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Abstract. Silica minerals constitute a main target to assess the origin of life or the possibility of its emergence.
On Earth, ancient hydrothermal silica deposits have preserved the oldest forms of life. Beyond Earth, such
silica-rich hydrothermal systems have been observed on Mars by orbital near-infrared (NIR) remote sensing
and in situ rover exploration. This work investigates the variations of texture and NIR properties of opal with
temperature, within a single geological context of hot springs. Silica sinters have been sampled in Icelandic
hot-spring fields, in the Reykholt region, and at the Hveravellir site, with water temperature ranging from 14
to 101 °C. Variations in the NIR spectral features (concavity ratio criteria, CRC) vary with fluid temperature,
lithofacies, and microtexture. Only high-temperature samples display high CRC values (CRCj5700>0.85), but low
CRC values (CRCsp00 < 0.75) are measured for any temperature. Hence, temperature is not the only parameter
controlling spectral properties of opal. Several other parameters such as the hydrodynamic context, the microbial
activity, silica micro-textures, and porosity may also affect silica precipitation, the incorporation and speciation
of water in it, and thus its NIR signature. The observations suggest a limitation in the use of NIR spectral
features for the interpretation of the geological context of fossil opal on Earth or Mars: only opal with high CRC
values can be inferred as being formed by hydrothermal activity. Low CRC values can be attributed to either

low-temperature hydrothermal activity (< 50-60 °C) or to continental weathering.

Highlights.

— Low-temperature hydrothermal opals show near-infrared
(NIR) properties similar to those of weathering opals.

— The variability of the NIR properties of Icelandic silica sinters
is shown to be related to different conditions of formation, not
only to temperature.

— Fluid temperature, hydrodynamics, microbial activity, and sil-
ica micro-textures may have complex influences on the NIR
signature of hydrothermal silica.

1 Introduction

Opal (SiO; - nH,0) is an amorphous silica mineral with wa-
ter content up to ~ 18 wt% (Jones and Segnit, 1971; Day
and Jones, 2008; Thomas et al., 2013; Chauviré and Thomas,
2020). It is a common alteration phase that forms in various
geological contexts in close relationship with water—rock in-
teractions in the near surface, mainly by continental weath-
ering and hydrothermal activity. Since its detection on Mars
by both orbital remote sensing (e.g., Milliken et al., 2008;
Carter et al., 2023) and in situ rover observations (Squyres et
al., 2008; Ruff et al., 2011; Morris et al., 2016), many authors
have studied its potential to reconstruct the geological history
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of water on Mars (e.g., Rice et al., 2013; Sun and Milliken,
2018; Pineau et al., 2020; Pan et al., 2021). Several studies
demonstrate that the near-infrared (NIR) signatures of opal
vary according to the formation process involved in terres-
trial samples and to a lesser extent for martian occurrences
(Chauviré et al., 2017a; Pineau et al., 2020; Pan et al., 2021).
The interest of silica minerals in planetology is not limited to
terrestrial planets, as silica particles have been detected in the
hydrothermal jets ejected out of the South Pole of Enceladus
(Saturn’s moon), suggesting that water—rock interactions take
place inside the icy moon (Hsu et al., 2015).

Moreover, opal is of key interest for astrobiological pur-
poses. The oldest fossils on Earth are preserved in silica-
rich ancient hydrothermal deposits, suggesting that the emer-
gence of life could be related to hydrothermal energy (Djo-
kic et al., 2017; Damer and Deamer, 2020). Opal is also rec-
ognized as an excellent preservative agent for organic mat-
ter and micro- to macrofossils (e.g., Barghoorn and Tyler,
1965; Rondeau et al., 2012; Chauviré€ et al., 2017b, 2020;
Fox-Powell et al., 2018; Bell et al., 2019; Herrmann et al.,
2019; Liesegang and Gee, 2020; Teece et al., 2020). Terres-
trial hydrothermal zones, especially hot springs, geysers, fu-
maroles and marine black/white smokers, combine abundant
concentrations of silica and life in close association (Kel-
ley et al., 2002; Des Marais and Walter, 2019; Guido et al.,
2019). Thereby, on any planetary body, current or past hy-
drothermal activity sites are priority targets for the search of
past or present extraterrestrial life (Walter and Des Marais,
1993; Cady et al., 2018; Teece et al., 2020; Choblet et al.,
2021). Some opaline silica deposits on Mars (e.g., Nili Pat-
era) are suspected to be related to surface manifestations of
hydrothermal activity, on the basis of their geomorphology
and spectroscopic properties (Skok et al., 2010; Ruff et al.,
2019; Pineau et al., 2020).

Silica formation in hot springs results from the cooling of
hot water leading to the precipitation of opal-A, which can
then mature into opal-CT, then chalcedony through early dia-
genesis processes (e.g., Kastner et al., 1977; Herdianita et al.,
2000; Rodgers et al., 2004; Jones and Renaut, 2007; Lynne et
al., 2007). It can precipitate in a large range of temperatures
and exhibit very contrasting microstructures and textures,
which are influenced by numerous biogenic and abiogenic
parameters (e.g., Jones et al., 1997; Jones and Renaut, 2003a,
b; Konhauser et al., 2004; Handley et al., 2005; Tobler et al.,
2008; Boudreau and Lynne, 2012; Hamilton et al., 2019; Sri-
aporn et al., 2020; van den Heuvel et al., 2020). In vent areas
with boiling springs and geysers, silica-rich deposits are de-
fined as geyserite and associated with hot fluids (7'>75°C;
Walter, 1976; Campbell et al., 2015; Jones, 2021). The term
silica sinter (or siliceous sinter) covers a wider range of sil-
ica deposition related to hot-spring activity (Campbell et al.,
2015; Jones, 2021). The work by Chauviré et al. (2017a) sug-
gests that hydrothermal opal-A (i.e., silica sinter, including
geyserite) has a singular spectral signature that differenti-
ates them from surface continental weathering opals. How-
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ever, this hydrothermal versus continental weathering dis-
tinction is based on a thermal threshold where opals formed
at 7>50 °C are considered hydrothermal in origin. This defi-
nition does not consider samples formed in a hot-spring con-
text at lower, near-ambient temperatures (7 < 50°C). The
aim of this study is therefore to verify whether all hydrother-
mal silica formed around hot springs exhibit spectral signa-
ture consistent with a hydrothermal origin. The study docu-
ments the NIR properties of silica sinters deposited at tem-
peratures ranging from ambient (14 °C) to 100 °C and show-
ing a large variety of microtextures. In this sense, the present
study brings constraints on the use of NIR properties as a tool
for interpreting the geological origin of fossil silica sinters on
Earth and Mars.

2 Materials and methods
2.1 Sampling sites and fieldwork

A total of 94 silica sinter and geyserite samples were col-
lected in a series of hot springs areas in Iceland during a
field trip in August 2018 (Fig. 1), under supervision of the
Matis organization, in the frame of an EuroPlanet research
program. A total of 17 silica samples were removed due to
mixing with other hydrated mineral phases (see Results sec-
tion). The list of the remaining 77 samples and their corre-
sponding temperatures is given in Supplement S1. Hverav-
ellir (samples noted HVR-; 64°51’55” N, 19°33/24” W), in
central Iceland, is a field with several hot springs covering
an area about 150 x 200m (Fig. 1, inset). All vents of the
Hveravellir field, including both active and fossil springs,
fumaroles and mud pools, were mapped during the field
investigation (map modified after Torfason, 1997, Fig. 2).
The remaining samples come from a small area around
Reykholt, western Iceland, about 25 km northeast of Bor-
garnes. Most of these come from small, single, low-flow
hot springs, labeled after the names of the closest locali-
ties, generally consisting of a few houses: Hurdarbak (HDK-;
64°41'18” N, 21°24'10” W); Haegindi (HAE-; 64°39'17" N,
21°171” W); an unnamed pumping plant that was named
POM- (64°39'11” N, 21°21’35” W) near Logaland; and Deil-
dartunguhver, the highest-flow hot spring in Europe, where
the Krauma company manages geothermal baths (KRO-;
64°39'46” N, 21°24'40" W).

All sites were chosen for their silica precipitation products.
Hot-spring fluids emerge from the vent at high temperatures
and cool down when flowing away. Silica deposits were sam-
pled at places selected for temperatures in the largest range
as possible for each location. For each sample, both water
pH and temperature were measured at the exact sampling
place. pH was established using pH paper as the electronic
pH meter encountered operating difficulties due to local cli-
mate. Observed pH always fell in the 8.0-8.5 range, and thus
it will be considered nearly constant hereafter. In situ fluids
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Figure 1. Location of sampling sites, hydrothermal vents in Iceland:
Hveravellir in central Iceland (inset) and the Borgarnes—Reykholt
area in western Iceland (main map; black rectangle in inset). A
detailed map (modified from Torfason, 1997) of the Hveravellir
geothermal site is available in Fig. 2.

temperatures were measured using an electronic laboratory
thermometer for several tens of seconds to wait for a stable
averaged temperature. Fluid temperatures occur in the range
14-101 °C. Waters colder than 14 °C proved not to precipi-
tate silica anymore in a significative manner. The variability
of temperature was tested in each sampling site by measur-
ing it at different points about 10 cm around the sample, and
it proved to be less than 1 °C. The measured temperatures are
hence considered representative of the place of silica forma-
tion.

2.2 Sample preparation and lithofacies classification

Each sample was split using a diamond saw into several parts
for distinct preparation. Sawing was carried out without wa-
ter or oil, to not modify the hydrated state of the samples or
add organic compounds. To avoid heating up of the sample
during sawing, which can increase dehydration of the mate-
rial, the saw speed was set to a minimum. One part was con-
solidated into epoxy and then prepared as a polished section
for texture observation under optical and electronic micro-
scopes. Other parts were dedicated to spectral investigations
and X-ray diffraction analyses and prepared without epoxy
to avoid artifacts due to preparation. In order to check for
possible variations within a single sample, each sample was
sub-sampled by scraping off with a scalpel some fragments
of the top layer, the bottom layer, and when appropriate, the
internal zone. The obtained fragments were finely powdered
using an agate mortar for XRD and NIR analysis.
According to their in situ context of occurrence, macro-
scopic morphology/texture and microscopic features under
the optical microscope, the samples were classified into
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seven distinct lithofacies using the classification of Hamil-
ton et al. (2019): (i) palisade fabrics, (ii) clotted fabrics,
(iii) finely laminated sinter, (iv) streamer fabrics, (v) gey-
serite (spicular/nodular), (vi) geyser egg and (vii) radiating
macrobotryoidal geyserite. The characteristics of each litho-
facies are provided in Table 1. Some examples for each litho-
facies are illustrated in Figs. 3, 4, and 5.

2.3 Analytical methods

Optical microscope observations were done at the Labo-
ratoire de Planétologie et Géosciences (UMR-CNRS-6112,
Nantes Université, France) using a Keyence VHX2000 digi-
tal microscope allowing magnification from 20x to 1000x.
This instrument was mainly used to produce 2D maps of
the polished sections. These images were used as guide
maps for microscopic observations at smaller scales using
a scanning electron microscope. The scanning electron mi-
croscopy (SEM) micrographs were recorded at the Institut
des Matériaux Jean Rouxel de Nantes (IMN; UMR-CNRS-
6502, Nantes Université, France) using a JEOL JSM 7600F
microscope operating at 10kV. Samples were coated with
platinum. Carbon coating was avoided to observe and mea-
sure carbon abundance in the samples. Both Raman spec-
troscopy and X-ray diffraction (XRD) were used to deter-
mine the type of opal and select only mineralogically pure
samples.

Raman spectra, measured at the Laboratoire de Planétolo-
gie et Géosciences, were acquired using a LabRAM Jobin—
Yvon Raman spectrometer equipped with an Ar laser emit-
ting at 514 nm (50 mW power) combined with a microscope
with a 50x objective; a 1200 lines per millimeter grating pro-
viding a 2 cm™~! resolution was used. Each spectrum is an ac-
cumulation of 5 to 30 scans with acquisition times about 5 to
60 s per scan.

X-ray diffraction (XRD) patterns were collected at the
IMN at room temperature on a Bruker D8 diffractometer
using monochromatic Cu K-L3 (A = 1.540598 A) X-rays,
a 1D Si detector, and a Ge (111) monochromator, in the
Bragg—Brentano (6/20) configuration. Diffractograms were
acquired from 4 to 70° 26 with a step of 0.012° 26 and
1.012s counting time per step, for a total acquisition time
of 5567 s (~90 min).

Reflectance near-infrared (NIR) acquisitions were con-
ducted at the Institut de Chimie des Milieux et des Matéri-
aux de Poitiers (IC2MP, UMR-CNRS 7282, Université de
Poitiers, France). NIR spectra were acquired using a Thermo
Fisher Scientific Nicolet 6700 FT-IR Spectrometer equipped
with a Thermo Scientific Near-IR Integrating Sphere with an
internal InGaAs detector, an internal gold reference mate-
rial and a tungsten—halogen white-light source. All the in-
ternal setup of the integrating sphere was atmospherically
controlled by a constant flow of dry air. Sample powders
were deposited onto the sapphire window of the integrat-
ing sphere; powders were thus in contact with ambient air.

Eur. J. Mineral., 35, 949-967, 2023
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Figure 2. Detailed map of the Hveravellir geothermal site with sampling locations. The hot-spring groups shown on the map in dashed lines
and annotated with the nomenclature “H-xxx” are from Torfason (1997).

Each spectrum is an accumulation of 100 scans with a spec-
tral resolution of 2cm™! in the 4000 to 10000 cm™" spectral
range (1.0 to 2.5 um). All NIR spectra are available in Sup-
plement S2.

2.4 Spectral criteria

Silica sinters NIR spectra exhibit several absorptions related
to water (H,O) and silanol (SiOH); both can be free or
hydrogen-bonded (Table 2). These absorptions vary in po-
sition and shape according to the type of silica, crystallinity,
water content, and geological formation pathways (Anderson
and Wickersheim, 1964; Langer and Florke, 1974; Rice et
al., 2013; Christy, 2011; Bobon et al., 2011; Chauviré et al.,
2017a, 2021; Sun and Milliken, 2018). The following NIR
spectral criteria were used to assess the type of silica and
to confront the geological origin (calculation procedures are
detailed in Supplement S3):

— The minimum position of the 7000cm™! absorption
is the position of minimum of reflectance of the
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7000 cm™! absorption band, which is an indicator of
the crystallinity and type of silica. As stated in Chau-
viré et al. (2017a), Sun and Milliken (2018), and Pineau
et al. (2020), silica samples with lower minima position
are composed of amorphous silica (opal-A). Samples
with higher minima positions are composed of more
crystalline silica (opal-CT or chalcedony).

- BDR5235/5100 (for “band depth ratio of the 5235
and 5100cm~! absorptions”) corresponds to the
BDR|.91/1.96 of Rice et al. (2013), which quantifies the
shape of the 5200 cm ™! absorption (1.9 um).

— BDRysps/4425 (for “band depth ratio of the 4525
and 4425cm~! absorptions”) corresponds to the
BDR2_26 /2.21 of Sun and Milliken (2018), which quan-
tifies the shape of the 4500 cm ™! absorption (2.2 um).

— CRCsygp and CRCyqqq (for “concavity ratio criterion of
the 5200 cm™ ! and “7000 cm ™~ !, respectively) was de-
fined by Chauviré et al. (2017a); they permit the quan-
tification of the shapes of the high-frequency sides of

https://doi.org/10.5194/ejm-35-949-2023
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Table 1. Description of the lithofacies identified according to the different in situ contexts and macroscopic observations following Hamilton
et al. (2019). Fig. denotes the figure where the lithofacies are illustrated.

Lithofacies

Description

Fig.

Palisade fabrics

Samples with silica layers incorporating silicified microbial mats, plant debris and some
micrometric detrital grains. Samples located near/around streams and aprons. Low-
temperature samples (10°C < T < 35°C).

3a

Clotted fabrics

Samples with silica that can be slightly laminated but generally without peculiar struc-
ture. Samples present a “fragile” and “powdery” character with a “cottony”, “snowy”,
“wooly” or “rounded rod-shaped” appearance. Samples located away from vents. Low-

to mid-temperature samples (10°C < T < 65 °C).

3b

Finely laminated sinter

Samples exhibiting more or less wavy laminated silica layers with low porosity density
and few radial structures. Common samples across all hot-spring sites, from vents to
aprons. Large range of temperatures for these samples (25°C < T < 110°C).

4a,b

Streamer fabrics

Laminated sinter exhibiting a great density of inframicrometric-to-micrometric pores
between the silica layers. Common samples across all hot-spring sites, from vents to
aprons. Large range of temperatures for these samples (25°C < T < 110°C).

4c

Geyserite (spicular/nodular)

Samples exhibiting micrometric spicular/nodular/columnar surface growths. Samples
located in or near hot-spring vent pools, sometimes within the “splash” zones. High-
temperature samples (7 >90 °C).

Sa

Geyser egg

Hand-sized pebble shape, ovoid samples with various surface and internal structures;
the term “geyser egg” is due to the overall macroscopic morphology. Samples located
near hot-spring vents within shallow basins located in the “splash” zones. Geyser eggs
usually develop in shallow pools. Mid- to high-temperature samples (7 >65 °C).

5b

Radiating macrobotryoidal geyserite

Samples exhibiting surface growths with domal, hummocky or knobby morphologies.
Samples located near the hot-spring vents area. Mid- to high-temperature samples

5¢

(T'>60°C).

the 5200 and 7000 cm™! absorptions. They permit the
assessment of the geological origin: hydrothermal ver-
sus low-temperature weathering opal. Thresholds and
uncertainty ranges between hydrothermal and weather-
ing fields are refined from Chauviré et al. (2017a) in the
light of the new data presented in this paper; see Results
section and Supplement. In their paper, the boundaries
between the weathering and hydrothermal fields are
based on a thermal definition. The hydrothermal field
refers to 7>50°C, whereas the weathering field refers
to T < 50 °C (Pirajno, 2009). However, since the present
samples come from hydrothermal active areas only, the
weathering field in the CRC diagrams should be un-
derstood here as low-temperature hydrothermal activity
(T <50-60°C) and the hydrothermal field as mid- to
high-temperature hydrothermal activity (7 >50-60 °C).

https://doi.org/10.5194/ejm-35-949-2023

3 Results

3.1 Microscopic texture variations and biological
features

Under the scanning electron microscopic (SEM), a large va-
riety of textures are regularly observed in all samples; these
textures are not specific to any lithofacies. The samples com-
monly show well-cemented to uncemented silica spheres,
typical of opal-A. This contrasts with opal-CT, which is typ-
ically composed of more complex structures such as lepi-
spheres (Lynne et al., 2005, 2007; Jones and Renaut, 2007;
Gaillou et al., 2008). Silica spheres show diameters ranging
from less than 100 nm to more than 20 um. Textural varia-
tions are observed from one sample to another. For some
samples, such variations are observed at the scale of hun-
dreds of micrometers, making them very heterogenous at the
microscale (Fig. 6).

The most commonly observed silica microtextures are the
following: (i) uncemented, with silica spheres consisting of
perfectly spherical silica without cement in between, their
diameter being not sorted: the spheres are packed with no
order (Fig. 6¢), (ii) spheres partially cemented, with some
space remaining between the spheres (Fig. 6b), or (iii) well

Eur. J. Mineral., 35, 949-967, 2023
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Table 2. Near-infrared absorptions of molecular water (HyOy,01), silanol groups (SiOH), and hydroxyls (OH) in amorphous hydrated silica
(opal) after Anderson and Wickersheim (1964), Langer and Florke (1974), and Rice et al. (2013). Vibration modes: dsjog denotes SiOH
bending in plane, vgyg the OH stretching, v the symmetric stretching, vy symmetric bending, and v3 antisymmetric stretching.

Band position in em™! (um equivalent)  Band attribution

Vibration mode

4420 (2.26) Silanol SiOH (H-bonded) stretching + siloxane Si—O-Si bending 8sioH + VoH
4500 (2.21) Silanol SiOH (isolated) stretching 4 siloxane Si—O-Si bending 8SioH + VOH
5100 (1.96) Combination of OH stretching and bending in water molecules (H-bonded) vy v3

5250 (1.91) Combination of OH stretching and bending in water molecules (isolated) vy U3

6850 (1.46) Combination of OH stretching and bending in water molecules 2up 4 v3
7090 (1.41) Overtone of OH stretching in silanols SiOH 2V0H

8695 (1.15) Combination of OH stretching in water molecules V4 U2+ U3

(a) Palisade Fabrics (b) Clotted Fabrics

1cm

HVR-AG
hand-sized sample

HVR-A
hand-sized sample

HVR-AG

soft and brittle silica

HVR-A
polished section

silty-to-sandy rich detritic silicified layers

Figure 3. Examples of (a) palisade fabrics lithofacies environment
and samples. Top: main water discharge stream at the Hveravellir
hot-spring site. White arrows indicate mounds of silicified biologi-
cal material. Below: hand-sized sample (right) and the correspond-
ing polished section (left). The inset shows a zoom over an area
with a mixture of microbial mats (greenish to brown parts) and sil-
ica (whitish parts). (b) Clotted fabrics lithofacies hand-sized sample
(top) and the corresponding polished section (below) showing the
silica precipitation over silicified silty-to-sandy rich detrital materi-
als.

cemented, the texture appearing massive and homogeneous
(top layer in Fig. 6a). Silica spheres can arrange themselves
to form elongated, irregular, ramified rods with rounded
ends, up to 100 um long (Fig. 6d). Silica can also form sharp
ended shards, elongated or triangular, also up to 100 um long
(Fig. 6e). The diverse cementation degrees and textures im-
ply that the porosity (interconnected or not) can be described
in two ways: (i) as holes, cracks, and fractures in large and
massive cemented silica areas and (ii) as inter-particles space
between the spheres.

Diverse microbiological features are also present (Fig. 7).
Most of them consist of thin laminae of silicified microbial

Eur. J. Mineral., 35, 949-967, 2023

Finely Laminated Sinter
(b)

HVR-V
hand-sized sample

(a)

HVR-Q1
hand-sized sample

HVR-Q1
polished section

1cm

HVR-V
polished section

(c) Streamer Fabrics

HVR-AF
HVR-AF polished section
hand-sized sample

micrometric pores, 4// i
sometimes interconnected <~
(+ epoxy resin)

Figure 4. Examples of (a-b) Finely laminated sinter hand-sized
samples (top) and the corresponding polished sections (below).
Samples show obvious silica coherent platelets with on occasion
fibrous textures. (c¢) Streamer fabrics lithofacies hand-sized sam-
ple (left) and the corresponding polished section (right). The inset
shows a zoom over wavy-laminated silica layers exhibiting milli-
metric pores (outlined in dashed lines) that are sometimes intercon-
nected.

mats, sometimes combined with alveolar biologic organic
matter (Fig. 7a). Some silicified diatom fossils are also ob-
served (Fig. 7b, c), as well as the presence of more com-
plex biological structures probably derived from silicified
plant fragments (Fig. 7c) or microbial filaments communi-
ties (Fig. 7d). In most cases, the presence of both silicified
and unsilicified microbiological features is associated with
the presence of well-cemented silica or to finely layered sil-
ica laminae, never to uncemented silica spheres.

https://doi.org/10.5194/ejm-35-949-2023
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(a) Geyserite HAE-A

hand-sized sample

(spicular/nodular)

HAE-A
polished section

geyser vent sides with geyserite | () Radiating Macrobotryoidal Geyserite
| T=90-100°C ; e —

3

g

(b) Geyser Egg HVR-T

hand-sized sample

HVR-T
polished section

geyser eggs forming in
1cm a hot shallow pool

HAE-D 1 cm S5
hand-sized sample
(view from below)
HAE-D
polished section

Figure 5. Examples of high-temperature geothermal contexts and corresponding lithofacies. (a) Geyserite lithofacies. Left: geyserite hand-
sized sample and the corresponding polished section. Spicular silica in the macroscopic sample is shown to be formed of narrow columnar
silica at the subcentimetric scale. Right: the Bradrahverir hot-spring active vent. The edges of the active bubbling pool are composed of
geyserite precipitations. (b) Geyser egg lithofacies. Left: example of a hand-sized sample and the corresponding polished section. Geyser
eggs are made of concentric silica layer with possible fibrous and detrital textures around a core nucleus that can be siliceous or basaltic in
nature. Right: geyser eggs “nest” in a shallow pool located in the “splash” activity area. (¢) Radiating macrobotryoidal geyserite lithofacies.
Top: picture of the near-vent discharge area of the Haegindi hot spring showing the presence of botryoidal geyserite fragments. Below: a

hand-sized sample and the corresponding polished section.

3.2 Silica sinters mineralogy

The XRD diffractograms of all samples are dominated by
a broad diffraction band centered at about 22°26 (Fig. 8),
typical of opal-A (Jones and Segnit, 1971). However, sev-
eral samples show additional sharp XRD peaks and/or Ra-
man peaks, indicative of phase mixture. This can induce
misinterpretation in the NIR data if these additional phases
are hydrated (gypsum for example). Therefore, the 17 sam-
ples exhibiting mixture were discarded, to conduct NIR mea-
surements on spectrally pure opal. The remaining samples
showed on occasion additional anhydrous phases (so devoid
of water-related IR bands) such as plagioclase, native sulfur,
and calcite (see Fig. 8).

The Raman spectra of the samples are all dominated by
a broad band centered at about 420 cm™! (Fig. 9), also in-
dicative of opal-A (Smallwood et al., 1997; Ostrooumov et
al., 1999). The amorphous nature of the silica is further in-
dicated by the presence of a Raman band near 480 cm™!, re-
ferred to as the D1-band, indicative of defects in the Si—O-Si
ring structures (Galeener, 1982a, b; Phillips, 1984). A few
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samples that also show a weak Raman signal of additional
phases, such as anatase or gypsum (Fig. 9), are kept in the
dataset as these accessory phases are not detected by XRD
nor NIR (see for example sample HVR-B in Figs. 8 and 9).

3.3 NIR and spectral criteria results

Typical NIR spectra for each lithofacies are shown in Fig. 10.
The results of the spectral criteria for each sample are all
available in Supplement S2. The samples from a given litho-
facies share similar spectral characteristics, but these differ
from other lithofacies. Hence, the mean values (with stan-
dard deviation) for each lithofacies are given in Table 3, and
some are plotted in Fig. 11.

Among all samples, the reflectance minima of the
7000 cm~! absorption range from 7043 to 7104 cm™! (1.407
to 1.419 um). This falls in the field of opal-A considering
the values of Chauviré et al. (2017a) and Sun and Mil-
liken (2018). Two main clusters of values can be drawn out:
the lowest mean values are those of the geyserite and radiat-
ing macrobotryoidal geyserite lithofacies, with mean values
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silica spheres pockets

cemented silica

Figure 6. Electron microscopy images (backscattered electrons) illustrating the diversity of textures and cementation degrees of silica sinter
samples. (a) Large-scale view of a silica sinter sample showing two main levels. Top part: layer of well-cemented silica topped with a thin
layer composed of uncemented silica sphere pockets (zoomed in ¢), with an abrupt to progressive transition (zoomed in b). Bottom part:
large, porous layer composed of a mixture of rounded rod-shaped silica (zoomed in d) and shard-shaped silica textures (zoomed in e).

of 7069 and 7071 cm™" respectively (1.415 and 1.414 um).
The remaining five lithofacies show mean values higher than
7090 cm™~! (below 1.410 um).

Among all samples, the band—depth ratio BDR5235/5100
values range from 1.27 to 2.07. The mean values by lithofa-
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cies range from 1.42 to 1.79. Again, the values are split into
two main clusters: (i) BDRs235/5100 < 1.60 for the geyserite
and radiating macrobotryoidal geyserite lithofacies (1.42,
and 1.44 respectively) and (ii) the other lithofacies with val-
ues > 1.60 ranging from 1.62 to 1.79.
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Figure 7. Electron microscopy images (backscattered electrons) showing diverse examples of partially silicified microorganisms in silica
sinter. (a) Silicified alveolar biologic organic matter with silicified microbial mats covered by unsilicified alveolar biologic organic matter
(OM). (b) Carbon-rich silicified vegetal organism and neighboring diatom skeleton. (¢) Numerous diatom skeletons trapped in the silica
sinter matrix. (d) Complex silicified biologic organism with silicified microbial filaments. Note the cell nuclei that have been silicified and

replaced by large silica spheres.

Table 3. Mean near-infrared spectral characteristics of each lithofacies. See text for the signification of the abbreviations. For each mean
value, the standard deviation is given in brackets. n: number of powder samples.

Lithofacies 7000 cm™! band position  BDRs335/5100 BDR4s25/4425 CRC7000 CRCsp00 T°C
Palisade fabrics (n = 7) 7090.4 (0.9) 1.7 (0.09) 1.2(0.07) 0.82(0.07) 0.77 (0.05) 229(5.2)
Clotted fabrics (n = 15) 7093.7 (3.4) 1.7 (0.07) 1.1(0.08) 0.76 (0.05) 0.74 (0.04) 29.2(13.7)
Finely laminated sinter (n = 12) 7093.9 (9.3) 1.7 (0.16) 1.0 (0.11) 0.79(0.11) 0.75(0.09) 72.3(21.2)
Streamer fabrics (n = 13) 7089.8 (13.2) 1.6 (0.20) 1.0(0.14) 0.84(0.15) 0.80(0.12) 75.2(26.8)
Geyserite (n = 9) 7068.8 (16.8) 1.4 (0.10) 0.9 (0.15) 1.00(0.09) 0.92(0.07) 97.4(4.3)
Geyser egg (n =11) 7097.4 (5.6) 1.8 (0.14) 1.0 (0.08) 0.72 (0.06) 0.70 (0.06) 91.4 (11.8)
Radiating macrobotryoidal 7071.5 (8.2) 1.4 (0.05) 0.9(0.10) 1.00(0.05) 0.91(0.03) 85.9(10.5)

Geyserite (n = 10)

Among all samples, the BDR4s25/4425 values range from
0.67 to 1.32. The mean values by lithofacies range from
0.91 to 1.18. Here again, two main clusters appear, but
they differ from those defined by the three previous cri-
teria: palisade fabrics and clotted fabrics lithofacies show
BDRys25/4425>1.10 (1.18 and 1.14), when the remaining five
lithofacies show values < 1.05, ranging from 0.91 to 1.02.

Among the full dataset, the CRC applied to both ab-
sorption bands (7000 and 5200 cm™!) ranges from 0.60 to
1.13 (7000 cm™"! band) and 0.58 to 1.03 (5200 cm~! band).
Two main clusters according to lithofacies clearly appear:
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geyserite and radiating macrobotryoidal geyserite are the
lithofacies that exhibit highest CRC values (CRC7¢00>0.95;
CRC35700>0.85), whereas the remaining five lithofacies show
lower CRC values (CRCy0g9 from 0.72 to 0.84; CRCsz09
from 0.70 to 0.80).

3.4 Criteria combination diagrams

The comparison between spectral parameters can help to
classify the type of silica and check for NIR properties varia-
tions within a single geological context. Criteria comparisons
are presented in Fig. 11, where the values used for Fig. 11a
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Figure 8. Selected XRD diagrams of representative Icelandic silica sinter samples. All are dominated by a broad diffraction band cen-
tered at about 22°20 (a reference XRD diagram from the RRUFF database is given for comparison: https://rruff.info/R060653, last access:
26 June 2023). Additional phases: PI — plagioclase; Cal — calcite; S — native sulfur.

and b are those of Supplement S2 (individual samples), and
those of Fig. 11c and d are those of Table 3 (mean values of
the seven lithofacies). Figure 11a is the plot of the CRCsp09
versus the CRC7pgo. The hydrothermal and weathering fields
are indicated based on Chauviré et al. (2017a). All the indi-
vidual samples data points follow a linear correlation with
a high correlation coefficient: R2>0.98. This high R? value
shows that the two CRC calculations are consistent with each
other. Therefore, we chose to further use the CRCssqo only,
as it provides the most precise information (Chauviré et al.,
2017a).

The possible relationship between temperature and CRC
values is checked by plotting both parameters in Fig. 11b.
No definitive and obvious relationship can be observed be-
tween these two, but some notable features can be drawn

Eur. J. Mineral., 35, 949-967, 2023

out. At low to mid-temperatures (7 < 60 °C), nearly all CRC
measurements fall within the field of continental weather-
ing. This concerns mainly two lithofacies: palisade fabrics
and clotted fabrics. At high temperatures (7 >80°C), the
geyserite and radiating macrobotryoidal geyserite lithofacies
clearly fall within the hydrothermal field, with CRC values
all above 0.85. However, the geyser eggs display among the
lowest CRC values despite a high temperature. In the same
way, the finely laminated sinter and streamer fabrics lithofa-
cies formed at various temperatures (45 to 100 °C) and dis-
play CRC values in a large range (CRCsp9p = 0.58 to 1.02,
CRC70p00 = 0.60 to 1.12) but with no clear correlations be-
tween CRC and temperature.

The diagrams in Fig. 11c and d combine the band—depth
ratios BDR5235/510() and BDR4525/4425 with the minimum of
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Figure 9. Examples of Raman spectra of Icelandic silica sinter samples. All spectra are dominated by the features typical of opal-A (a
reference spectrum is given for comparison; Chauviré et al., 2017). Other peaks that show the presence of other minor phases are also
indicated (Ant for anatase, Gp for gypsum).

reflectance of the 7000 cm™! absorption band, respectively. 4 Discussion

In Fig. 11c, all the lithofacies mean values fall in the opal and

sinter field defined by Rice et al. (2013). As described in the 4.1 Structural characterization
subsection above, the dataset is divided into two main clus-
ters. Figure 11d shows that all samples fall in the overlap be-
tween opal-A and more crystalline silica (grouping opal-CT,
opal-C, and chalcedony) defined by Sun and Milliken (2018).

The samples are composed of opal-A as shown by conven-
tional XRD and Raman spectroscopy results. NIR properties
(band depth ratios, band position, and CRC values defined in
earlier studies, Rice et al., 2013; Chauvir€ et al., 2017a; Sun
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Figure 10. Examples of near-infrared spectra of Icelandic silica sinter powdered samples. The spectra are colored according to their litho-
facies class. All spectra are dominated by the features typical of opal-A (a reference spectrum is given for comparison; Chauviré et al.,
2017). The main absorptions bands of hydrated silica are indicated as vertical lines (their corresponding molecular vibrations are detailed in
Table 2). The positive spectral slope in the 9000-8400 em~! (1.12-1.18 um) range for the HVR-AC; sample is caused by non-hydrous Fe

oxides.

and Milliken, 2018) are also all indicative of opal-A, which
confirms the robustness of these infrared criteria.

The investigation by electron microscopy reveals a great
variability of textures, including entirely free silica spheres,
massive silica, laminations, stromatolitic-like features, etc.
All these textures provide similar XRD patterns and Raman
spectra, indicating that the (micro-)texture does not affect the
degree of crystallinity of opal. However, they affect the NIR
properties, as revealed by the variability of the spectral crite-
ria measured in this study.

Eur. J. Mineral., 35, 949-967, 2023

4.2 Parameters influencing NIR properties
4.2.1 Lithofacies and temperature

The spectral investigation indicates that different samples
within a given lithofacies show similar NIR properties in
terms of band minima and band shapes. Similarly, the tem-
perature range associated with each lithofacies is generally
narrow (on the order of 10 to 30 °C), except for the streamer
fabrics and finely laminated sinter (temperature range of 42
and 53 °C respectively). Silica deposition into platy-to-wavy
laminae is the most classical formation mechanism of sil-
ica sinter (e.g., Hamilton et al., 2019). Laminated sinters
form all along a hot-spring profile (from the vent to the most
distal precipitation), from high (> 80°C) to low tempera-
tures (< 50-60 °C), precluding considering these lithofacies

https://doi.org/10.5194/ejm-35-949-2023
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Figure 11. Diagrams illustrating the variations of near-infrared spectral properties according to the lithofacies. (a) Plot of the CRCj5pqg
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as witnesses of a specific hydrothermal environment or a pre-
cise range of fluid temperatures.

Two lithofacies are observed only at low temperatures:
palisade fabrics and clotted fabrics. The former consists of
the most distal silica sinter samples observed in this study,
with measured temperatures below 35°C. The calculated
CRC values on the palisade fabrics samples do not assign
them to a high-temperature hydrothermal origin. This is con-
sistent with their geological context of formation closer to
ambient temperatures. These samples form far away from
hot-spring vents, which makes them less likely to be in
constant contact with high-temperature hydrothermal fluids.
Therefore, they are more likely to be affected by atmospheric
agents such as snow, rain, and subsequent runoff, at am-
bient temperature. Similar observations and hypotheses can
be made for the clotted fabrics samples. These last samples
are however observed over a temperature range (10-65 °C)
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larger than palisade fabrics. Low temperatures of formation
could promote the formation of non-indurated, uncemented
and porous silica sinter or even cryogenic silica. Indeed,
the SEM observations show that clotted fabrics samples are
mainly composed of uncemented rounded rod-shaped silica
and shard-shaped silica with a significant porosity (Fig. 6d,
e). A high porosity could allow a greater surface of contact
with atmospheric agents and therefore promote the formation
of newly formed silica in thermal equilibrium with the atmo-
sphere. Shard-shaped silica textures are suggested by several
authors as evidence of cryogenic silica, i.e., silica that forms
at freezing or near-freezing temperatures (Channing and But-
ler, 2007; Jones and Renaut, 2010; Fox-Powell et al., 2018;
Hogancamp et al., 2019). This corroborates the low CRC val-
ues that are calculated for these samples. At higher temper-
atures (50-60 °C), clotted fabrics could be considered newly
formed opal that has not been cemented yet. It is also possible

Eur. J. Mineral., 35, 949-967, 2023



962 M. Pineau et al.: Near-infrared signature of hydrothermal opal

to argue that they form in an environment where the inputs
of hydrothermal fluids are not constant or where fluids have
started to cool down as they form in a runoff regime. This
would, again, favor the circulation of colder waters within
the porosity of these juvenile sinters and thus the precipita-
tion of a low- to mid-temperature silica.

In the area close to the hot-spring vents, three lithofa-
cies can be divided into two major clusters by considering
the relationships between measured temperatures and the ob-
served spectral properties. The first cluster contains the gey-
serite and radiating macrobotryoidal geyserite classes. They
are sampled in the hot-spring vent area and thus associated
with in situ temperatures > 60-90 °C, temperatures consid-
ered hydrothermal (Pirajno, 2009). The calculated spectral
criteria for these lithofacies give the highest CRC values.
These deposits are continuously in contact with (occasionally
bubbling) hot fluids and experience little exchanges with the
atmosphere. This context contrasts with the conditions of for-
mation of the second cluster represented by the geyser eggs.
Although the latter are formed geographically in the same
area (not more than one meter away), they exhibit distinct
spectral properties. This can be explained by their specific
formation mechanism that is closely related to the geyser
splash zone dynamics. Surprisingly, these samples exhibit
CRC values which are among the lowest of the present sam-
ple set. They unambiguously fall in the weathering opal field,
despite their high temperature of formation. In this sense, al-
though the morphological characteristics of geyser eggs are
unique to hot springs silica sinters, their spectral properties
make them an exception in this typically hydrothermal zone.

4.2.2 Microtexture and porosity

The degree of cementation/induration and the consequent
porosity of a given sample impact its NIR signature (Christy,
2008). Indeed, the microscopic observations reveal strong
texture and structure variations: from one sample to another
and even within a single sample at the scale of a few tens
to hundreds of micrometers (Fig. 6a, b). Different sequences
of precipitation under different physicochemical fluid condi-
tions over time could induce variations in the silanol forma-
tion and in the incorporation of the water molecules between
the silica spheres. Different water flow regimes (e.g., turbu-
lent versus laminar, constant versus sporadic, splash regime
zone) could also have a significant effect on the way sil-
ica precipitates. Moreover, porosity is observed in different
shapes: pores between uncemented silica spheres, holes or
hollows, space between non-contiguous laminae, cracks, or
fractures, etc. (Figs. 4c, 6). The porosity can be homogenous
or heterogeneous at different scales in the same sample, and
the pores can be connected or not to others (e.g. Fig. 4c). Fi-
nally, the circulation of fluids is also affected by the type of
porosity present in the silica sinter, which then influences the
cementation and the early diagenesis of the silica sinter. The
great variability of cementation among the samples could be
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responsible for strong variations of the NIR properties within
a single lithofacies. The narrower variability first observed in
Chauviré et al. (2017a) could be explained by the used sam-
ples that mostly consist of opal samples with homogeneous
massive texture (e.g., weathering gem opal fields of Australia
or Ethiopia, hydrothermal gem opal fields of Mexico).

4.2.3 Biological features

The abundance of living and silicified organisms in hy-
drothermal silica sinters has been intensively studied (e.g.,
Walter and Des Marais, 1993; Jones et al., 2001; Thorolfs-
dottir and Marteinsson, 2013; Campbell et al., 2015; Guido
et al., 2019). Many studies show the good preservation of or-
ganic matter, micro-organisms, and macro-organisms in the
silica sinters (Jones et al., 1997; Jones and Renaut, 2003a;
Geptner et al., 2005; Preston et al., 2008; Guido and Camp-
bell, 2014; Jones and Peng, 2015; Smythe et al., 2016; Fox-
Powell et al., 2018; Gong et al., 2020; Teece et al., 2020).
However, despite a multitude of studies focused on hot-
spring-related life, the effects and roles of biologic activity on
silica precipitation and maturation remain poorly constrained
and debated. The question remains open of the passive or ac-
tive roles of microorganisms in the formation of silica sin-
ter (e.g., Jones et al., 1997; Guidry and Chafetz, 2003; Kon-
hauser et al., 2004; Handley et al., 2005; Tobler et al., 2008;
Orange et al., 2013; Gong et al., 2020; Sriaporn et al., 2020).

Several studies highlight that the presence of biology in
geyserite and sinters has a strong influence on the micro-
textures, structures, and porosity of silica (e.g., Jones et al.,
1997; Jones and Renaut, 2003b; Konhauser et al., 2004; Han-
dley et al., 2005; Boudreau and Lynne, 2012; Orange et al.,
2013; Jones and Peng, 2015; Hamilton et al., 2019; Gong
et al., 2020; Sriaporn et al., 2020; Jones and Renaut, 2021).
The samples presented here show a great diversity of tex-
tures, structures, and biological population, which implies
that the samples are classified in distinct lithofacies. The pre-
cise identification of the biological structures and their rela-
tionship with the various silica microfacies are not discussed
in the present study. Nevertheless, interactions between silica
polymerization and biological activity, implications in terms
of structure and porosity, and links with near-infrared proper-
ties would benefit future studies. Yet, the contribution of this
work on those questions is that, with the current dataset, no
correlation between the abundance of biological features and
the NIR properties is observed.

4.3 Implications for planetary geology

Surface-reaching hydrothermal systems such as hot springs
are prime targets to search for extraterrestrial life. The or-
bital identification of silica sinter deposits in the solar sys-
tem requires the validation of geomorphological and miner-
alogical criteria. The study of the spectral properties of these
deposits could provide better constraints on the nature of the
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silica and define its geological origin in the case of ambigu-
ous geomorphological context. At the surface of Mars, the
opaline silica-rich deposits of the Nili Patera caldera, around
the Nili Tholus cone (Syrtis Major Volcanic Province), rep-
resent one of the most striking examples of presumed hot-
spring-like deposits in the solar system observed from the
orbit (Skok et al., 2010; Pineau et al., 2020). Based on NIR
remote sensing analyses and the use of spectral criteria (band
minima positions and CRC values), Pineau et al. (2020) ques-
tioned the hydrothermal origin deciphered solely from the
spectroscopic criteria calculations and geomorphology. They
obtained CRC values that are close to CRC values of terres-
trial opals from weathering origin (CRCsypp < 0.80). How-
ever, the geological context and the geomorphological obser-
vations indicate almost unambiguously that the Nili Patera
silica deposits formed through hydrothermal activity (Skok
et al., 2010; Pineau et al., 2020). To explain this apparent
discrepancy, Pineau et al. (2020) proposed two hypotheses:
(i) the Nili Patera silica formed through low-temperature hy-
drothermal activity, or (ii) this silica experienced a high rate
of dehydration; both hypotheses potentially explain the low
CRC values. The present study shows that some terrestrial
silica sinter samples exhibit low CRC values, in the range
of terrestrial weathering opals, when they form from low-
temperature hydrothermal fluids (7 < 50-60°C). Thus, al-
though the Nili Patera silica may have spectral properties
indicative of increased dehydration, their spectra may also
indicate a low-temperature hydrothermal origin. This under-
lines the importance to combine geomorphological observa-
tions with spectral measurements when attempting to ascribe
a geological origin to an object, both on Earth and on ex-
traterrestrial bodies.

5 Conclusions

Based on field and microscopic observations, silica sinter
samples from Icelandic hot springs were classified into seven
distinct lithofacies. The spectral characteristics of their 4500,
5200, and 7000 cm ™! (2.2, 1.9 and 1.4 um respectively) near-
infrared absorptions bands were consistent with opal-A (also
confirmed by Raman spectroscopy and XRD).

The concavity ratio criteria (CRC) values indicate that
only the lithofacies in the near-vent area (geyserite and ra-
diating macrobotryoidal geyserite) fall in the expected hy-
drothermal spectral field. All the other lithofacies (including
geyser eggs, which are located close to geyser vents) fall in
the weathering spectral field. Moreover, there is no unam-
biguous correlation between the NIR signature of silica and
the temperature of formation alone.

In addition to temperature, the size and distribution of
porosity proved to affect the infrared properties, as well as
the degree of silica spheres cementation and the abundance
of microbiological activity. Determining the respective influ-
ence of these parameters on their NIR properties still requires
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deeper investigation. At this stage, we propose that there is
a link between the NIR signature of silica sinters and their
exact environment of formation: both abiogenic parameters
(temperature, fluids dynamics) and biogenic parameters (i.e.,
microbial communities, etc.) control the structure of silica
and hence its NIR properties.

In the context of the geological investigation of fossil
systems on Earth or extraterrestrial bodies (e.g., Mars),
only measurements of high CRC values (CRCs500>0.85;
CRC7000>0.90) indicate a hydrothermal origin, when
measurements of low CRC values (CRCsyog <0.75;
CRC7000 < 0.80) indicate either a continental weath-
ering origin or a low-temperature hydrothermal origin
(T °C < 50-60°C).
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