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Abstract

In this work, we studied the hydrothermal agates from the Neogene—Quaternary volcanic district of Allumiere-Tolfa, north-
west of Rome (Latium, Italy) using a combination of micro-textural, spectroscopic, and geochemical data. The examined
sample consists of (1) an outer cristobalite layer deposited during the early stages of growth, (2) a sequence of chalcedonic
bands (including i.e., length-fast, zebraic, and minor length-slow chalcedony) with variable moganite content (up to ca. 48
wt%), (3) an inner layer of terminated hyaline quartz crystals. The textures of the various SiO, phases and their trace element
content (Al, Li, B, Ti, Ga, Ge, As), as well as the presence of mineral inclusions (i.e., Fe-oxides and sulfates), is the result of
physicochemical fluctuations of SiO,-bearing fluids. Positive correlation between Al and Li, low Al/Li ratio, and low Ti in
hyaline quartz points to low-temperature hydrothermal environment. Local enrichment of B and As in chalcedony-rich layers
are attributed to pH fluctuations. Analysis of the FT-IR spectra in the principal OH-stretching region (2750-3750 cm™") shows
that the silanol and molecular water signals are directly proportional. Strikingly, combined Raman and FT-IR spectroscopy
on the chalcedonic bands reveals an anticorrelation between the moganite content and total water (SiOH + molH,0) signal.
The moganite content is compatible with magmatic-hydrothermal sulfate/alkaline fluids at a temperature of 100-200 °C,
whereas the boron-rich chalcedony can be favored by neutral/acidic conditions. The final Bambauer quartz growth lamellae
testifies diluted SiO,-bearing solutions at lower temperature. These findings suggest a genetic scenario dominated by pH
fluctuations in the circulating hydrothermal fluid.

Keywords Agate genesis - Moganite - FT-IR and Raman mapping - Hydrothermal fluids - Water behavior in silica -
LA-ICP-MS geochemistry

Introduction

Agate is an aesthetically valuable material consisting of
a layered sequence of microcrystalline and fibrous quartz
intermixed with other silica phases such as moganite,
cristobalite, and/or opal depending on the age of silica
mineralization and its formation conditions (i.e., pH and
temperature). It often fills cavities and veins in volcanic
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or sedimentary rocks (Dumanska-Stowik et al. 2018;
Gotze et al. 2020; Prsek et al. 2020) where silica deposi-
tion is triggered by post-magmatic hydrothermal activ-
ity, combined with the influx of meteoric waters. Nota-
bly, the names used in literature for the microcrystalline
varieties of silica are numerous and often used in distinct
meanings, rendering reading sometimes confusing. In
this study, we use the terms with the following meanings:
quartz, moganite and cristobalite represent different silica
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polymorphs that can be distinguished on the basis of X-ray
diffraction (XRD) and Raman spectroscopy. Chalcedony
is a type of a-quartz consisting of microcrystalline fibers
that are polysynthetically twinned according to the Brazil
law (Miehe et al. 1984; Cady et al. 1998; Heaney 1993).
Chalcedony can be furtherly divided into length-slow
(also called quartzine, with the optical axis parallel to the
fibers; Michel-Lévy and Munier-Chalmas 1892; Florke
et al. 1991), length-fast (also called chalcedonite, with the
optical axis perpendicular to the fibers elongation; Folk
and Pittman 1971) and zebraic (length-fast with helical
twisting of fibers along the c-axis). All of these varieties
still have the a-quartz arrangement (hexagonal symme-
try) from a structural point of view. Moganite is instead a
silica polymorph with monoclinic symmetry that consists
of an alternate stacking of layers of right- and left-handed
quartz, i.e., periodic Brazil twinning on the unit cell scale
(Miehe and Graetsch 1992). Pure moganite samples have
been documented only from Gran Canaria (Florke et al.
1976, 1984) but a certain amount of moganite commonly
occurs intergrown with chalcedony across the agate layers
(Graetsch et al. 1987; Heaney and Post 1992; Natkaniec-
Nowak et al. 2016; Dumanska-Stowik et al. 2018). Over-
all, length-slow chalcedony and moganite form in alkaline
or sulfate environments at high pH conditions (Kastner
1980; Heaney et al. 1992), while length-fast (“normal”)
chalcedony is common in non-sulfate environments at
neutral to acid pH (Folk and Pittman 1971), although the
exact controls of their formation are still poorly under-
stood (Keene 1983).

These silica phases are also typically associated with
other minerals such as Fe-oxides, sulfates, carbonates, as
well as carbonaceous material whose presence may pro-
vide information about the complex processes of agate for-
mation (Richter et al. 2015; Dumarnska-Stowik et al. 2018).
Opal is also commonly found intermixed with the other
silica phases in agate, and is classified into three main
categories based on the compact arrangement of their con-
stituent microspheres: opal-A which is totally amorphous,
opal-CT, consisting of intermixed cristobalite + tridymite
lepispheres and opal-C consisting of cristobalite spheres
(Jones and Segnit 1971; Elzea and Rice 1996; Behl 1999;
Sodo et al. 2016; Curtis et al. 2019). Opal may be found in
both sedimentary and volcanic settings whilst its genesis
is always connected to the presence of an aqueous fluid in
the geological system (Rondeau et al. 2012; Chauviré et al.
2017). Due to its amorphous and porous structure, opa-
line silica may trap up to 15 wt% water (both as H,O and
Si—OH silanol groups), located in the voids between the
silica sphere or in the form of interstitial films (Thomas
et al. 2010; Bobon et al. 2011; Sodo et al. 2016; Chauviré
and Thomas 2020); by contrast, microcrystalline silica
(i.e., chalcedony and moganite) allows the confinement of
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a relatively small amount of water (1-2 wt%) (Florke et al.
1982; Graetsch et al. 1985; Knauth 1994).

The segregation of the SiO, polymorphs, along with their
differing compositional and microstructural properties, gen-
erates the concentric patterns typically observed in banded
agates thus the analysis of the varying amounts of water in
the bands can provide a useful tool to determine the mineral
species present (Graetsch et al. 1985). Despite several papers
that have been devoted to this issue (Graetsch et al. 1985;
Heaney 1993; Gotze et al. 1998; French et al. 2013; Awadh
and Yaseen 2019), the exact mechanism of agate formation
is still poorly known. It is generally proposed that agates
originate either by precipitation from siliceous fluids or from
in situ crystallization from a silica gel. In the first model,
hydrothermal siliceous influxes with differing levels of sil-
ica saturation and trace element concentrations are thought
to precipitate the different silica polymorphs (Lee 2007;
Dumarnska-Stowik et al. 2013, 2018; French et al. 2013;
Natkaniec-Nowak et al. 2020); for example, quartz may pre-
cipitate from a relatively low silica concentration, giving
rise to few defective crystals (Heaney and Davis 1995). In
the second model, silica gel crystallizes in a banded man-
ner by self-organization, and the oscillatory zonation results
from a cyclic interplay between growth rate and diffusion
rates at a crystal/solution interface (Frondel 1985; Wang and
Merino 1990; Merino et al. 1995; Howard and Rabinovitch
2018). The temperature of formation may vary from ambient
(weathering) to more than 200 °C (hydrothermal systems)
(Gotze et al. 2001, 2009, 2020; Moxon and Palyanova 2020).

In this work, we investigated banded agate sample from
the Allumiere-Tolfa volcanic district (Latium, Italy) with the
aim to define their hydrothermal genesis. There is an exten-
sive although very old literature dealing with the petrog-
raphy of the igneous rocks in this district (Marinelli 1961;
Lauro et al. 1965; Lombardi et al. 1965a, 1965b; Negretti
et al. 1966; Taylor and Turi 1976; Vollmer 1977) and to the
mineralogy/geochemistry of the ore deposits exploited over
the centuries for mining activities (Lombardi and Sheppard
1977; Masi et al. 1980; Calderoni et al. 1985). The silica
mineralization widespread in this area, on the contrary, have
never been studied. In the Allumiere-Tolfa area, agates are
common and are found as veins or as fragments scattered
in the field. The sample were studied with a multi-techni-
cal approach to document their occurrence and tentatively
constrain the agate deposition mechanism by the hydrother-
mal fluids. We used, in particular, vibrational (FT-IR and
Raman) spectroscopies with the aim of assessing the water
distribution across the sample and relate its presence with
the chalcedony and moganite structural variation.
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Study area

The study area (Fig. 1) is located in a transitional sec-
tor between the Tuscan and Roman magmatic provinces
(De Rita et al. 1997) and was affected by intense volcanic
activity spanning from the middle Miocene to the late
Pliocene (Serri et al. 1993).

The lava domes that strongly characterize the geomor-
phology of the area consist of hypo- to holo-crystalline
and vitrophyric rhyolites and quartz-latites (Negretti et al.
1966; Lombardi et al. 1974; Cimarelli and De Rita 2006).
These volcanic rocks show a porphyritic texture and a flu-
idal fabric consisting of glomerocrysts made up of alkali
feldspar + andesine + diopside + quartz in a generally
hypohyaline groundmass. The study area was affected by
widespread post-volcanic magmatic-hydrothermal activ-
ity, which extensively affected the volcanic products as
well as a large portion of the underlying sedimentary
rocks. Hence fresh and unaltered volcanic rocks are rare
because of the late-stage processes, such as illitization of
sanidine (Fig. 2a), chloritization of pyroxene (Fig. 2b) and
biotite (Fig. 2c), albitization of plagioclase (Fig. 2d) and
silica veining (Fig. 2b, d), strongly obliterated the primary
assemblages.

The hydrothermal activity gave rise to two distinct areas
hosting ore deposits intensively exploited since the Mid-
dle Ages up to the last century (Della Ventura and Patane

2020). The first area is located south of the Allumiere
town, within the sedimentary country rocks and mainly
consists of Fe-oxide and (Pb, Fe, Cu, Zn, Ag, Hg)-sulfide
mineralization (Ferrini et al. 1975; Calderoni et al. 1985).
The second area, which is the target of this study (Fig. 1),
is located to the north and consists of late-stage hydro-
thermal alteration products of the volcanic body, mainly
alunite and kaolinite, possibly combining both hydrother-
mal alteration and weathering (Lombardi and Sheppard
1977). The hydrothermal event giving rise to the sulfate
and argillitic deposits is also associated with a pervasive
deposition, within the volcanic rocks, of opaline and/or
microcrystalline silica, consisting of mineral replace-
ments, veins and agate druses (Fig. 2e, f). Although the
sulfide—sulfate and argillitic products were studied in the
second half of the last century (Lombardi and Sheppard
1977), the silica mineralization is still unaddressed. Inves-
tigations of the texture, genesis, and significance of these
agate occurrences is the aim of this work.

Materials and methods

Several opaline samples scattered in the Allumiere-Tolfa
area were the subject of a master’s thesis at the Univer-
sity of Roma Tre; we focus this paper on one agate sam-
ple from a vein close to Monte Rovello (Fig. 1). We pre-
pared several slices of various thickness depending on the

ik AGATE SAMPLES

NEO-AUTOCHTHONOUS AND RECENT DEPOSITS

l:l ALLUVIONAL DEPSITS AND FLUVIAL TERRACES (Olocene)

- TRAVERTINES (Olocene)
: ELUVIAL DEBRIS (Olocene)

1 l:l TUFF AND IGNIMBRITES From Vulsino, Cimino, Sabatino and Vico apparatus (Pleistocene)|
- LAVA DOMES (RHYOLITES - QUARTZ-LATITES) (Upper Pliocene- Lower Pleistocene)
|:] SANDS AND SANDY CONGLOMERATES (Upper Pliocene)

E «MACCO FORMATION» TARQUINIA LIMESTONE (Lower Pliocene- Middle Pliocene)
:I CLAYS AND SANDY CLAYS (Lower Pliocene)

! SANDY CONGLOMERATES ( Upper Miocene - Lower Pliocene)

ALLOCHTHONOUS DEPOSITS

- «PIETRAFORTE» CALCAREOUS SANDSTONE (Upper Cretaceous)
- SHISTOUS CLAYS (Aptian - Albian - Upper Cretaceous)
|:| «MIGNONE FORMATION» SHISTOUS CLAYS (Paleocene - Eocene)
- CALCAREOUS FLYSCH (Upper Cretaceous - Paleocene)

- CALCAREOUS-CLAY FLYSCH (Upper Cretaceous)

Fig. 1 Geological map of the Allumiere-Tolfa volcanic district (Lazio, Central Italy), modified after Fazzini et al. (1972). The agate ample was
collected in the M. Rovello area (Lava domes unit consist of rhyolites and quartz-latites rocks)
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Fig.2 Field observations and petrography. a—d Thin section images
of the agate-hosting hydrothermalized quartz-latite lava: a illitization
(Ilt) processes on sanidine (Sa) phenocryst, b chloritization (Chl) of
a clinopyroxene (Cpx) crosscut by a silica vein, ¢ chloritization (Chl)

analytical methods used. One 200 pm section was used for
standard petrographic investigation on the texture of the
layers, SEM investigation, and IR and Raman spectros-
copy. An additional 30 um thin section was prepared for
specific distinction between length-slow and length-fast
chalcedony fibers.

@ Springer

of a biotite (Bt) phenocryst, and d albitized plagioclases (Pl) also
affected by diffuse SiO2 micro-veins. e, f Representative field images
showing the occurrence and spatial relation between the agates and
the hosting volcanic rocks

Optical microscopy

The agate thin section was examined under polarized light
microscopy with the use of a Nikon Eclipse 50iPol polar-
ized-light microscope (PLM, Nikon, Tokyo, Japan) equipped
with a Nikon Ds- Fi2 CCD camera (Nikon, Tokyo, Japan).
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Images were acquired using a 10x objective and the Nikon
Nis-Elements software (Ver4.30.01, Nikon, Tokyo, Japan).
We also used a Keyence VHX2000 numerical microscope
to acquire larger images under High Dynamic Range
(HDR) mode to enhance the contrast of the pictures. Both
transmitted and reflected light were used, under 200x to
500x magnification.

Scanning electron microscopy (SEM-EDX)

SEM investigation was carried out on carbon-coated pol-
ished sections using a 7600 JEOL SEM at Institut des Maté-
riaux Jean Rouxel de Nantes (University of Nantes, France).
The system was operated at 15 kV accelerating voltage and
0.5 nA current, with a working distance of 8 mm. Images
were acquired using backscattered electron detector (BSE)
and elemental analyses using a high-resolution energy dis-
persive spectrometer (EDX) equipped with a Bruker silicon
drift detector (SDD) X-ray detector.

Raman micro-spectroscopy (RS)

Raman scattering experiments on the silica phases and solid
inclusions were done with a Labram HR Evolution Raman
Spectrometer equipped with a 532 nm laser at a 150 mW
power at the Laboratoire de Planétologie et Géosciences,
University of Nantes, France. Spectra were acquired between
300 and 1200 cm™! with 30 s acquisition time and twice
accumulation. We used a 1200 grooves/mm diffraction grat-
ing and 100x objective lens. The spectrometer calibration
was set using the 520.70 cm™~! band of a silicon plate as
reference. We considered the 0.5 cm™' spectral resolution
suitable without requiring apparatus correction. The spec-
tra of sulfate inclusions were recorded using lower laser
power (50 mW) to avoid heating effects. The identification
of mineral phases was supported by CrystalSleuth software
(RRUFF project, https://rruff.info). The spectra of the sil-
ica phases were background corrected by the user defined
mode of the OriginPro 8.5 software (OriginLab, Northamp-
ton, Massachusetts, USA). The curve-fitting algorithm in
the OriginPro software was used to fit the spectra in the
400-550 cm™! range using two peaks at 502 cm™! of mogan-
ite and 464 cm™! of quartz (Gotze et al. 1998, 2020, 2021;
Dumarnska-Stowik et al. 2013, 2018; Natkaniec-Nowak et al.
2016, 2020; Palyanova et al. 2020; Prsek et al. 2020; Zhang
et al. 2020). The peak parameters (e.g., position, width, and
area) were obtained by fitting the spectra with Lorentzian
functions constrained by a constant minimum baseline.
We further calculated moganite concentrations based on
the calibration curve provided by Gotze et al. (1998). The
obtained values may be considered with caution as they may
differ from those obtained by X-ray diffraction. However the

obtained values are considered for their relative variations
along the sample using a single method.

Raman maps to investigate the moganite distribution
across the layers of the agate sample were acquired using
a Raman Spectrometer NRS-5100 at Italian National Insti-
tute of Nuclear Physics (INFN) in Frascati (Italy), equipped
with a 532 nm laser. Conditions of measurement were set at
a power of 10 mW, 5 s acquisition time and 20 times accu-
mulation, and a 1 cm™" spectral resolution; a total of 704
spectra were recorded with a 45 pm step. The distribution
of moganite was investigated by integrating the area of the
moganite peak at 502 cm™! across the studied area.

Fourier transform infrared micro-spectroscopy
((n-FT-IR)

The p-FT-IR data were collected on the same free-stand-
ing doubly-polished thin section used for Raman work.
FT-IR analyses in transmission mode were performed at the
DAFNE-Light INFN-LNF Facility, by using a Vertex 70 V
spectrometer coupled with a Hyperion 3000 IR microscope
(Bruker Optics) and a single element MCT (HGCdTe) detec-
tor. A quartz source was used, coupled with a KBr beam-
splitter, spectra were collected in the NIR-MIR range (from
6000 to 600 cm™").

The distribution of water in chalcedony was investi-
gated by integrating the intensity in the 2750-3750 cm™!
region. A total of 272 FT-IR spectra were collected by using
a 100 100® pm beam and displacing the sample every
100 pm using a motorized stage (Della Ventura et al. 2014)
such as to cover a continuous area. 32 scans were averaged
for each spectrum at 4 cm™! nominal resolution. Selected
spectra were decomposed using the curve-fitting algorithm
of the OriginPro software, in the 2750-3750 cm™! range
to discriminate the molecular water bands from the silanol
ones. A total of six components were used for the fitting
procedure, based on the literature data (Eckert et al. 2015;
Anedda et al. 2003; Davis and Tomozawa 1996; Aines and
Rossman 1984; Langer and Florke 1974) and the experi-
mental evidence.

Laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS)

LA-ICP-MS data were acquired by using a quadrupole ICP-
MS Varian 820-MS, coupled with a 193 nm excimer laser
ablation system (Analyte G2, Photon Machine), at the Lab-
oratory of Planetology and Geodynamics (LPG in Nantes
University, France). We used the single-point analysis mode
and monitored simultaneously the following nine isotopes:
Li, 1B, AL Y7*Ti, "' Ga, 7*73Ge, "> As. This choice was
done to exclude isobaric interferences of isotopes from other
elements. The chosen parameters of acquisition were 65 to
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50 um of spot diameter, scan speed of 5 pm/s for a replicate
time of 120 s (60 s of sampling time, 30 s before and after
for blank), 10 Hz laser pulse repetition rate, and a fluence
of 3.63 J/cm? (energy set point of 4 mJ, laser output 60%).
Helium was used as a gas carrier of the ablated material,
and the sample is pre-ablated to avoid surface contamination
as much as possible. Calibration was done using two NIST
(National Institute of Standards and Technology, USA) 610
and 612 glasses. Recommended values for these reference
materials can be found in Jochum et al. (2011). All elemental
concentrations were calculated relative to the >Si isotope,
chosen as internal standard with an assumed concentration
of 99.5%. Precision is estimated to be > 5%.

Results
Macro and microscopic observation

Agates from the Allumiere-Tolfa area usually occur as small
specimens of wall-lining (“fortification”) silica, both as
hydrothermal veins and as fragments scattered in the fields
varying in sizes up to several centimeters in dimension.
The sample (Fig. 3a) consist of rhythmic layers that exhibit

alternating white-colored and translucent zones which
vary in thickness up to~0.5 mm. In reflected light the lay-
ers appear to be white and grey (Fig. 3b), corresponding to
brown and whitish colors, respectively, observed in transmit-
ted light (Fig. 3c). The outermost layer (#1 in Fig. 3c), at the
contact with the host rock, is rich in spherulitic structures
that, however, are well resolved only at SEM magnifica-
tions and will be described below. This layer is followed
by a sequence of crypto-crystalline to fibrous chalcedony
(layers #2-9 in Fig. 3c). The individual chalcedonic bands
present sharp and re-entrant angles typical of the so-called
colloform habit (Fig. 4a). The last layer of the sequence
(#11 in Fig. 3c), consist of the last generation of silica,
and shows macrocrystalline prismatic quartz crystals up to
200 pm in diameter. The boundaries between the layers are
mostly smooth, except for two nucleation layers (#5 and 7
in Fig. 3c) that display a sharp contact with the preceding
layer (Figs. 3c, 4b). Microscopic investigations revealed
that chalcedony shows differing grain sizes and morphol-
ogy (from granular to fibrous) and occurs both as common
length-fast “normal” and length-slow chalcedony (varieties).
In more detail, length-fast chalcedony is more abundant and
occurs intermixed with various amounts of length-slow chal-
cedony across the layers. Moreover, length-fast chalcedony

Fig.3 Wall-lining agate sample occurring as a hydrothermal vein. a Macroscopic appearance, of the sample b as seen in reflected light; ¢ trans-

mitted light image with parallel (left) and crossed (right) polarizers
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Fig.4 a Colloform appearance; crossed polarizers; b nucleation lay-
ers (#5 and 7) displaying a sharp contact of the boundary. The sec-
ond nucleation layer (#7) propagates with fibers elongating from the
nucleation point to the layer #8 which consist of zebraic chalcedony;
crossed polarizers; ¢ alternation of thinner and darker length-fast
chalcedony fibers of the nucleation layers (#5 and #7) and coarser
fibers of intermixed length-fast (dark) and length-slow (light) chal-
cedony in layer #6; crossed polars on 30 pm thin section; d inter-

in the two nucleation layers (#5 and 7 in Fig. 3¢c) occurs as
radial and fan-shaped (spherulitic) micro texture with fibers
elongated from the nucleation point to the boundary of the
layer (Figs. 3c, 4b). As this spherulites join together dur-
ing growth, to form layers parallel to the cavity wall, this

(b)

mixed length slow (bluish) and length fast (yellow-orange) occurring
in layer #6; crossed polars with gypsum plate on 30 pm thin section;
e Bambauer quartz growing lamellae occurring at the contact layer
with fibrous chalcedony; parallel polarizers; f Smooth transition from
fibrous chalcedony to macrocrystalline quartz (layers #9-10-11). In
the last stages of growth (#11), quartz occurs as subparallel wall-
lining crystals with size increasing towards the core. Quartz crystals
display a feathery appearance and granular texture; crossed polarizers

type of chalcedony is known as “wall-lining chalcedony”
(Heaney 1993). The fibrous chalcedony layers exhibit a
gradual increase in width and length of the fiber along the
individual bands, with coarser fibrils discernable from finer
ones due to longer twist periodicity and higher birefringence
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(Lee 2007). The fiber length ranges from below the optical
resolution to ~ 800 um at the end of the layer where the fib-
ers terminate. Under crossed polarizers, the last section of
these fibrous bands (layer #8-9 in Fig. 3c) exhibit a rhyth-
mic extinction, resulting in a wrinkle band texture that is
diagnostic for the presence of zebraic chalcedony (length-
fast with helical twisting of fibers along c-axis) (Fig. 4b).
Through the use of the gypsum plate, it is possible to high-
light the presence of length-slow (bluish) and length-fast
(yellow) intergrowths across the layers (Fig. 4d). Length-
fast chalcedony is the only phase in the nucleation layers
#5 and #7 (Fig. 4d), while the #2, #3, #4 and #6 layers con-
sist of predominant length-fast chalcedony intermixed with
minor amounts of length-slow chalcedony. At the core of
the agate sample, the transition from fibrous chalcedony to
hyaline euhedral quartz crystals is smooth, with the layer-
ing still visible at the contact zone (Fig. 4e, f). Quartz is
organized as subparallel wall-lining crystals which display
an increase in size towards the core (Fig. 4f). A recurrent
feature at the chalcedony—quartz contact is the presence of
pm-sized lamellae testifying to episodic stages of crystal
growth and typical of the so-called Bambauer (Bambauer
etal. 1961) quartz (Fig. 4e). Moreover, under crossed polar-
izers, some crystals at the contact with the chalcedony band
locally reveal divergent extinctions resulting in a feathery/
splintery appearance (Fig. 4f). The quartz crystals in the last
stages of growth instead, are prismatic and display granular
texture (Fig. 4f).

We performed a transect of high-resolution images per-
pendicular to the layers with the aim of clarifying the rela-
tionships between the observed optical features described
above, with features (micro porosity distribution and bright-
ness variations due to change in composition) visible at the
electron microscope scale. The first layer of the sample is
characterized by the occurrence of the spherules (Fig. 5a)
displaying higher porosity with respect to the silica matrix;
according to Raman spectroscopy they consist of cristo-
balite. The silica matrix in most part of the sample is char-
acterized by a continuous tone of grey and nano to submi-
cron pores homogeneously dispersed, with no preferential
orientation, and no variation in contrast between the bands
seen in optical microscopy (Fig. 5b). The two nucleation
layers (#5 and 7 in Fig. 3c) instead display nearly vertical
structures of alternatively brighter and darker bands, corre-
sponding to the growth of the silica fibers starting from the
aligned half spherulites (Fig. 5c). Within this zone, pores
seem to be constrained inside the darker layers of the verti-
cal structures of the fibers. The zebraic chalcedony zone (#8
in Fig. 3c) that occurs in the second nucleation layer shows
bands of alternating dark and bright grey at the micron scale,
consistent with layering seen with the optical microscope.
Moreover, an additional structure is superimposed nearly
perpendicular to the layering: it consists of alternating dark
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and bright micrometric bands that build up the silica fibers
(Fig. 5d). Within this zone, pores seem, at first sight, to be
randomly distributed within the structure. However, careful
examination of Fig. 5d reveals that pores are slightly more
concentrated within bright layers and aligned parallel to the
fibers. Layers #9-10 in Fig. 3c display a remarkable alterna-
tion of bright and dark gray tonalities at the micron scale,
with distinct and sharp boundaries (Fig. 5e), corresponding
to the chalcedony layering observed in optical microscopy.
These are similar to the iris bands described by Brewster in
the 1800s and Frondel in the 1980s. In this area, the pores
tend to be concentrated parallel to the layering, without any
systematic relationship between pore abundance and the
level of grey of the layers. Finally, the quartz layer (#11 in
Fig. 3c) shows a very compact structure with few randomly
distributed pores (Fig. 5f). As a conclusion, the SEM tran-
sect suggests the occurrence of two different scales of poros-
ity, the first one consisting of nano- to sub-micron pores
equally dispersed across the whole sample, and a second
one of sub-micrometric dimension, which is alternatively
distributed in darker or brighter bands. Therefore, porosity
does not seem to be related to the compositional sequence.

Mineral inclusions

SEM-BSE observations revealed the presence of various
inclusions dispersed in both the first and in the last layers.
At the rim of the agate in contact with the host rock, rod-
like structures perpendicular to the contact are observed;
these occur as brighter elongated structures as seen with
back-scattered electrons (Fig. 6a). These rod-like struc-
tures contain small hexagonal quartz crystals (10 um) and
a bright intricate mass of polycrystalline needles < 1 um
in dimension. The needles are composed of high Al, Fe,
Mg and K (Fig. 6a, spectrum 1). Their structure sug-
gests a mix of several mineral phases, as yet unidentified
(possibly mica-group species, i.e., celadonite). The rod-
like features are also covered by coalescing spheres that
seem to constitute the initial stage of the agate growth.
These spheres were identified as consisting of cristobalite
by Raman spectra with peaks 415, 227, 109, 782 and
1080 cm™! (Bates 1972) (Figure S1 and Tab. S3). Some
of these spherules are characterized by evident signs of
dissolution (Fig. 6b). The occurrence and distribution of
cristobalite (layer #1 in Fig. 3c) is easily observable also
just by PLM due to its characteristic botryoidal appearance
(Palyanova et al. 2020) and displays a higher porosity and
aluminum content (qualitatively estimated by SEM—EDS)
with respect to the silica matrix. The initial stage of the
agate growth is also marked by the presence of some iron
oxides dispersed along the cristobalite layer. Moreover,
we noted dark, elongate needles radiating from the rod-
like structures outwards into the silica matrix (Fig. 6a—c).
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-
15.0kV BEI

Fig.5 Back scattered electron (BSE) images across the agate sam-
ple. a Cristobalite spherules displaying higher porosity with respect
to the silica matrix; b Homogeneous porosity and grey tone which
characterizes most part of the sample, in contrast with the bands seen
in optical microscopy; ¢ Porosity occurring in vertical structures
of silica fibers for the two nucleation layers; d Porosity occurring

These needles tend to be hollow when occurring in the
porous cristobalite layer and filled in the overlaying,
chalcedony layers. EDS measurements reveal high Al
content, and minor amounts of Na (Fig. 6, spectrum (2).

-
15.0kV BEI

-
15.0kV BEI

=
15.0kV BEI

in brighter bands and distributed vertically in the zebra chalcedony
layer; e Porosity orientated parallel to bands occurring in lighter and
darker bands alternatively, occurring the transition zone from fibrous
chalcedony to macrocrystalline quartz; f Quartz layer displaying no
visible porosity

Considering that these needles display a BSE grey level
darker than surrounding silica, despite their minor content
of Ca and K, which are significantly heavier than Si, we
hypothesize that they contain significant amounts of light
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Fig.6 Back scattered electron (BSE) images of mineral inclusion in
the agate sample, occurring in the first and last layer of the growth. a
Rod-like structure filled bright polycrystalline needles and elongated
needles propagating outwards from the rod-like structures into the
silica matrix. The rod-like structure is covered by coalescing spheres

elements such as hydrogen in the form of water. Finally,
the polygonal quartz layer (#11 in Fig. 3¢) at the end of the
agate crystallization contains numerous sulfate inclusions,
as suggested by the 1009 cm™' Raman band (Berenblut
et al. 1973) (Figure S2—Tab. S3). These inclusions are
elliptical in shape, up to 1 um in length and frequently
occurring in aggregates (Fig. 6d). These sulfates are rich
in Ca, Na and K in variable proportions (one example is
shown in Fig. 6, spectrum 3), but the chemistry could not
be exactly identified because of the small crystal-size. We
also observed in the quartz layer very few euhedral alumi-
nosilicates of Fe and Mg of sub-micrometric size.

| | : @
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10004 O Fe Na MTI si K Ca Fe Fe
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2000 4 ‘ ‘

needles
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of cristobalite which are enlarged in the adjacent image; b Spherulitic
cristobalite partially dissolved; ¢ Hollow and filled needles at the con-
tact between cristobalite and silica matrix; d Sulfate inclusions occur-
ring the quartz layer. EDS Spectra of solid inclusions: (1) rod-like
structure; (2) needles propagating outwards; (3) sulfates

Vibrational (Raman and FT-IR) micro-spectroscopy

To identify the different silica polymorphs across the
sample, we acquired several Raman spectra at different
locations across the agate layers. The quantification of the
moganite content in chalcedony (in wt. %) is based on
the ratio between the Raman band intensity of the Si-O
peak at 464 cm™! (attributed to alpha-quartz) and that at
502 cm™! which is assigned to moganite (for more details
refer to Gotze et al. 1998; Bustillo et al. 2012). Deconvolu-
tion parameters are listed in Table 1. A selected example of
the spectral deconvolution, along with calculated moganite
concentration, is given in Fig. 7a. The spectra collected

Table 1 Fitting parameters for the Raman spectra in the 400-500 cm™! range

Raman Cl1 Cc2 Cl C2 Cl C2 Cl C2 Gotze et al. (1998)
Layer  Peak position FWHM Peak height Area intg (arbitrary Ratio Alntg % Moganite Adj. R-square
(em™) (cm™) units) C2/ Alntg C1

#2 464.09 502.11 9.17 13.49 430445 55630 59498.11 11012.87 0.185 48 9.960

#4 464.14 502.76 8.48 12.07 1912544 2060.84 243990.78 36647.27 0.150 40 9.965

#6 464.31 50247 834 12.03 19362.51 1103.46 243015.06 19575.87 0.081 30 9.968

#8 464.12 501.67 8.48 12.08 20901.01 1148.35 26657540 20448.80 0.077 30 9.984

#3 464.18 50242 797 12.85 23110.72 52435 277526.56  9880.84 0.036 10 9.956

#11 464.37 7.75 23968.78 280639.58 0 9.958
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Fig.7 Selected Raman spectra collected across the layers of the stud-
ied agate sample. a Example of spectral deconvolution on the spec-
trum with highest moganite signal; b Raman spectra collected in rep-
resentative sample layers, displaying different moganite contents

along a traverse perpendicular to the layering (Fig. 7b)
show that the intensity of the moganite band is zero for
the layers corresponding to first and last stages of the agate
growth, and has a variable amounts across the sequence
of the chalcedony layers. The maximum [505)/1 464, cm™!
ratio was found in layer #2 at 0.19 (Fig. 7a). Based on
the calibration curve proposed by Gotze et al. (1998), this
ratio corresponds to the moganite content of ca. 48 wt%
(for uncertainties, see details in Gotze et al. 1998). The
minimum 502/464 cm™! intensity ratio was instead found
in layer #3 at 0.04, corresponding to a moganite content
of 10%.

FT-IR micro-spectroscopy shows that spectra are similar
in shape across the sample and consist of a relatively sharp
peak at 3585 cm™!, assigned to the silanol Si—OH groups
combined to a broad absorption assigned to H,O molecules
(Iler 1979). The intensity of this signal strongly varies
across the samples, revealing a heterogeneous water content
(Fig. 8). Water-related band is the most prominent in Layer
#3 (Fig. 8). As expected, the spectrum collected in the quartz
layer (#11) shows the lowest intensity of the water signal.
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Fig.8 Selected FT-IR spectra across the layers of the agate sample.
a Example of spectral deconvolution on the pattern from layer #2. b
FT-IR spectra in the water stretching region as collected in the differ-
ent layers, plotted with the same absorbance scale; spectra vertically
shifted for clarity

An example of deconvolution on the principal water-
stretching region (2750-3750 cm™') is given in Fig. 8a, for
the spectrum from layer #2. The fitting parameters were
based on both literature (Langer and Florke 1974; Aines
and Rossman 1984; Florke et al. 1991; Davis and Tomozawa
1996; Anedda et al. 2003; Day and Jones 2008; Eckert et al.
2015) and experimental evidence. We chose to follow a clas-
sification already proposed in literature, defining “Type A”
silanols and molecular water the groups that are isolated in
the SiO, matrix and are not involved in hydrogen bonding;
on the other side, “Type B” silanols and molecular water
refer to the adsorbed water that resides in relatively large
voids with strong hydrogen bonds (Langer and Florke 1974;
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Aines and Rossman 1984; Florke et al. 1991; Day and Jones
2008). Six components were fitted to each FT-IR spectrum:
(i) C1 at~3040 cm™! (3038-3040 cm™"), with a FWHM var-
ying from 228 to 265 cm™. This component is not assigned
in literature, although it is obviously related to water; (ii)
C2 at~3260 cm™! (3256-3266 cm™!), with a FWHM vary-
ing from 227 to 240 cm™!. This component is assigned to
H-bonded type B molecular water (Davis and Tomozawa
1996), located within the pores of the structure; (iii) C3
at~3415 cm™! (3405-3417 cm™'), with a FWHM varying
from 175 to 180 cm™!. This component is assigned to type
A molecular water, not hydrogen-bonded and located within
the silica network (Davis and Tomozawa 1996; Aines and
Rossman 1984); (iv) C4 at~3535 cm™ (3534-3536 cm™),
with a FWHM varying from 165 to 176 cm™'. This compo-
nent is assigned to H-bonded type B silanols, located within
the pores (Langer and Florke 1974; Davis and Tomozawa
1996); (v) C5 at~3560 cm™! (3597-3560 cm™!), with a
FWHM varying from 47 to 48 cm™!. This component is
assigned to both type A and type B silanols (Davis and
Tomozawa 1996); (vi) C6 at~3650 cm™!, with a FWHM
varying from 47 to 49 cm™. This component refers to non-
hydrogen bonded type A silanols, located within the silica
structure (Langer and Florke 1974; Davis and Tomozawa
1996; Eckert et al. 2015). The final fitted parameters and
integrated intensities are listed in Table 2.

Inspection of Fig. 9 shows that the silanol signal is
directly proportional to the molecular water signal suggest-
ing a coevolution of molecular water and silanols compo-
nents (Fig. 9a). However it has to be taken into consideration
that (i) component C1 was not modeled as it has not been
attributed to either SiOH or molH,0 in the literature, and

could possibly change the trend, and (ii) spectra acquired
on layer #3 reach total absorption (i.e. the device is not able
to detect the real and stronger water signal), and thus the
molecular water components modeled during the fitting
could be slightly underestimated. Also, Fig. 9b shows that
type A and B molecular water components decrease in the
same proportion for increasing moganite content, while
type B silanols seem to decrease more faster with respect to
type A silanols (Fig. 9c). Finally, the intensity of the total
absorbance in the 2750-3750 cm™' range (Fig. 9d) as well as
the intensity of the C2-3 components assigned to molecular
water (Fig. 9e) and the intensity of the C4-6 components
assigned to silanols (Fig. 9f) are all inversely correlated with
the moganite content obtained by Raman spectroscopy.

Spectroscopic imaging of moganite and water
across the studied agata

The spatial distribution of the moganite across the sample
was addressed via Raman imaging; to this purpose, we col-
lected a grid of 22 % 32 single point spectra and integrated
the intensity of the 502 cm™! peak over the scanned areas
(Fig. 10a). The resulting image shows that the moganite dis-
tribution is roughly uniform within individual chalcedony
bands and seems to be concentrated in some discrete layers
which appear optically darker in transmitted light (layer #2
and #4 in Fig. 3c). The spatial distribution of H,O through
the agate layers was addressed in a similar way, by collecting
a grid of 16 x 17 single point spectra and by integrating the
absorbance in the whole 2750-3750 cm™! range. The result-
ing map (Fig. 10b) shows that the water signal (H,O plus
Si—OH groups) is (i) evidently correlated to the layering of

Table 2 Fitting parameters for the FTIR water spectra in the principal OH-stretching (3750-2750 cm™) region

FTIR Cl1 Cc2 C3 C4 C5 Cc6 Cl Cc2 C3 C4 C5 Cc6

Layer Peak position (cm™h FWHM (cm™") % Moganite
(Gotze et al.
1998)

#2 3038.19 3256.28 341695 353496 3597.3 365091 228.16 229.83 180.22 176.13 48.01 4722 48

#4 3039.05 3256.06 3416.11 3534.53 3597.01 3650.49 247.74 229.80 180.80 174.81 47.69 4948 40

#6 3040.39 325891 3415.17 3535.84 3597.20 3650.25 26591 233.07 180.75 176.75 48.74 47.75 30

#8 3039.02 3256.06 3413.54 3536.84 3597.18 3650.18 235.25 229.37 179.37 176.37 48.37 4837 30

#3 3038.19 3256.67 3405.57 353438 3600.03 3650.39 228.73 227.70 180.73 165.69 48.73 47.75 10

#11 3038.86 3266.44 3417.17 353498 3597.63 3650.92 22894 240.54 17530 169.20 4895 4794 0

Layer Peak height Area intg (cm™") Adj. R-square

#2 0.21 0.92 1.12 0.72 0.41 0.14 50.07 22471 215.03 134.09 21.03 6.84 9.9%4

#4 0.24 0.91 1.10 0.71 0.42 0.13 62.76  225.04 212.08 13254 21.12 6.70  9.993

#6 0.28 1.33 1.58 1.06 0.46 0.16 79.06  330.68 303.05 200.20 24.03 8.08 9.992

#8 0.30 1.55 1.89 1.23 0.47 0.16 75.03  380.12 360.08 231.19 2470 8.03 9.993

#3 0.37 1.89 2.25 1.63 0.46 0.16 90.49  459.53 431.81 287.07 23.80 832 9.985

#11 0.04 0.26 0.29 0.19 0.05 0.03 9.94 66.34 5440 3454 279 147 9985
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Fig.9 Plot of integrated intensities of the fitted water components, against the moganite content. R> was calculated excluding the points related

to the quartz layer

the agate sample, and (ii) is homogeneous within each layer.
Note, however, that while the Raman spectra were collected
with a beam-size of 1 um, the FT-IR data were collected
with a beam-size of 200 X 200 um. This explains the higher
homogeneity of the H,O vs. the moganite distribution within

a single layer, that is apparent when comparing Fig. 10a with
Fig. 10b.

Most strikingly, the FT-IR and Raman maps collected
in this study visually confirm that there is a clear anticor-
relation between the moganite and the water signals. This
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Fig. 10 Comparison between the moganite distribution and the water
signal in studied agate. a Raman mapping representing spatial distri-
bution of moganite across the layers, calculated based on the integral
area of the 502 cm™! peak intensity; b FT-IR mapping representing
water signal distribution across the layers, calculated based on the

result is somehow surprising as previous studies suggest the
opposite, as detailed in the Discussion section.

Trace elements chemistry

Trace element distribution may be useful in identifying
the genetic environment of the studied agate sample (e.g.,
Miiller et al. 2018; Rabiee et al. 2019). We thus collected
LA-ICP-MS (laser ablation induced coupled plasma mass
spectrometry) data (i) on cristobalite outer rims (#4 spots),
(ii) on the main chalcedony-moganite bands (#62 spots

@ Springer
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integral area of the 2750-3750 cm™! principal water band. The color
scales for both Raman and FT-IR maps are in arbitrary units, repre-
senting the minimum and the maximum values of the integral areas
of moganite peak and water band respectively

corresponding to #10 spots on moganite-poor layers, #9
spots on moganite-rich layers and #43 spots intermedi-
ate moganite content bands) and (iii) on the inner portion
consisting of hyaline euhedral quartz crystal (#37 spots).
Results are presented in Table 3 and Fig. 11.

The cristobalite outer rims shows low Ti (1.58 ppm,
with only one spot higher than the detection limit), high
Al (141.00-343.53 ppm) with low Li (1.42-8.12 ppm),
high B (22.33-34.91 ppm), Ga (1.31-1.75 ppm), Ge
(1.51-3.02 ppm) and As (5.65-9.47 ppm).
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Table 3 Trace element

. . Element (ppm)
geochemistry (ppm) as obtained
through in situ LA-ICP-MS Ti Al Li B Ga Ge As
analyses of banded agate
Cristobalite outer rim
n= 1 4 4 4 3 3 4
Average 1.58 226.34 3.54 29.87 1.54 2.28 7.63
Range n.d 141.00-343.53 1.42-8.12  22.33-3491 1.31-1.75 1.51-3.02 5.65-9.47
O n.d 83.67 3.11 5.29 0.22 0.76 1.56
Chalcedony-moganite layers
All layers
n= 12 62 26 62 47 62 61
Average 1.37 83.7 3.38 32.66 0.85 6.53 10.96
Range  0.95-1.94 3.40-302.89 1.18-13.08 7.48-52.86 0.31-2.67 1.18-13.08 1.83-22.73
01 0.27 75.57 3.12 11.44 0.47 2.82 6.13
Chalcedony layers only
n= 4 10 6 10 10 10 10
Average 1.13 76.52 3.35 45.64 0.97 8.13 16.51
Range  0.95-1.26 3.44-290.40 1.31-8.27  42.84-49.56 0.44-2.67 4.64-10.20 12.92-19.92
Oyt 0.15 97.24 2.68 2.44 0.75 1.98 2.18
Moganite layers only
n= 1 9 6 9 8 9 9
Average 1.24 132.42 2.08 32.93 0.93 2.43 8.69
Range n.d 13.17-302.89 1.26-4.16  26.94-39.25 0.31-2.14 1.18-3.64 5.49-14.55
0,1 n.d 95.95 1.05 433 0.6 0.78 2.61
Hyaline quartz inner sector
n= 5 29 29 26 28 22 26
Average 2.46 88.54 38.24 16.22 1.01 342 6.74
Range  1.13-3.95 4.42-295.92 1.41-133.93 3.82-28.99 0.39-1.51 1.70-5.15 2.40-10.30
o, 1.27 81.51 34.63 7.16 0.32 0.87 2.32

n-1

The chalcedony—moganite bands show extremely
low Ti (0.95-1.94 ppm, with #50 spots having Ti below
the detection limit, bdl) and high Al (3.40-302.89 ppm)
contents, with local enrichment in Li (1.09-13.59 ppm),
B (7.48-52.86 ppm), Ga (0.31-2.67 ppm), Ge
(1.18-13.08 ppm) and As (1.83-22.73 ppm).

In particular (Table 3) the chalcedony-rich bands have
lower Al than the moganite-richer ones (mean 76.52 ppm
vs. 132 ppm) and higher B (mean 45.64 vs. 16.22 ppm), Ge
(mean 8.13 vs. 2.43 ppm) and As (mean 16.51 vs. 8.69 ppm).

The hyaline quartz at the core of the banded agate
shows low Ti (1.13-3.95 ppm with #32 spots having Ti
bdl) and high Al (4.42-295.92 ppm) with a general enrich-
ment in Li (1.41-133.93 ppm), B (3.82-28.99 ppm),
Ga (0.39-1.51 ppm), Ge (1.70-5.15 ppm) and As
(2.40-10.30 ppm).

The Al vs. Li plot (Fig. 11a) shows positive correlations
for all layers. Noteworthily, the data points for quartz (Al/Li
2.3 mean value) falls near the 1:1 Al/Li ratio trend typical
of hydrothermal and magmatic quartz (e.g., Dennen 1966;
Miiller et al. 2018; Rabiee et al. 2019) whereas those for cris-
tobalite (Al/Li 83.9 mean value) and chalcedony—moganite

layers (Al/Li 58.7 mean value, with chalcedony and mogan-
ite having Al/Li 43.4 and 82.5 mean values, respectively)
are well discriminated by Al/Li ratios higher than the 15:1
trendline. The hydrothermal genetic environment is high-
lighted also by the Al vs. Ge diagram (Fig. 11b) where the
analyses yield invariably Ge contents higher than those
expected for magmatic systems (e.g., Jacamon and Larsen
2009; Miiller et al. 2018) and typical of hydrothermal envi-
ronments (e.g., Miiller et al. 2018). The few available Ti
data confirm the possible hydrothermal genesis (Fig. 11c);
moreover, the logarithmic Ti vs. Al diagram (Fig. 11d; after
Rusk 2012; Miiller et al. 2018; Rabiee et al. 2019) suggests
a possible affinity with the conditions of orogenic Au-bear-
ing quartz deposits typically constituted by chalcedony and
cryptocrystalline quartz mineralization (e.g., Kogen and
Timachev 1969; Klein and Fuzikawa 2010).

Finally, plots in Fig. 1le show that arsenic and
boron contents are variable in crystalline quartz and
chalcedony-moganite layers. Quartz (layer #11) shows
the lowest values for B and As (mean values 16.22 and
6.74 ppm, respectively). Progressively higher values
of B and As are obtained for cristobalite (mean values

@ Springer



Physics and Chemistry of Minerals (2022) 49:39

39 Page 16 of 21
150 -
(a)
®
125 e
&
u [ ] [ ]
= 100 4 N
3 $ .
S ° o e
iy N
50 - [

(b)

--O
0 magmatic
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Al (ppm) Al (ppm)
5 \ 1000
© (d)
% magmatic
44 ° S~._ trend
&« 2 TTs=ss >
£ € 100+
a 34 magmatic and hydrothermal Q
2 (Muller et al., 2018) =
= <
2 o
10
06 © % ¢
1{ o o9 (@)
0 T T T T T T 1 1 T T T T 1
0 50 100 150 200 250 300 350 0.01 0.1 1 10 100 1000
Al (ppm) Ti (ppm)
25+ (e) ‘-.- ¢ f)
204
4 Banded Agate
3 ” ° @ Hyaline quartz
‘%’ ] = Cristobalit
P! o® @ Cristobalite
104 ® Q0 0o © (O Chalcedonic bands
b ® (Moganite content):
& ,°% §8O
5 .: o ® @ Moganite-poor
® O Moganite-rich
0 T T T T T T 1
0 10 20 30 40 50 60 @ Intermediate
B (ppm)

Fig. 11 Trace element chemistry of the banded agate sample. a—e, the number of dots varies from a diagram to another because many measure-
ments did not provide reliable data. e intermediate moganite content dots were discarded for the sake of clarity

29.57 and 7.63 ppm, respectively) and moganite-rich
chalcedony (mean values 32.93 and 8.69 ppm, respec-
tively), whereas highest values are obtained for mogan-
ite-poor chalcedony (mean values 45.64 and 8.69 ppm,
respectively).

@ Springer

Discussion

The silica growth in the sample studied can be sche-
matically described as: (i) cristobalite forming in the
early stages of growth, (ii) an alternating sequence of
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chalcedony and moganite-rich bands, and (iii) a final crys-
tallization of euhedral hyaline quartz. This sequence is
widely reported in the literature (Lee 2007; Richter et al.
2015; Dumanska-Stowik et al. 2018) and it is generally
interpreted as (i) a combination of different flux rates
(varying in silica saturation) during the agate growth (Lee
2007; Dumarnska-Stowik et al. 2013, 2018; French et al.
2013; Natkaniec-Nowak et al. 2020), or (ii) an oscilla-
tory zonation resulting from a cyclic interplay between
growth rate and diffusion rates at a crystal/solution inter-
face (Frondel 1985; Wang and Merino 1990; Howard and
Rabinovitch 2018). The observed textural variations in the
banded agates studied, together with the occurrence of
nucleation layers, seems to suggest a multi-stage growth
process.

The genesis of the two varieties (chalcedony-rich
vs. moganite-rich) of fibrous silica is interpreted as the
response to physicochemical fluctuations of a circulating
hydrothermal solution with moganite-rich zones indicative
of alkaline and/or sulfate characters of the SiO, bearing
fluids (Folk and Pittman 1971; Pop et al. 2004; Dumariska-
Stowik et al. 2013, 2018; Richter et al. 2015), whereas
chalcedony-rich layers are due to more acidic conditions
(Qiu et al. 2021) as also supported by their relevant boron-
and arsenic-enrichment. More in detail, the observed
variations in boron across the layers of our sample are
compatible with pH fluctuations of the agate-forming
hydrothermal fluids, with boron enrichment associated to
moderately to strongly acidic conditions (e.g., Qiu et al.
2021 and references therein).

Noteworthily, this compositional zoning overlaps with
water distribution, as revealed by combined Raman and
FT-IR single spectra and imaging, revealing an unex-
pected H,O-rich character in chalcedony opposite to a
H,O-poor behavior of the moganite-rich bands. Accord-
ing to our spectroscopy data, the anticorrelation occurs
not just between moganite content and total water signal
(molH,0 + SiOH qualitatively estimated with the inte-
gral area of the 2750-3750 cm™! water band), but also for
moganite content with molecular water and silanol signal
singularly (qualitatively estimated by integral area of their
components extrapolated by the fitting procedure). This
anticorrelation is unexpected as the opposite is suggested
in the literature (Graetsch et al. 1987, 1994; Schmidt
et al. 2013; Moxon 2017). However these studies are per-
formed on several agate samples from different genetic
environment, and in particular, the study of Moxon 2017
focuses on agate samples of different ages, revealing that
both water and moganite content decrease with time. This
suggests that aging may have a strong effect on both the
moganite and water contents of the agate. By contrast,
our results were obtained within a single sample, across

different layers corresponding to a continuous growing
sequence. Moreover our spectroscopy data point to a direct
proportion between molecular water and silanol compo-
nents: this is also in apparent contradiction with literature
that argues for a higher SIOH/molH,O ratio in moganite
samples (Miehe and Graetsch 1992; Schmidt et al. 2013).
However the study of Miehe and Graetsch (1992) com-
pares pure moganite sample with chalcedony samples of
unknown moganite content taken from literature, and both
of the studies present data of agates of different ages and
genetic environments.

Lastly, the high moganite contents (up to 48%) provides
also as thermometry and indication suggesting a growth for
T ranging between 100 and 200 °C (Zhang et al. 2020).

Besides the composition of the agate banding, additional
micro-textural features can provide insights on the physico-
chemical genetic conditions. Primary textures observed in
the sample such as colloform or botryoidal textures can be
interpreted as the result of nucleation and growth processes
starting in the innermost portion of a free space (Dong et al.
1995; Gotze et al. 2020). The nucleation layers made up of
spherical structures is a further evidence of high driving
force and low growth rate (Sunagawa 2007). On the contrary,
the crystallization of moganite and the presence of mineral
inclusions such as Fe-oxides and sulfates during the early
and late stages of agate growth could be interpreted as the
response of temporarily alkaline-rich fluid compositions and
the presence of Fe’*, SO4% in the SiO,-bearing hydrother-
mal solutions (Heaney 1995; Pop et al. 2004; Dumariska-
Stowik et al. 2013, 2018; Natkaniec-Nowak et al. 2016).
The transition from silica fibers to euhedral quartz crystals
represents the last stage of the cavity-filling and can be inter-
preted as the response to (i) higher temperature solutions
entering the cavity, or (ii) modifications of the silica super-
saturation degree (Frondel 1978). The latter hypothesis is
also in agreement with the crystal-growth process proposed
by Heaney and Davis (1995), where the solution is charac-
terized by a sufficiently low silica concentration to allow the
slow growth of defect-free and essentially anhydrous quartz
crystals. The hydrothermal Bambauer quartz with typical
pum-sized growth lamellae indicates a lower temperature of
hydrothermal fluids characterized by strong fluctuations in
silica concentrations and/or pH conditions (Bambauer et al.
1961; Richter et al. 2015; Powolny et al. 2019; Gotze et al.
2020; Prsek et al. 2020) or episodic crystallization, with
periods of stasis alternating with periods of growth. Lastly
the local evidence of feathery/splintery extinction of some
quartz crystals agrees with subsequent recrystallization of
metastable silica phases such as chalcedony or amorphous
silica (Fournier 1985; Yilmaz et al. 2016; Powolny et al.
2019; Gotze et al. 2020; Prsek et al. 2020).
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Conclusion

An integration of mineralogical and spectroscopic data show
that the banded agates from the Tolfa volcanic complex are
the result of a complex multi-stage genetic process triggered
by the late-magmatic hydrothermal SiO,-bearing fluids.
These fluids are characterized by variably acidic to alka-
line- and/or sulfate-rich compositions and physicochemi-
cal conditions, with temperatures in the range 100-200 °C.
Obtained results agree with the few existing literature
exploring the genetic scenario of the Allumiere-Tolfa ore
basin characterized by hydrothermal/metasomatic processes
at low-depth due to late-magmatic hydrothermal fluids at T
120-140 + 25 °C (from oxygen isotope data in Lombardi
and Sheppard 1977), which produced an extensive altera-
tion of the pre-existing rocks with consequent formation of
the sulfates (alunite group)+ kaolinite + silica paragenesis
(Lombardi and Sheppard 1977). This mineral assemblage
was indicated by Hedenquist et al. (2000) to be typical of
the “silicic” to “advanced argillic” alteration zones charac-
terized by a depth of 0—-150 m and a temperature ranging
from 100 to 200 °C and capping the deeper potassic and
sodic-calcic alteration zones (e.g., Lucci et al. 2018) of an
epithermal ore deposit.

The fluid-driven hydrothermal genetic environment for
the studied sample is also well highlighted by the LA-ICP-
MS trace element chemistry (Fig. 11; see also Rabiee et al.
2019). It is worth noting that the positive correlation between
Al and Li in the hyaline quartz (and chalcedony) from the
investigated sample. Similar relationship has been reported
by i.e., Yilmaz et al. (2016) or Perny et al. (1992) and can
be attributed to Si <> Al(+ Li) substitution in the crystal lat-
tice during the crystal growth in hydrothermal environment.
Moreover, according to this author, the presence of feathery
quartz may also account for variable amounts of Al and Li
in hydrothermal quartz. Low Ti contents in the investigated
sample suggest that the agate-forming fluids were likely
below 300 °C (Gotte et al., 2012), which stays in agreement
with the mineralogical and micro-textural observations (i.e.,
high moganite content), as well as previous studies focused
on the agate formation temperatures (please add one or more
references, there are some papers consisting O isotope study
as a proxy for agate formation temperatures). Furthermore,
variations in As and B (i.e., enrichment in chalcedony-rich
relative to quartz-rich and moganite-rich layers—see Fig. 11e,
f) can be ascribed to fluctuations (i.e., alkaline-acidic) of
agate-forming fluids and/or crystallization of silica from
either H,O vapor or H,O liquid phase (Harris 1989).

Coupled Raman and FT-IR investigation across the grow-
ing sequence of the agate sample reveals an anticorrelation
between moganite and water (molH,O + SiOH) signal which

@ Springer

is apparently contrasting with literature data (Graetsch et al.
1987, 1994; Schmidt et al. 2013; Moxon 2017). Moreover,
our spectroscopy data point to a coevolution of the molecu-
lar water and silanol components, also in apparent contrast
with literature (Miehe and Graetsch 1992; Schmidt et al.
2013). However, it has to be noted that literature data refer
to different agate samples of different ages and genetic envi-
ronment while our study focuses on the relative content of
moganite and water across the layers of a single sample.
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