et al.,
2010; Saishu et al., 2012). Therefore, here we evaluate the poten-
tial effects of silica precipitation on the uptake of metals and
metalloids, and the impact of post-depositional processes leading
to trace element enrichment in the sinter.

During the first stages of sinter formation, the polymerization
and subsequent coagulation/flocculation of colloidal silica particles
form the amorphous opal A phase (Iler, 1979; Rimstidt and Cole,
1983; Buffle and Leppard, 1995; Herdianita et al., 2000a; Smith
et al., 2003; Tobler et al., 2009; Tobler and Benning, 2013). Apart
from direct co-precipitation of accessory minerals, proposed
mechanisms of elemental incorporation into sinter include
isomorphous substitution and chemical adsorption on the surface
of silica aggregates (Ichikuni, 1970; Nelson and Giles, 1985;
Saunders, 1990; Pope et al., 2005; Kaasalainen and Stef�ansson,
2012). During this initial stage, silica colloids may contribute to
an increase in the trace element budget throughout adsorption on
silica surfaces (Buffle and Leppard, 1995; Kersting et al., 1999; De
Jonge et al., 2004; Kretzschmar and Schafer, 2005). This phenom-
enon has been described in shallow hydrothermal systems to
explain the occurrence of nanoparticles of Au and Ag (Saunders,
1990, 1994; Pope et al., 2005; Hough et al., 2011). Following
adsorption of metals on silica colloids, polymerization of SiO2 leads
to the formation of opal A on preexisting surfaces such as mineral
grains and even microorganisms that are exposed to recirculation
of thermal water (Kersting et al., 1999; Kretzschmar and Schafer,
Fig. 8. Full Width Half Maximum (FWHM, or “degree of crystallinity”) and topographic
measured on XRD traces of opal A. The data shown includes samples from Puchuldiza (thi
a.s.l.). The high FWHM is a key characteristic of sinter deposits from high-altitude setting (e
(Lynne et al., 2005), Steamboat Spring, US (Lynne et al., 2007), Te Kopia (Lynne and Campb
Rodgers et al., 2004), Orakei Korako, New Zealand (Lynne and Campbell, 2004) and Sinter
2005; Lynne et al., 2007; Barnard and Guo, 2012; Cademartiri
et al., 2012; Alsina et al., 2013). The absence of characteristic mor-
phologies related to other mineral phases reinforces the idea that
these species are present at the nano-scale and/or covered by silica
precipitates (silica microspheres or vitreous silica). Additionally,
previous studies have indicated that biological agents may enhance
silica precipitation and thus metal adsorption, in particular Au
(Jones et al., 2001; Konhauser et al., 2001; Yokoyama et al., 2004;
Lalonde et al., 2005; Pancost et al., 2005; Phoenix et al., 2005).
Although microorganisms may influence metal precipitation,
either as active agents during bio-mineralization or as passive
agents during heterogeneous nucleation of silica, biological in-
fluences on metal uptake will not be discussed in detail here.

Environmental conditions have been reported to exert a strong
influence on silica precipitation and texture development in
different environmental settings (Lynne, 2012a; Nicolau et al.,
2014; Campbell et al., 2015), and thus may play a role on metal
uptake during the early stages of sinter formation.

The amorphous silica phases from the high-altitude Puchuldiza
field (~4200 m a.s.l.) are characterized by some of the highest
FWHM values reported in the literature (7e9.52 �2W), in agree-
ment with previous values reported by Nicolau et al. (2014) at El
Tatio (~4270 m a.s.l.). In Fig. 8, the FWHM values of high-altitude
sinters from Puchuldiza and El Tatio are compared with XRD data
of sinters formed under different altitude conditions worldwide.
The dataset include samples from Steamboat Spring and Opal
Mound, both in the US, occurring at ~1400 m a.s.l and ~1840 m
a.s.l., respectively, and from the Taupo Volcanic Zone, New Zealand
(Te Kopia ~410 m a.s.l, Waiotapu ~380 m a.s.l, Orakei Korako
~350 m a.s.l., and Sinter Island ~320 m a.s.l.). The representative
median values of FWHM for high-altitude active sinters are above
9, while for active sinter deposits at lower altitudes FWHM values
are commonly below 9. Coincidently, the highest FWHM value
(12.5�2W) corresponds to El Tatio sinter, which is located at the
highest altitude, while the lowest FWHM value (6�2W)
altitude for different sinter deposits: Box and whisker chart showing FWHM values
s work) and from previously published studies, spanning a wide range of altitudes (m
.g., Chilean Altiplano). References: El Tatio, Chile (Nicolau et al., 2014), Opal Mound, US
ell, 2004; Rodgers et al., 2004), Waiotapu, New Zealand (Lynne and Campbell, 2004;
Island, New Zealand (Lynne et al., 2007).



Fig. 9. Representative time vs. intensity signals for Si, Au, and Ag obtained during
LA-ICP-MS analyses: The analyses correspond to sample M2.6r. (A) Profile shows
homogeneous distribution of Si, Au and Ag, (B) Ablation of Au and Ag-bearing in-
clusions hosted in the silica matrix show as spikes in the transient signal (red rect-
angle). Intensity is in counts per second (cps) and time in seconds (s). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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corresponds to Te Kopia that is located below 500 m a.s.l. High
FWHM values for amorphous opal A in sinter has been attributed
to: (1) Incorporation of cations attached to silanol bonds (Si-OH) in
the silica network that may distort the crystalline setting (Ichikuni,
1970; Iler, 1979; Nicolau et al., 2014); (2) Incorporation of nano-
minerals or mineral nano-particles within the silica matrix dur-
ing the diagenesis (Garcia-Valles et al., 2008), and (3) Extreme
environmental conditions typical of high-altitude systems, e.g.,
lower boiling point of thermal water, high evaporation rates and
extreme fluctuations in daily temperatures. Therefore, the influ-
ence of these factors on silica precipitation and metal partition are
yet to be explored, and further studies including laboratory and in
situ precipitation experiments are needed.

Once silica is precipitated and accumulated to form sinter
deposits, the diagenetic transition generate changes in the
structural ordering triggering chemical diffusion processes in the
silica matrix. Amorphous and para-crystalline phases have been
described as open and distorted structures (e.g., opal A) that
progressively order to become mature phases (Lynne and
Campbell, 2004; Hinman and Walter, 2005; Lynne et al., 2007;
Okamoto et al., 2010). Crystallographic defects and structural
distortions of silica allow the accommodation of impurities such
as (nanoscale) accessory minerals and/or ions adsorbed as
cationic hydroxyl or chloride species complexes on the silica
surfaces (Rossman, 1994; El-Ammouri, 2000; Veith et al., 2009;
Dal Martello, 2012; Lynne, 2012b; Mohammadnejad et al., 2013).
Previous studies have documented impurities in silica, including
precious metals and Cu, in the form of nano-scale mineral in-
clusions, liquid-like inclusions and trace elements in crystalline
silica phases such as quartz (e.g., Lehmann and Bambauerp, 1973;
Iler, 1979; G€otze et al., 2004 and references in there). During
diagenesis, silica phases undergo different morphological and
crystallographic modifications, including significant structural
rearrangement. This process triggers the formation of structural
vacancies that become available sites for diffusion of different
chemical species (Dal Martello, 2012). Furthermore, cation
diffusion during diagenesis may occur along grain boundaries,
between phases or on the surface of micro-particles that are
exposed to recirculation of thermal water, leading to fluid-
mineral exchange (Dal Martello et al., 2012). Additionally, the
diagenetic rate represents another factor that influences
elemental mobility in sinter through retardation or acceleration
of phase transitions, resulting in a modification of diffusion
pathways producing a slow or fast diffusion through the silica
matrix (Dal Martello et al., 2013). Therefore, a plausible mecha-
nism to explain metal enrichment in sinter may be the result of
diffusion-driven processes triggered by structural changes from
opal A to quartz influenced by diagenesis. These changes would
involve a crystallographic or structural refinement where, e.g.,
precious metals such as Au and Ag that may be present in silica as
adsorbed/absorbed species or as mineral nano-particles, are later
remobilized, accommodated and re-concentrated as diagenesis
progresses.

5.2. Trace metal and metalloid enrichment of silica phases in sinter

Our LA-ICP-MS results indicate that the concentration of trace
metals (Au, Ag, Cu) and metalloids (As, Sb, B) is correlated with the
crystallinity degree of silica phases in sinter (Fig. 7). While Au and
Ag are enriched in the more crystalline phases (opal C/quartz),
arsenic and B concentrate preferentially in amorphous phases (opal
A). These findings indicate that the diagenetic transitions of silica in
sinter deposits, defined by significant structural (Fig. 3) and
morphological (Figs. 4e6) changes, may play an important role on
metal and metalloid enrichment in siliceous sinters and influence
their budget of accessory mineral components. At Puchuldiza,
samples containing amorphous opal A display the highest vari-
ability in accessory mineral occurrence; these samples contain
realgar, hematite, and native sulfur, along with other detrital
minerals derived from surrounding rocks such as detrital plagio-
clase and quartz (Fig. 3). We interpret this accessory mineral vari-
ability probably as a result of changes in the hydrogeochemistry
and bio-activity present in active spring, where As, S and Fe-
bearing accessory minerals co-precipitate or are induced to pre-
cipitate from metal-rich thermal waters along with opal A. In
contrast, more mature sinters dominated by opal C and opal C/
quartz show lower variability in their accessory mineral content;
such as Hg minerals (e.g. cinnabar) that are absent from opal-A
bearing samples.

We interpret the increase in concentration of Au (and Ag) in
different silica phases with increased silica crystallinity as a result
of post-depositional enrichment. During sinter diagenesis the
continuous crystallinity and morphological changes promote the
destabilization of silica surfaces by mechano-chemical processes,
triggering the generation of surface defects and the creation of
siloxyl ð≡Si� O$Þ and silyl ð≡Si$Þ reactive sites (or surface free
radicals) (Mohammadnejad et al., 2013). These surface defects
possess a high chemical activity and have been widely studied due
to their high capacity to capture and favor the nucleation of metal
clusters such as Au and Ag (Ferullo et al., 2006; Shor et al., 2010).
The reaction below shows the formation of surface radicals by the
breakage of covalent siloxane bonds after activation of the silica
surface:

≡Si� O� ≡Si0≡Si$þ ≡Si� O$ (7)

Mohammadnejad et al. (2013) proposed a mechanism of fixa-
tion and stabilization of Au on silica based on the interaction of
silica free radicals and Au transported in the fluid. In this experi-
mental model, the Au is transported as Au-chloride complexes in
the hydrothermal fluid are electrostatically attracted to the active
sites formed on the silica surface, and then chemically adsorbed on
defect sites by substitution of the chloride ligand by a surface
silanol. Finally, the adsorbed Au is reduced from Au3þ to metallic
Au0 and stabilized on the silica surface by free radical silica groups,
according to:
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6≡Si� O$þ 2Au3þ þ 3H2O02Au0 þ 3O2 þ 6Hþ þ 3≡Si� O

� Si≡

(8)

6≡Si$þ 2Au3þ þ 3H2O02Au0 þ 6Hþ þ 3≡Si� O� Si≡ (9)

Equation (8) is more suitable to describe the reduction of Au on
defect sites of the silica surface, due to the lower activity of
≡Si� O$, which has a higher chance to react with Au-chloride
complexes in comparison to ≡Si$; that react mainly with the
environment (Mohammadnejad et al., 2013). Once Au (and Ag) are
incorporated to the silica surfaces, the once dispersed nano-
particles or metal clusters are embedded by silica to be later
agglomerated into larger particles via Ostwald ripening during
sinter diagenesis, as previously shown to support the growth of
silica micro-particles in sinter formation (Rodgers et al., 2004; Wen
Lou et al., 2006; Tobler et al., 2009; Mohammadnejad et al., 2013;
Cassano et al., 2014). The continuous agglomeration of nano-
particles of native Au (and Ag) in mature phases (opal C/quartz)
causes the formation of sub-micrometer-sized inclusions of Au-Ag.
Sub-micrometer-sized inclusions of native Au were detected in
mature silica phases from Puchuldiza during laser ablation analysis
(sample M2.6r, Fig. 9). Fig. 9A shows a LA-ICP-MS profile across a
sinter grain that is representative for homogeneous or structurally-
bound incorporation of Au and Ag in sinter (sample M2.6r). In
contrast, the numerous spikes in the signal shown in Fig. 9B are
Fig. 10. Conceptual model of metal incorporation into silica phases during sinter
formation: (A): At the nano-scale, the initial stage of sinter formation starts with over
saturation of geothermal water with respect to silica as they discharge and cool at the
surface, resulting in silica precipitation; (B): Amorphous opal A nanospheres
agglomerate and form microspheres. During this stage, gold and silver are incorpo-
rated into silica spheres either as cationic species and/or metal nanoparticles or col-
loids (C), while arsenic and boron are incorporated into accessory minerals Fe-
oxyhydroxides (D, brown). (E) As diagenesis progress, metals are enriched while
metalloids are depleted from the sinter as a result of structural changes underwent by
the silica host (i.e., maturation or increase in crystallinity), among other kinetically
controlled processes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
indicative of ablation of nano-particulate inclusions of Au and Ag in
sample M2.6r. Although high-resolution images of sub-
micrometer-sized particles of Au (and Ag) are not presented here,
similar inclusions in sinter have been previously reported and
imaged byWen Lou et al. (2006) and Cassano et al. (2014) using HR-
TEM, where larger Au nanoparticles form by Ostwald ripening of
smaller particles in a silica microspace (Wen Lou et al., 2006).
Therefore, the highest Au and Ag concentrations detected in the
more mature sinter phases (opal C/quartz in Fig. 7) at Puchuldiza
are most likely related to the presence of nano-inclusions of native
metals rather than structural incorporation of cationic species in
quartz (Fig. 10). In quartz, trace impurities occur in vacancies,
crystal defects and substitutional or interstitial positions parallel to
the c-axis. However, this mineral phase has a low tolerance to
incorporate foreign elements (Dal Martello, 2012). Therefore, it is
likely that at least some of the Au and Ag detected in quartz in the
Puchuldiza samples may reside within the crystal structure, as a
result of preferential retention during diagenesis and/or late-stage
diffusion (Shor et al., 2010). It is noteworthy to mention that our
data show that Au and As are geochemically decoupled in sinter
samples from Puchuldiza, showing opposite concentration trends
with respect to silica crystallinity (Fig. 7). This geochemical
behavior is different to the widely documented correspondence
between Au and As that has been previously reported in pyrite and
other sulfides from a wide range of hydrothermal ore deposits
(Reich et al., 2005; Deditius et al., 2008, 2014 and references
therein), and suggest that Au enrichment in the siliceous sinter at
Puchuldiza is not controlled by As-bearing sulfide minerals.

Unlike precious metals, metalloids (As and B) show a decreasing
trend with increasing crystallinity of silica (Fig. 7). The increased
concentration of As in the more amorphous silica phases (opal A) is
most likely related to the occurrence of As-bearing accessory
minerals hosted in the sinter, i.e., realgar and Fe-oxyhydroxides
(Fig. 10B, -D; Table 1). Previous studies have shown that As is
preferably removed fromwater by adsorption on Fe-oxyhydroxides
and on amorphous Fe oxides forming chemisorbed surface com-
plexes. These processes have been reported in the El Tatio
geothermal field (Zeng, 2004; Smith and Edwards, 2005; Landrum
et al., 2009; Alsina et al., 2013; Nair et al., 2014; Bisone et al., 2016).
The incorporation occurs only in the first step of sinter formation
when the surfaces of accessory minerals are available (Fig. 10D).
Post-depositional processes in sinter continuously coat the active
surfaces of accessory minerals with silica, inhibiting the incorpo-
ration of As (Swedlund and Webster, 1999). Additionally, the low
capacity of silica to adsorb As and its poor tolerance to hold this
element within the structure contributes to the observed decrease
of As concentrations in the moremature phases of silica (Smith and
Edwards, 2005; Landrum et al., 2009; Nair et al., 2014). This
behavior is consistent with reports by Swedlund and Webster
(1999) showing that silica directly inhibits As adsorption into Fe
bearing minerals at the Wairakei Geothermal Power Station, New
Zealand.

It is likely that chemical species that are not enriched in the
more crystalline phases (i.e., As and B) may have been lost from the
silica matrix to the thermal fluid, during structural rearrangement.
For example, Ichikuni (1970) proposed that B concentrations in
sinter decrease during diagenesis due to crystallographic changes
related to dehydration. According to the cited study, boron is
incorporated into amorphous opal A by adsorption of B(OH)-4
species during silica precipitation. Further diagenetic changes
would trigger B migration into the aqueous solution, leading to the
observed inverse correspondence with silica crystallinity. This
interpretation is in good agreement with our data where B (and
also As) are preferentially enriched in the more amorphous phases
(Fig. 7). This is also consistent with the fact that no B-bearing



C. Sanchez-Yanez et al. / Applied Geochemistry 80 (2017) 112e133126
minerals were recognized at Puchuldiza, unlike El Tatio where the
arsenic borate cahnite (Ca4B2As2O12*4H2O) was reported in sinter
samples (Nicolau et al., 2014).

Finally, the variable concentrations of Sb and Cu in silica, as
seen in Fig. 7, are indicative that these two elements are concen-
trated during the first stages of silica precipitation, and do not
suffer significant alterations during silica maturation. The
behavior of Sb has been previously studied in the sinter deposits of
El Tatio by Landrum et al. (2009), suggesting that this element
partitions mainly to the opal silica matrix and co-precipitates with
Si(OH)4 due to the similar saturation conditions, especially as
cervantite (Sb2O4). Variations in saturation of Sb with respect to
different Sb-bearing phases such as cervantite may be the result of
local temperature variations triggering the formation of silica
bands enriched in nano-particles of Sb oxide minerals. In the case
of Cu, its incorporation into silica phases may be similar to Au and
Ag, with strong interactions due to adsorption species on to silica
surfaces defects (El-Ammouri, 2000; Ferullo et al., 2006; Shor
et al., 2010). However, occurrence of Cu in sinter reported here
is likely related to cryptocrystalline inclusions of Cu-bearing
minerals such as chrysocolla in different silica phases (Crane
et al., 2001), and the low concentration could be related to its
preferential co-precipitation with sulfides at the subsurface from
an alkaline and boiling geothermal water (El-Ammouri, 2000;
Kaasalainen and Stef�ansson, 2012; Kaasalainen et al., 2015), un-
less there are not drillhole information available to support this
hypothesis.

It is relevant to note that the precious metal and metalloid
budget of sinters from Puchuldiza are within the same range of
other sinter deposits worldwide (Fig. 7). In general, As, Sb, B, and Cu
display high concentrations in amorphous silica phases from sinter
deposits in Puchuldiza, El Tatio, Waiotapu, and Champagne Pool
(Fig. 7). The amorphous opal A phase in these deposits show high to
very high FWHM values, suggesting that low degrees of structural
maturation generally correlated with high metalloid enrichment in
sinter. In contrast, the more mature silica phases from Puchuldiza
and from the Jurassic paleo-sinter of El Deseado Massif (Fig. 7) are
characterized by higher concentrations of Au and Ag, although the
immature silica phases at Waiotapu exhibit the same concentration
range (Fig. 7). These observations suggest that, in general, mature
sinter deposits host higher concentrations of precious metals such
as Au and Ag, whereas metalloids such as As, Sb, and B are mainly
concentrated in sinters dominated by immature phases of silica.
These new finding could improve the exploration of epithermal
mineral deposits.
6. Summary and concluding remarks

This work reports a comprehensive mineralogical and
geochemical characterization of the metal-rich siliceous sinter
deposits of Puchuldiza, in northern Chile, where the complete
diagenetic sequence e i.e., amorphous opal A, paracrystalline opal
A/CT, opal CT, opal C, and microcrystalline quartz e is present. The
sinter deposits contain significant amounts of metals (e.g., Au, Ag,
Cu) and metalloids (e.g., As, Sb, B) that are associated with different
silica phases pointing to a relevant role of the degree of silica
crystallinity on elemental enrichment in sinters.

Combined SEM, XRD and LA-ICP-MS data show that the con-
centration of metals and metalloids in sinters display a strong
correspondence with silica crystallinity (Fig. 7). Arsenic and B are
predominantly enriched in the more amorphous phases (opal A/
CT), while Au and Ag show higher concentrations in the more
crystalline phases (opal C/quartz). We interpret this differential
enrichment as the result of structural, morphological and
geochemical changes produced by silica maturation during sinter
diagenesis.

During the first stages of sinter formation, crystallographic
transition promote the generation of surface defects on silica by
mechano-chemical processes, creating reactive sites where Au
and Ag are electrostatically attracted and chemisorbed (Ferullo
et al., 2006; Shor et al., 2010; Mohammadnejad et al., 2013). As
diagenesis progresses, the generation of structural vacancies
triggers the diffusion of chemical species incorporated into the
less crystalline silica phases. The continuous structural changes
occurring during diagenesis (Fig. 3) may promote the agglomer-
ation of adsorbed species and embedded metal clusters through
Ostwald ripening (Fig. 10), leading to the formation of nano-to
micron-sized inclusions of precious metals (Fig. 9). Metalloids
such as As exhibit an opposite geochemical behavior. Owing to the
low capacity of silica phases to adsorb and retain arsenic, its
enrichment in the more amorphous phases is most likely due to
co-precipitation of As-bearing accessory minerals (e.g., realgar,
orpiment) and Fe-oxyhydroxides that efficiently adsorb arsenic
(Fig. 10). As a result of structural rearrangements during diagen-
esis, As (and B) are desorbed from the silica matrix, contributing to
a progressive decrease of As in the more mature phases of silica.
Finally, other enriched elements such as Sb and Cu are incorpo-
rated during in the first stages of sinter formation and their con-
centrations do not vary significantly during maturation, although
Cu concentrations significantly decrease in the more crystalline
phases.

Although these trends strongly support the role of silica crys-
tallinity and structural maturation on metal/metalloid enrichment
in sinter, further experimental and field studies are needed to fully
understand the elemental partitioning behavior between silica and
geothermal fluids as they discharge and cool at the surface. Among
other aspects, colloidal transport of precious metals in geothermal
fluids (Hannington et al., 2016), and the potential effects of mi-
croorganisms on metal fixation and nano-particle formation
(Johnson et al., 2013) must be addressed. Finally, and considering
the highly amorphous character of opal A in high-altitude systems
such as Puchuldiza and El Tatio (Fig. 8), results from this study
confirm that environmental conditions can have an unforeseen
impact on silica precipitation, and thus may impact the metal/
metalloid tenor of sinter deposits.
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Appendix. Trace elements analyses determined by LA-ICP-MS.
Concentration are in ppm unless specified otherwise
(L.O.D.:limit of detection, n.d.:not detected, b.d.l.: below
detection)



29Si 44Ca 27Al 23Na 39K 55Mn 48Ti 24Mg 54Fe 197Au 107Ag 63Cu 75As 121Sb 7Li 11B

Error% Reference 5.4e16.4 1e16.7 4.1e12.9 11.2e29.6 3.7e16.5 1.2e19 5.1e14.2 10.3e19 8e19.3 3.8e17.9 5.1e11.3 1.1e14.5 2e17.4 4.9e13.7 2.1e13.7
L.O.D 1240 3,88 279 39,28 2,17 2,13 1,01 280 0,07 0,26 1,11 9,86 0,9 1,93 26,32

M3.1 420189,74 16569,18 33,59 4966,45 777,28 n.d. 7,40 n.d. 925,09 n.d. n.d. n.d. 45909,35 201,37 n.d. 1860,99
429000,68 17760,45 1866,31 4634,69 769,74 n.d. 24,53 n.d. 935,24 n.d. n.d. n.d. 1240,56 150,80 n.d. 1786,87
427855,10 19816,95 22,22 4732,12 1137,75 343,41 11,97 n.d. 985,99 n.d. n.d. n.d. 10184,76 86,82 n.d. 4824,89
429776,47 18285,65 27,10 6052,86 1150,24 n.d. 7,99 n.d. 1044,33 n.d. n.d. n.d. 2690,13 211,90 n.d. 2445,11
424263,92 13930,9 298,06 7282,31 1264,05 n.d. 5,96 n.d. 778,87 n.d. n.d. n.d. 1559,28 262,08 24,37 2603,60
415694,85 18318,35 94,47 5901,91 1008,54 n.d. 6,34 n.d. 1039,65 n.d. n.d. n.d. 3376,37 291,47 n.d. 1460,22
412400,61 21465,93 261,23 4423,03 811,01 n.d. 5,51 n.d. 1196,77 n.d. n.d. n.d. 8604,76 278,39 n.d. 1109,99
410977,50 32124,7 2066,94 5605,34 931,88 n.d. 8,15 n.d. 1775,93 n.d. n.d. n.d. 17001,17 294,09 n.d. 109,97
416660,52 24458,32 4360,24 4399,24 723,72 n.d. 9,26 n.d. 1324,41 n.d. n.d. n.d. 35846,71 908,09 n.d. 213,88
422252,04 21114,51 461,97 4245,33 698,47 n.d. 5,75 n.d. 1164,63 n.d. n.d. n.d. 22624,25 412,19 n.d. 294,82
416873,32 26931,25 22,13 4892,52 788,93 n.d. 4,95 n.d. 1437,98 n.d. n.d. n.d. 11807,79 243,40 n.d. 180,27
415859,17 19813,76 29,04 4291,71 706,74 n.d. 4,85 n.d. 1058,11 n.d. n.d. n.d. 8066,83 257,49 n.d. 446,90
400256,06 25171,01 23,89 4924,98 812,01 n.d. 4,85 n.d. 1350,21 n.d. n.d. n.d. 11522,29 302,14 n.d. 249,37
400300,07 21534,64 26,74 4375,37 673,69 n.d. 5,06 n.d. 1066,25 n.d. n.d. n.d. 60189,18 619,21 n.d. 288,54
400256,06 20768,31 20,79 4078,60 689,75 n.d. 3,99 n.d. 1030,19 n.d. n.d. n.d. 17398,59 383,71 n.d. 344,60
400253,46 25720,68 21,04 5246,69 763,61 n.d. 5,65 n.d. 1286,65 n.d. n.d. n.d. 21609,25 284,65 n.d. 166,70
400240,06 19073,8 22,41 3849,99 634,66 n.d. 3,73 n.d. 930,72 n.d. n.d. n.d. 44936,94 533,88 n.d. 319,35

M.3.7 439171,37 10044,68 1260,21 2149,50 1324,51 67,07 10,32 48,55 n.d. b.d.l. 0,48 6,68 38,70 390,95 30,83 2325,02
442822,95 14255,51 1455,55 2013,80 1159,47 94,08 5,59 69,56 618,77 n.d. 0,41 6,88 63,80 491,32 44,05 2330,88
446553,66 14647,05 686,07 2565,20 2067,81 59,10 3,70 47,26 1338,15 n.d. n.d. 10,93 38,79 739,80 50,30 1974,01
450076,59 6939,61 539,60 2493,51 1988,84 135,43 6,85 47,72 600,22 n.d. n.d. 19,50 133,83 1006,17 134,94 2581,19
450179,73 b.d.l. 691,82 972,84 562,74 82,23 6,65 35,66 n.d. 0,43 0,42 5,89 55,99 559,93 53,08 2266,16
449690,05 1793,71 305,36 1400,81 2211,84 140,43 6,61 78,53 n.d. n.d. 1,64 18,51 107,27 791,73 59,27 2790,62
448482,81 n.d. 210,71 569,11 232,95 n.d. 67,33 7,02 n.d. 0,38 0,44 16,95 90,92 798,45 62,23 2282,26
450076,59 b.d.l. 2025,90 2971,72 1481,46 150,91 42,07 109,50 894,24 n.d. n.d. 61,48 191,13 1846,46 222,64 7771,00
450030,59 n.d. 2370,95 2706,92 1422,26 92,69 314,89 99,71 317,96 0,07 b.d.l. 14,19 177,45 918,76 86,01 2361,42
450068,39 b.d.l. 1199,49 1344,00 1039,45 77,70 85,41 47,88 162,35 n.d. 0,45 4,97 98,28 620,30 24,20 2299,84
450080,59 n.d. 13708,99 4019,50 9717,72 449,41 756,76 390,38 4847,05 n.d. 2,10 71,95 472,49 2915,75 150,42 4189,74

M3.6b 370746,19 n.d. 5,90 825,80 569,00 23,96 n.d. 9,32 4286,90 0,27 n.d. n.d. 24040,34 389,43 21,80 405,57
377943,37 n.d. 33,15 1265,10 667,23 43,87 b.d.l. 13,77 6155,47 n.d. n.d. n.d. 12460,01 162,87 22,93 520,15
328644,32 n.d. n.d. n.d. 3575,54 n.d. 3655,32 n.d. 210918,16 142,66 74,75 137,94 4558,53 587,74 954,55 n.d.
344550,9 n.d. 202,59 n.d. n.d. n.d. 13,59 n.d. 5286,42 2,68 9,22 2,04 570,49 n.d. b.d.l. n.d.
367310,26 n.d. 31,29 n.d. 1166,42 n.d. n.d. 13,73 29230,51 n.d. n.d. 60,15 591,73 65,21 131,40 n.d.
365319,62 n.d. 726,45 n.d. 6324,76 248,42 210,93 18,21 n.d. 0,12 12,50 121,68 n.d. 102,97 217,62 1916,01
418710,87 n.d. 7,47 n.d. 1429,31 357,15 n.d. 8,08 16199,17 n.d. n.d. 120,11 1337,54 64,61 139,07 n.d.
424048,13 51682,83 2140,41 n.d. n.d. 53,41 402,21 292,63 n.d. n.d. 30,29 8,57 503,67 494,06 96,77 413,79
451411,9 8391,993 2279,38 1426,18 1164,83 68,33 374,04 63,28 n.d. 0,94 n.d. n.d. n.d. 424,35 23,56 101,59
462829,79 n.d. 423,51 461,53 283,04 b.d.l. 97,55 13,39 n.d. 0,054 b.d.l. 1,88 n.d. 283,68 3,68 45,42
462392,28 2290,2 482,90 480,82 166,57 8,72 49,91 9,97 497,38 n.d. n.d. 1,15 n.d. 303,22 b.d.l. 46,11
463238,71 1349,333 389,26 611,88 516,06 10,90 68,33 12,74 b.d.l. n.d. n.d. 1,14 b.d.l. 305,99 2,81 80,99
463724,65 1716,927 512,28 634,43 458,22 3,32 60,47 15,12 112,74 0,15 n.d. 1,51 b.d.l. 309,51 4,01 63,93
462274,56 b.d.l. 676,44 596,36 393,77 4,81 54,75 15,61 n.d. 0,09 n.d. 1,21 b.d.l. 279,37 2,50 70,90
462173,67 b.d.l. 740,98 576,91 456,47 n.d. 92,55 34,19 n.d. 0,07 n.d. 3,91 n.d. 293,31 4,53 43,78
462261,67 b.d.l. 356,26 519,09 442,40 n.d. 53,63 14,37 n.d. b.d.l. n.d. b.d.l. n.d. 280,10 2,67 77,20
460276,21 n.d. 1434,62 97,40 115,72 n.d. 143,03 14,64 n.d. n.d. n.d. n.d. n.d. 297,03 n.d. 126,52
425817,36 1976,856 313,19 469,09 320,23 3631 47,08 13,20 n.d. 0,23 0,58 n.d. n.d. 294,97 1,27 47,12
423867,91 b.d.l. 410,60 536,97 360,72 3882 53,56 21,09 n.d. b.d.l. n.d. 1,39 n.d. 278,62 3,98 62,91
417301,85 4229,188 429,70 789,74 364,09 n.d. 18,17 28,33 n.d. 0,93 n.d. 3,16 n.d. 307,57 1,00 73,78
418579,39 6751,24 12755,89 n.d. 2162,31 37,89 117,40 n.d. 163044,03 2,75 n.d. 302,96 729,82 5,34 82,87 1525,47
448175,27 4386,816 4283,17 628,68 394,25 n.d. 99,54 11,78 n.d. 0,06 0,81 n.d. n.d. 348,14 3,82 124,83
448798,3 21974,3 795,79 4468,27 727,21 86,69 n.d. 36,19 n.d. n.d. n.d. 33,50 n.d. 477,10 n.d. 1189,09
417301,85 n.d. n.d. n.d. 1060,43 22,11 66,77 n.d. n.d. 3,25 3,79 54,72 513,50 13,18 n.d. 1155,93
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C.Sanchez-Yanez
et

al./
A
pplied

G
eochem

istry
80

(2017)
112

e
133

127



(continued )

29Si 44Ca 27Al 23Na 39K 55Mn 48Ti 24Mg 54Fe 197Au 107Ag 63Cu 75As 121Sb 7Li 11B

417251,65 4311,617 518,23 n.d. 2398,67 n.d. 18,16 n.d. 19509,45 n.d. 2,27 77,31 523,77 237,75 36,13 n.d.
417221,65 2144,924 252,51 484,44 211,40 4,93 3,06 10,76 n.d. 0,20 n.d. 2,75 n.d. 336,92 n.d. 80,90
417280,55 n.d. 683,51 n.d. n.d. n.d. 219,21 22,53 n.d. n.d. 0,44 n.d. 743,84 181,82 n.d. 878,99

M2.2r 417390,68 11251,96 97,39 1274,36 2770,64 n.d. 2,42 n.d. 37283,80 n.d. n.d. n.d. 12,72 15,22 n.d. 54,99
417120,19 11244,8 258,53 1315,97 2819,34 n.d. 2,84 n.d. 36453,84 n.d. n.d. n.d. 10,16 9,64 n.d. 62,15
416922,74 10743,11 99,51 1255,01 2515,15 n.d. 2,30 n.d. 33204,94 n.d. n.d. n.d. 10,78 17,93 n.d. 56,70
417558,21 10747,26 112,04 1297,83 2560,65 n.d. 3,43 n.d. 32530,02 n.d. n.d. n.d. b.d.l. 19,43 n.d. 52,08
416247,97 12052,86 137,60 1465,30 2866,40 n.d. 2,45 n.d. 37242,49 n.d. n.d. n.d. 12,19 8,65 n.d. 56,77
419172,82 12516,86 196,88 1496,20 2778,17 n.d. 2,26 n.d. 36255,80 n.d. n.d. n.d. 10,28 9,67 n.d. 66,11
421715,80 10895,71 1134,51 1368,66 2489,01 n.d. 2,94 n.d. 29616,27 n.d. n.d. n.d. 10,25 40,50 n.d. 65,00
422458,64 13348,82 638,61 1592,26 2732,04 n.d. 3,85 n.d. 35425,02 n.d. n.d. n.d. 14,44 16,01 n.d. 60,95
423243,74 10526,47 348,67 1348,15 2339,45 n.d. 2,64 n.d. 26945,37 n.d. n.d. n.d. 9,99 29,90 n.d. 59,33
422409,30 10912,05 122,55 1400,89 2263,76 n.d. 2,23 n.d. 27558,18 n.d. n.d. n.d. b.d.l. 22,87 n.d. 52,96
423206,26 11368,74 200,00 1459,80 2492,30 n.d. 5,13 n.d. 26853,28 n.d. n.d. n.d. 11,70 49,68 n.d. 62,82
423795,34 13584,92 87,94 1605,42 2624,81 n.d. 4,79 n.d. 32405,23 n.d. n.d. n.d. b.d.l. 26,86 n.d. 61,46
425404,18 12548,1 86,99 1574,49 2411,88 n.d. b.d.l. n.d. 28801,68 n.d. n.d. n.d. b.d.l. 25,59 n.d. 56,62
424159,87 10931,74 137,08 1374,57 2202,77 n.d. 9,08 n.d. 24261,21 n.d. n.d. n.d. 10,88 49,44 n.d. 66,90
422628,12 11439,48 216,94 1453,01 2161,23 n.d. 2,54 n.d. 24510,36 n.d. n.d. n.d. 8,39 32,80 n.d. 55,01
420925,02 12053,93 88,52 1564,24 2498,68 n.d. 5,33 n.d. 26611,82 n.d. n.d. n.d. 11,47 32,37 n.d. 57,24
417530,05 14579,9 128,69 1780,21 2596,15 n.d. 7,44 n.d. 30993,14 n.d. n.d. n.d. 13,10 23,05 n.d. 64,38
417812,05 13331,47 105,73 1687,79 2437,51 n.d. 5,41 n.d. 27418,20 n.d. n.d. n.d. 12,26 32,20 n.d. 54,78
418627,19 13745,07 146,79 1752,48 2506,54 n.d. 2,78 n.d. 28674,83 n.d. n.d. n.d. 13,86 26,94 n.d. 58,06
417704,37 15496,62 37,99 1949,29 2692,28 n.d. 3,75 n.d. 37539,76 n.d. n.d. n.d. 12,54 27,79 n.d. 58,66
418809,77 13599,02 140,20 1711,65 2330,44 n.d. 2,24 n.d. 31191,79 n.d. n.d. n.d. 8,16 35,64 n.d. 55,95
420283,30 12211,06 127,70 1601,08 2091,39 n.d. 3,09 n.d. 25615,82 n.d. n.d. n.d. 15,89 56,50 n.d. 58,59
417879,63 14945,33 88,17 1878,21 2512,71 n.d. 8,35 n.d. 31443,92 n.d. n.d. n.d. 8,44 20,05 n.d. 55,78
417011,18 15628,76 209,07 1950,41 2537,32 n.d. 3,04 n.d. 32250,00 n.d. n.d. n.d. 14,67 17,49 n.d. 54,21
416460,03 12215,73 2677,29 1594,86 2008,20 n.d. b.d.l. n.d. 23753,12 n.d. n.d. n.d. 10,67 25,46 n.d. 49,54
414269,61 17606,17 35,11 2776,00 2747,94 n.d. 148,05 n.d. 26765,17 n.d. n.d. n.d. 18,36 254,45 n.d. 519,59
413995,97 18992,49 16,24 2355,82 2702,81 n.d. 2,45 n.d. 30237,82 n.d. n.d. n.d. 12,22 4,78 n.d. 68,03
414441,84 15669,32 112,47 1987,06 2232,49 n.d. 1520,51 n.d. 23151,65 n.d. n.d. n.d. 27,52 634,19 n.d. 78,31
415808,36 19985,13 17,57 2422,14 2660,73 n.d. 6,25 n.d. 28618,23 n.d. n.d. n.d. 19,42 32,99 n.d. 74,53
417761,97 20036,93 18,45 2447,72 2644,34 n.d. 3,76 n.d. 29061,89 n.d. n.d. n.d. 14,34 16,79 n.d. 50,53
417953,82 20153,36 26,27 2519,08 2642,14 n.d. 3,64 n.d. 28318,22 n.d. n.d. n.d. 17,83 13,25 n.d. 55,49
420925,25 17020,97 317,22 2176,17 2515,15 n.d. 21,08 n.d. 23467,35 n.d. n.d. n.d. 10,45 231,52 n.d. 87,33
419302,28 15995,71 121,25 1981,62 2081,56 n.d. 591,40 n.d. 22017,43 n.d. n.d. n.d. 19,67 451,07 n.d. 62,53
417866,36 20400,99 42,79 2466,06 2627,75 n.d. 8,25 n.d. 27777,05 n.d. n.d. n.d. 12,02 29,22 n.d. 69,90
417668,34 15164,93 179,39 1887,41 2104,69 n.d. 134,03 n.d. 19856,39 n.d. n.d. n.d. 29,84 822,58 n.d. 88,77
416244,29 20100,46 138,90 2469,35 2632,55 n.d. 70,76 n.d. 26834,48 n.d. n.d. n.d. 13,52 98,35 n.d. 81,83
419396,44 19461,97 66,79 2413,44 2554,06 n.d. 348,80 n.d. 25396,01 n.d. n.d. n.d. 25,89 446,75 n.d. 91,50
421615,37 21431,16 17,89 2597,65 2618,77 n.d. 11,23 n.d. 28033,60 n.d. n.d. n.d. 11,07 41,78 n.d. 60,84
425527,91 15837,41 425,69 1934,00 2139,96 n.d. 920,04 n.d. 20380,68 n.d. n.d. n.d. 61,48 2144,04 n.d. 67,64
425623,45 12314,82 615,68 1562,87 1771,37 n.d. 1222,84 n.d. 15295,89 n.d. n.d. n.d. 38,38 1979,53 n.d. 69,11
424707,79 16471,86 172,41 2013,84 2120,37 n.d. 166,57 n.d. 20539,65 n.d. n.d. n.d. 19,33 535,68 n.d. 60,71
425557,29 13495,54 202,64 1755,66 1975,23 n.d. 474,79 n.d. 17098,65 38,77 40,06 n.d. 53,66 922,81 n.d. 69,62
422000,82 17633,88 247,47 2258,41 2192,12 n.d. 447,69 n.d. 21876,12 30,70 n.d. 32,35 555,26 n.d. 63,69
423644,56 16504,26 94,38 2064,27 2072,89 n.d. 436,35 n.d. 20019,21 29,21 36,10 n.d. 40,31 525,20 n.d. 52,11
423357,13 15008,07 211,68 1864,70 1955,89 n.d. 242,36 n.d. 17792,48 1,68 n.d. n.d. 26,38 781,27 n.d. 64,00
423157,39 21776,31 48,71 2645,40 2586,09 n.d. 89,20 n.d. 25934,45 n.d. n.d. n.d. 23,02 67,78 n.d. 64,18
423873,70 16127,94 147,76 1953,68 2051,57 n.d. 72,45 n.d. 18672,53 n.d. n.d. n.d. 24,59 478,23 n.d. 69,51
423464,17 16554,07 172,93 2031,67 2050,48 n.d. 882,15 n.d. 19043,28 n.d. n.d. n.d. 20,18 756,49 n.d. 72,27
423357,13 16191,97 105,59 1966,87 1959,22 n.d. 157,77 n.d. 18248,63 n.d. n.d. n.d. 17,80 435,87 n.d. 60,31
423344,23 15215,89 274,74 1862,10 1932,85 n.d. 2043,32 n.d. 17793,33 n.d. n.d. n.d. 56,79 2143,71 n.d. 65,99
423320,22 14845,59 244,18 1790,95 1769,02 n.d. 1145,84 n.d. 14448,59 35,92 62,85 b.d.l. 51,90 2030,68 n.d. 67,44
423280,22 12086,36 191,36 1333,81 1401,81 n.d. 1302,08 n.d. 9553,89 0,22 n.d. n.d. 25,59 536,25 n.d. 33,30

M2.5 383945,42 n.d. n.d. n.d. 7470,80 n.d. n.d. n.d. 34673,94 n.d. n.d. 297,68 b.d.l. 353,70 n.d. 1371,64
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392521,63 39190,17 576,29 1706,65 2229,39 n.d. n.d. 5,70 6933,08 n.d. n.d. 1,35 365,94 4,75 61,20 n.d.
395099,21 163927,6 n.d. n.d. n.d. 195,54 425,09 446,22 n.d. 6,15 n.d. 159,64 1243,94 148,21 120,05 2047,13
367163,91 46513,72 1302,33 n.d. 3126,39 n.d. n.d. 13,82 23661,09 4,22 n.d. n.d. 137,59 18,10 n.d. 368,28
366486,04 n.d. 879,74 n.d. n.d. 131,09 n.d. 23,46 12249,31 0,11 5,45 31,61 55,58 n.d. n.d. n.d.
352423,67 n.d. n.d. 3659,41 n.d. 115,30 34,14 16,47 3248,85 n.d. n.d. n.d. 173,46 111,25 47,81 n.d.
361320,28 n.d. 1253,68 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 239,67 116,17 262,45 314,27 n.d.
404780,48 54044,15 6033,88 8384,67 3119,86 188,48 n.d. 60,87 12791,32 n.d. n.d. n.d. n.d. 82,39 189,75 n.d.
412247,06 n.d. 7015,31 3212,28 1095,64 101,10 n.d. 15,05 n.d. n.d. n.d. n.d. 327,17 n.d. 212,26 716,18
403741,39 n.d. n.d. n.d. n.d. n.d. 76,02 21,11 n.d. n.d. n.d. 200,82 n.d. n.d. 645,20 414,46
345777,05 6253,756 3243,87 2683,31 353,39 n.d. n.d. 31,73 1001,48 7,22 3,37 20,69 n.d. 62,94 20,09 n.d.
333304,03 n.d. 5993,85 12794,35 6653,07 301,88 195,89 418,72 6419,26 13,27 7,76 403,70 768,90 949,82 80,20 405,83
340959 n.d. n.d. 5420,67 3368,34 59,20 379,93 41,18 1530,85 1,07 n.d. n.d. 71,69 1,42 b.d.l. n.d.
364203,43 251289,3 59352,38 n.d. n.d. n.d. n.d. 264,70 60138,42 103,21 32,17 236,1958 2041,89 9,45 533,31 2976,81
386648,24 40185,67 3221,36 306,10 1720,85 122,83 64,93 b.d.l. 15608,43 n.d. 0,43 n.d. n.d. 53,58 n.d. 91,65
410745,04 n.d. 658,11 799,02 1594,35 b.d.l. n.d. 3,73 4354,56 n.d. n.d. 17,84 359,48 7,42 102,93 n.d.
393537,49 n.d. 2652,26 n.d. 97,56 40,22 538,92 n.d. n.d. 12,86778 n.d. n.d. 658,82 1082,47 n.d. n.d.
362115,85 50534,03 n.d. 3853,23 3390,76 104,28 n.d. 2,70 n.d. n.d. 8,25 n.d. 924,63 2305,54 n.d. 1597,24
360649,56 n.d. n.d. 6502,33 n.d. n.d. 133,75 n.d. n.d. 48,16 n.d. 236,46 n.d. 912,80 n.d. 3054,09
357392,28 n.d. 1081,69 n.d. 3400,75 325,55 111,58 138,20 77379,76 10,59 3,02 100,12 n.d. 140,67 n.d. n.d.
365452,91 48500,32 n.d. 2232,68 n.d. n.d. 234,12 n.d. 93261,98 7,79 22,85 56,76 n.d. n.d. 445,14 n.d.
384648,85 185512,1 n.d. 541,38 5395,96 553,99 n.d. n.d. n.d. n.d. n.d. n.d. 287,54 141,46 n.d. n.d.
379445,86 27340,46 n.d. n.d. n.d. n.d. n.d. n.d. 12985,83 209,51 n.d. n.d. 16,70 n.d. 22,18 n.d.
325333,7 n.d. n.d. n.d. 2620,63 27,47 n.d. n.d. 43605,59 n.d. 5,489191 n.d. 247,22 n.d. n.d. 170,07
365452,91 n.d. n.d. n.d. n.d. 30,56 91,37 n.d. 29555,90 n.d. 5,18 101,72 613,83 97,51 n.d. 1769,65
365454,51 156519,5 n.d. n.d. 13965,05 376,51 80,32 22,12 47410,85 3,48 16,63 85,51 1447,94 226,15 117,17 1382,10
365444,61 115593,2 1095,69 736,21 n.d. 395,03 282,54 54,34 95963,70 6,76 2,91 326,48 2731,66 n.d. 13,76 n.d.
365450,11 n.d. 7,62 n.d. n.d. n.d. 119,64 17,90 n.d. 24,28 7,40 n.d. n.d. 1309,82 211,42 624,55

M2.5b 408107,54 33849,56 295,23 3454,59 2776,74 n.d. b.d.l. n.d. 21241,58 n.d. n.d. n.d. 11,68 2,51 n.d. 39,87
408228,23 28953,46 92,80 3135,45 2576,68 n.d. 47,15 n.d. 18524,31 n.d. n.d. b.d.l. 20,53 281,84 n.d. 99,68
406154,81 33396,77 45,88 3355,33 2789,67 n.d. 16,04 n.d. 20794,67 n.d. n.d. n.d. 22,34 66,80 n.d. 37,56
407207,39 33564,61 22,77 3439,19 2830,20 n.d. 3,22 n.d. 21513,66 n.d. n.d. n.d. b.d.l. 2,33 n.d. 31,78
407798,34 33721,9 68,05 3363,55 2782,49 n.d. 3,28 n.d. 21085,72 n.d. n.d. n.d. 10,87 2,57 n.d. 31,20
406977,79 33286,83 2545,62 3416,62 2750,69 n.d. 5,31 n.d. 20937,95 n.d. n.d. n.d. 12,67 12,47 n.d. 34,49
305765,26 22755,4 193,52 2383,51 1957,11 n.d. 40,98 n.d. 14446,06 n.d. n.d. 15,67 15,55 84,26 n.d. 53,52
301321,56 21950,84 751,97 2482,02 2158,01 n.d. 9310,53 n.d. 15711,34 1,86 n.d. 87,12 424,95 5884,76 n.d. 112,40
401758,38 29809,85 579,94 3089,47 2588,57 n.d. 717,87 n.d. 18277,11 n.d. n.d. 5,07 87,53 879,09 n.d. 84,88
403839,42 30924,7 2981,29 3182,41 2634,72 n.d. 5,57 n.d. 19154,83 n.d. n.d. 2,74 11,19 141,84 n.d. 69,23
404855,15 32038,4 8440,35 3301,92 2816,58 n.d. 1594,23 n.d. 19884,08 n.d. n.d. 33,93 137,75 3401,78 n.d. 112,68
409749,70 44246,69 567,12 3466,12 3016,78 n.d. 2,42 n.d. 15747,14 n.d. n.d. n.d. b.d.l. 3,11 n.d. 30,73
411909,74 28664,1 206,57 2348,67 2188,93 n.d. 1170,34 n.d. 10118,19 n.d. n.d. n.d. 92,22 930,45 n.d. 62,28
406260,00 28992,95 313,51 2628,26 2319,04 n.d. 1398,36 n.d. 11968,05 n.d. n.d. n.d. 71,34 747,93 n.d. 166,14
406469,35 28794,68 671,98 3468,70 2649,56 n.d. 1118,36 n.d. 14864,72 n.d. n.d. 30,58 145,99 1431,87 n.d. 189,59
403385,44 25480,63 379,78 3702,18 2199,58 n.d. 1713,03 n.d. 14268,80 n.d. n.d. b.d.l. 153,39 1638,87 n.d. 110,94
400033,33 28391,38 971,97 3004,19 2732,96 n.d. 3575,75 n.d. 18403,97 n.d. n.d. 4,24 205,63 3179,93 n.d. 122,12
405251,53 24947,37 3830,09 2618,12 2281,49 n.d. 929,52 n.d. 14488,27 n.d. n.d. 1,17 93,48 976,48 n.d. 152,30
404952,34 27580,42 358,30 2956,92 2512,21 n.d. 3570,73 n.d. 17091,78 n.d. n.d. 3,28 188,91 2388,33 n.d. 144,08
305740,73 19821,81 426,68 2114,79 1879,28 n.d. 2838,06 n.d. 13590,16 n.d. n.d. 2,38 125,36 1425,14 n.d. 108,38
304529,12 19970,01 199,90 2074,26 1714,73 n.d. 470,08 n.d. 12161,87 n.d. n.d. n.d. 47,37 473,07 n.d. 103,36
397723,55 24458,41 723,87 2650,68 2394,70 n.d. 963,30 n.d. 23016,61 n.d. n.d. n.d. 153,25 12795,56 n.d. 164,16
395010,20 25455,73 1152,07 2696,38 2314,90 n.d. 690,41 n.d. 16152,31 n.d. n.d. n.d. 73,50 2003,11 n.d. 144,63
391714,14 28084,43 28325,70 3036,69 2580,54 n.d. 479,91 n.d. 17923,36 n.d. n.d. 13,96 68,43 1194,58 n.d. 96,53
394593,61 31234,58 2602,36 3204,63 2619,72 n.d. 677,39 n.d. 19483,37 n.d. n.d. n.d. 88,87 744,10 n.d. 64,32
394061,93 26455,74 10722,21 2906,51 2519,29 n.d. 5191,74 n.d. 17475,92 n.d. n.d. 12,32 281,50 3510,37 n.d. 92,45
401804,06 33634,13 7561,95 3414,93 2688,04 n.d. 955,40 n.d. 19384,16 n.d. n.d. n.d. 44,23 538,58 n.d. 69,27
391714,14 28120,69 2304,68 2871,23 2556,74 n.d. 1778,16 n.d. 17581,31 n.d. n.d. n.d. 131,97 1856,99 n.d. 81,98
391710,11 27764,69 10027,20 2812,69 2369,24 n.d. 1154,33 n.d. 16389,14 n.d. n.d. 3,06 119,80 1283,22 n.d. 99,90
391720,34 25775,67 2286,39 2796,24 2272,01 n.d. 574,76 n.d. 15420,10 n.d. n.d. n.d. 103,31 1137,44 n.d. 140,65
391722,19 27103,49 5210,94 2772,58 2468,22 n.d. 713,12 n.d. 15999,29 n.d. n.d. b.d.l. 45,91 528,51 n.d. 106,24

(continued on next page)
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(continued )

29Si 44Ca 27Al 23Na 39K 55Mn 48Ti 24Mg 54Fe 197Au 107Ag 63Cu 75As 121Sb 7Li 11B

M2.6b 422374,63 16078,33 286,50 1938,85 1914,52 n.d. 436,01 n.d. 16580,43 n.d. n.d. n.d. 23,10 766,56 n.d. 80,47
422504,35 18541,47 58,55 2302,19 2151,08 n.d. 366,06 n.d. 19476,24 9,36 67,17 n.d. 33,23 524,66 n.d. 195,31
423552,00 16477,75 151,58 1995,76 1863,49 n.d. 2121,67 n.d. 16871,88 n.d. n.d. n.d. 41,83 893,16 n.d. 75,22
426137,75 14269,81 587,52 1793,67 1750,32 n.d. 2307,97 n.d. 15004,19 n.d. n.d. n.d. 76,73 1916,34 n.d. 74,47
428001,25 13426,8 554,82 1665,16 1683,72 n.d. 1416,54 n.d. 13477,57 n.d. n.d. n.d. 86,31 1514,99 n.d. 90,59
427656,80 14503,36 354,15 1747,58 1733,52 n.d. 1482,42 n.d. 14534,91 n.d. n.d. n.d. 40,45 1232,58 n.d. 86,63
428531,25 15533,67 271,16 1899,46 1851,31 n.d. 441,86 n.d. 15400,97 n.d. n.d. n.d. 27,04 777,83 n.d. 79,37
425927,34 16746,91 189,79 1973,86 1908,62 n.d. 271,56 n.d. 16276,95 n.d. n.d. n.d. 19,70 712,70 n.d. 71,77
422989,54 16874,34 113,43 2014,60 1859,31 n.d. 603,71 n.d. 16134,10 21,70 48,12 n.d. 26,46 721,67 n.d. 75,08
419534,82 13311,6 224,76 1666,64 1564,19 n.d. 1098,96 n.d. 12655,96 47,90 248,73 n.d. 44,35 1532,53 n.d. 61,59
417618,12 20582,89 59,20 2435,48 2167,25 n.d. 572,06 n.d. 19710,43 32,92 12,15 n.d. 36,44 570,24 n.d. 40,74
393719,49 21081,83 67,97 2562,96 2330,93 n.d. 231,20 n.d. 20761,95 2,64 n.d. n.d. 18,04 266,95 n.d. 126,41
369765,16 23453,13 68,45 2627,14 2376,43 n.d. 85,09 n.d. 20119,12 n.d. n.d. n.d. 12,87 141,99 n.d. 75,57
350199,63 18781,49 53,75 2036,71 1851,77 n.d. 220,66 n.d. 13392,55 11,70 n.d. n.d. 24,16 469,04 n.d. 38,38
347318,70 60354,43 7839,93 76471,35 1384,94 439,91 247,59 n.d. 5370,06 13,56 125,19 264,25 334,44 220,63 234,42 325,01
371243,63 68967,03 8413,14 81491,93 1555,16 292,74 307,35 n.d. 5899,39 17,27 134,14 236,99 383,72 242,17 316,44 393,20
396293,21 73209,37 7730,45 66602,47 1617,09 n.d. 292,61 n.d. 5478,52 14,44 148,34 268,32 335,51 249,20 307,31 243,18
416081,95 29495,27 24,62 3246,07 2692,31 n.d. 2,95 n.d. 22097,37 n.d. n.d. n.d. 13,31 4,11 n.d. 30,77
416030,25 24769,05 126,69 2701,69 2308,79 n.d. b.d.l. n.d. 18038,84 n.d. n.d. n.d. b.d.l. 20,97 n.d. 40,65
415188,28 23565,7 105,35 2737,37 2250,17 n.d. 2,23 n.d. 17268,60 n.d. n.d. n.d. b.d.l. 36,69 n.d. 33,98
414127,25 27914,42 158,52 3085,90 2567,90 n.d. 13,48 n.d. 20120,83 n.d. n.d. n.d. 16,19 43,39 n.d. 36,90
413935,12 29748,88 62,81 3271,89 2750,16 n.d. 4,33 n.d. 21632,21 n.d. n.d. n.d. 11,27 15,72 n.d. 49,72
413824,22 26530,86 157,74 3045,45 2525,24 n.d. 5,33 n.d. 19143,14 n.d. n.d. n.d. 14,73 28,85 n.d. 50,08
413938,53 26324,74 61,24 2863,82 2385,87 n.d. 2,67 n.d. 18855,22 n.d. n.d. n.d. 12,94 13,55 n.d. 33,30
412566,66 28203,3 228,04 3080,06 2586,28 n.d. 8,50 n.d. 20449,34 n.d. n.d. n.d. 14,10 21,21 n.d. 31,39
414458,9 30137,31 73,64 3269,53 2715,98 n.d. 4,58 n.d. 21870,91 n.d. n.d. n.d. 11,55 6,98 n.d. 40,06
413907,73 26732,02 115,07 2948,60 2404,96 n.d. 4,67 n.d. 18706,87 n.d. n.d. n.d. 13,31 35,69 n.d. 39,35
413549,7 29623,11 38,93 3225,36 2693,54 n.d. 3,77 n.d. 21053,32 n.d. n.d. n.d. 6,61 14,27 n.d. 40,49
413408,03 24009,88 281,47 2666,37 2165,91 n.d. 2,96 n.d. 17108,62 n.d. n.d. n.d. 11,15 21,66 n.d. 37,72
411164,9 31782,71 234,72 3341,97 2843,74 n.d. 9,89 n.d. 21939,23 n.d. n.d. n.d. b.d.l. 5,31 n.d. 38,57
394593,61 26485,76 340,49 2800,38 2311,90 n.d. 5,81 n.d. 18136,15 n.d. n.d. n.d. 10,79 24,03 n.d. 35,59
394061,93 25074,39 7704,58 2676,38 2281,77 n.d. 5,51 n.d. 16836,66 n.d. n.d. 1,32 b.d.l. 19,14 n.d. 36,54
401804,06 29934,62 505,32 3089,82 2555,98 n.d. 33,62 n.d. 18530,69 n.d. n.d. n.d. 15,59 53,29 n.d. 30,41
413907,73 24652,9 1593,07 2482,66 2185,50 n.d. 4,06 n.d. 14334,07 n.d. n.d. n.d. 13,18 29,85 n.d. 33,68
391714,14 27764,69 10027,20 2812,69 2369,24 n.d. 1154,33 n.d. 16389,14 n.d. n.d. 3,06 119,80 1283,22 n.d. 99,90
391702,19 25775,67 2286,39 2796,24 2272,01 n.d. 574,76 n.d. 15420,10 n.d. n.d. n.d. 103,31 1137,44 n.d. 140,65
391698,24 27103,49 5210,94 2772,58 2468,22 n.d. 713,12 n.d. 15999,29 n.d. n.d. 0,54 45,91 528,51 n.d. 106,24

M2.6r 413286,64 23425,52 260,83 2674,44 2372,25 n.d. 4,31 n.d. 20959,16 n.d. n.d. n.d. 22,41 172,58 n.d. 75,12
410426,66 19134,62 749,66 2288,67 2126,09 n.d. 61,51 n.d. 16974,49 n.d. n.d. n.d. 21,62 130,17 n.d. 93,64
407912,78 25593,2 6618,05 3009,00 2854,84 n.d. 106,88 n.d. 29583,90 n.d. n.d. n.d. 23,57 37,60 n.d. 91,48
413534,36 26921,26 15,32 3078,04 2721,57 n.d. 2,75 n.d. 24276,94 n.d. n.d. n.d. 19,95 4,14 n.d. 35,92
413345,14 27519,17 18,96 3039,05 2732,76 n.d. 2,93 n.d. 29651,91 n.d. n.d. n.d. 14,04 15,65 n.d. 45,25
415842,06 23335,99 284,28 2764,22 2579,36 n.d. 18,72 n.d. 24088,86 n.d. n.d. n.d. 13,14 159,32 n.d. 84,49
415778,14 18962,2 706,14 2421,18 2271,03 n.d. 5,07 n.d. 18335,75 n.d. n.d. 1,18 18,37 276,18 n.d. 272,61
413905,78 26768,85 154,40 3034,70 2708,88 n.d. 2,95 n.d. 25213,73 n.d. n.d. n.d. 11,65 29,43 n.d. 71,94
414264,07 23679,16 29,84 2715,86 2400,42 n.d. 24,78 n.d. 22182,05 n.d. n.d. n.d. 18,68 611,64 n.d. 44,76
416181,53 25083,1 40,55 2858,98 2471,05 n.d. 63,10 n.d. 22821,83 n.d. n.d. n.d. 11,05 191,11 n.d. 56,17
419641,87 24358,82 66,30 2808,11 2427,36 n.d. 44,39 n.d. 22243,24 n.d. n.d. n.d. 14,23 191,72 n.d. 34,74
424894,20 20073,9 77,53 2384,14 2238,35 n.d. 240,95 n.d. 17647,88 n.d. n.d. n.d. 18,01 605,28 n.d. 234,35
424569,92 18358,6 70,67 2206,51 2058,71 n.d. 2,27 n.d. 16101,61 n.d. n.d. n.d. b.d.l. 169,00 n.d. 176,57
421977,30 16035,64 150,69 1958,36 1834,17 n.d. 2,37 n.d. 13932,70 n.d. n.d. n.d. 12,98 152,71 n.d. 183,19
421097,05 24818,6 202,07 2866,92 2495,75 n.d. 8,77 n.d. 21619,47 n.d. n.d. n.d. 11,96 102,13 n.d. 86,26
422183,82 21316,32 566,36 2497,23 2194,25 n.d. 15,13 n.d. 18701,97 n.d. n.d. n.d. 13,66 134,86 n.d. 85,02
316679,66 17661,91 868,09 2102,37 1843,62 n.d. 2,29 n.d. 15213,85 n.d. n.d. n.d. b.d.l. 60,02 n.d. 98,98
317852,79 12884,94 1028,01 1637,14 1531,84 n.d. 11,16 n.d. 11009,32 n.d. n.d. n.d. 14,89 237,69 n.d. 190,38
316429,04 18529,91 77,96 2021,51 1772,62 n.d. 10,50 n.d. 12979,83 n.d. n.d. n.d. 8,55 72,53 n.d. 82,14
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