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ABSTRACT: The phase composition and geochemical character-
istics in banded agates with different structural sequences have
been investigated in detail. The results reveal that the agate bands
have a combination of a pseudo-granular silica — fibrous
chalcedony — crystalline quartz (type I) sequence and a newly
discovered pseudo-granular silica — crystalline quartz (type 1I)
sequence. The banded agates mainly consist of a-quartz, moganite,
and a minor amount of amorphous silica, goethite, hematite,
kaolinite, illite, and carbonates. With the evolution of two
structural sequences, the content of a@-quartz and moganite
increases and decreases, respectively. There is no moganite in
crystalline quartz. The increased concentration of trace elements
like Li, Na, Al, K, Ca, Ti, Mn, and Fe in different bands may
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correspond to the decrease in the water content in the mineral-forming fluid. The increased trace elements promote the structural
transformation process of silica. With the evolution of the type I sequence, the thermal gradients between adjacent bands are 17 and
51 °C, respectively. In contrast, a significantly higher thermal gradient of 53—66 °C is exhibited when pseudo-granular silica
transforms directly to crystalline quartz. It is inferred that a slightly increased thermal gradient between adjacent bands promotes the
structural transformation process of the type I sequence. The sharply increasing thermal gradient between adjacent bands leads to
the formation of the type II sequence from pseudo-granular silica to crystalline quartz. The formation process of different structural
sequences in agate may be controlled together by trace element concentrations and thermal gradients.

1. INTRODUCTION

Agate generally refers to the silica aggregate with a banded
texture, and outputs as crust and amygdala in the basalt,
andesite.' " Agate is mainly composed of fibrous chalcedony,
crystalline quartz, and a minor amount of pseudo-granular
silica.”™"" The mineral phases existing in these silicas are
mainly a-quartz and moganite. Moganite is the monoclinic
silica and usually coexists widely with a-quartz in the pseudo-
granular silica and fibrous chalcedony.''™"* The presence of
moganite in agate indicates a lower crystallinity of silicas at the
early stages of diagenesis.'*'® Because of the various formation
conditions, there is a significant content difference of moganite
(Iso1/Ls3) in different bands measured by Raman spectra. The
Iso1/ L3 value provides information on the crystallinity of silica
hydrothermal fluids at different cooling stages.'”'® Lee (2007)
found that the completely crystallized agate in a period
hydrothermal fluid showed the growth sequence of amorphous
silica + microcrystalline quartz — fibrous chalcedony —
crystalline quartz.'® This crystalline sequence of silica is
accompanied by an increase in the SiO, crystallinity and a
decrease in the water content.'” In addition, the structural
evolution of silica may also be accompanied by the systematic
changes in the content of Al and Fe.””?! However, the
distribution of trace element concentrations and formation
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temperatures in different bands are still lacking. In this study,
two banded agates from Xunke, Heilongjiang, China, were
mineralogically and geochemically investigated to obtain
information on the spatial change of trace element
concentrations and formation temperatures in different
bands. This work aims to determine the controlling factors
during the formation process of different structural sequences
in agate and provide support for exploring the origin of banded
agate.

2. MATERIALS AND METHODS

Two agate samples with rich bands from the secondary placer
deposits in Xunke, Heilongjiang, China, were selected as the
research objects and numbered BHO1 and BHO02, respectively
(Figure 1).
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Figure 1. Agates with rich bands from Heilongjiang Province, China.

The banded agates were cut into thin sections along the
cross section to observe the structural characteristics and
mineral composition with an Olympus BX-51 polarizing
microscope. The thin sections were etched in 45% hydrofluoric
(HF) acid for 60 s at room temperature. High-resolution
secondary electron (SEM) images and backscattered electron
(BSE) images were acquired using a scanning electron
microscope (FEI Nova NanoSEM 450) at conditions of
5.00—7.00 kV, 140 pA and a working distance of 12.4—933.0
pm.

Raman spectra and Raman mappings of banded agates were
measured with a HORIBA HR-Evolution Raman spectrometer
equipped with a 532 nm solid stage laser at a SO times
magnification. The Raman spectra were recorded at a range of
100—1100 cm™" and resolution 1 cm™.

The elemental maps of banded agates were measured using a
Bruker Micro-XRF spectrometer (M4 TORNADO). The
spectrometer was equipped with an X-ray tube (Rh anode)
with a polycapillary X-ray optic. The system worked at 50 kV
and 600 pA, with chambering at air 20 mbar and an acquisition
time of 10 ms per pixel. The data were processed by the
mineral analyzer software for M4 TORNADO.

The trace element data of banded agates was acquired with a
laser ablation inductively coupled plasma mass spectroscopy
(LA-ICP-MS) at the Laboratory of Elemental Geochemistry,
Institute of Science, China University of Geosciences, Beijing.
The power of the mass spectrometer was set to 1550 W, and
the laser system was operated at a wavelength of 193 nm and a
laser spot diameter of 50 ym. The accredited standard NIST
610 was used for calibration procedures, with Si as an internal
standard.”* The relative error of the LA-ICP-MS test is 3%.

The oxygen isotope ratios of different bands were measured
using a Delta v main gas isotope mass spectrometer. The
samples were heated with a 20 W CO, laser, with BrF; as the
fluorinating agent. The released oxygen was converted to CO,

and then admitted on-line to the mass spectrometer. The
precision of the method is +0.1 %o for less than 100 ug
samples, and the temperature relative error calculated
according to the error transfer formula is +2.0%.>

3. RESULTS

3.1. Microstructure Characteristics. The agate samples
mainly consist of the following three different structures of
silica under cross-polarized light (CPL) (Figure 2). (1)
Pseudo-granular silica, showing a twisted extinction under
CPL and with random mutual orientation of the individual
grains.”¥*® (2) Fibrous chalcedony, characterized by its
negative optical character of elongation and growth perpen-
dicular to pseudo-granular silica boundaries.”® (3) Crystalline
quartz, growing in roughly the same direction as chalcedony."’
The BHOI-1 region presents the structural sequence of
pseudo-granular silica — fibrous chalcedony — crystalline
quartz (type I) (Figure 2a, b). Besides, a new structural
sequence of direct transformation from pseudo-granular silica
to crystalline quartz (type II) was found in regions BHO1-2 and
BHO02-1 (Figure 2c—f).

Figures 3 and S1 show the SEM and BSE images of different
structural sequences in banded agates, respectively. After being
etched by HF, dense alternating units with a constant length
but different etching depths were found at the boundary of
different bands. The relative deep and shallow etching bands
correspond to the high and low contents of (OH) (Figure 3a—
¢).”’7° These oscillating bands reflect drastic changes in the
content of water and trace elements such as Al and Fe, as well
as the crystallinity changes during different structural
transitions. Pseudo-granular silica is mainly composed of a
central crystalline core and an outer layer of amorphous silica.
The core can be microcrystalline quartz or microcrystalline
opal with a diameter of 20 ym (Figure 3d—f).

3.2. Raman Spectra. The Raman spectra collected on the
banded agates are shown in Figure 4. Both spectra show
characteristic peaks of quartz at 126 and 465 cm™". They are
related to the rotational or translational vibrations of [SiO4]
and the symmetric stretching—bending vibration of Si—O-Si,
respectively.' " In addition, spectrum b exhibits a peak at 808
cm ™! caused by the symmetric stretching vibration of Si—O—Si
in quartz®> In both spectra, the presence of goethite is
confirmed by peaks at 205, 240, 300, and 403 cm™’, while the

Figure 2. Microstructure characteristics of agate samples BHO1 and BHO2 observed under CPL. (a) Agate BHO1 with two different structural
sequences. (b) Enlarged view of the type I sequence in region BHO1-1. (c) Enlarge view of the type II sequence in region BH01-2. (d) Agate BH02
shows the type II sequence. (e, f) Enlarged view of region BH02-1 in Figure 2d. The red arrow indicates the growth direction of banded agates. Pg,

pseudo-granular silica. Ch, chalcedony. Qtz, quartz.
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Figure 3. Microstructure characteristics of banded agates observed under SEM after HF etching. (a) Type I sequence with dense alternating units
at the boundary of different bands in region BHO1-1. (b, c) Type II sequence with dense alternating units at the boundary of different bands in
regions BHO1-2 and BH02-2. (d, e) Enlarged view of the pseudo-granular structure in Figure 3a, b with a microcrystalline opal core surrounded by
radially arranged amorphous silica. (f) Enlarged view of the pseudo-granular structure in Figure 3¢ with a microcrystalline opal core surrounded by

radially arranged amorphous silica.
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Figure 4. Raman spectra of agate samples BHOI (a) and BHO02 (b)
and their peak assignments. Gt, Goethite. Hem, Hematite. Mog,
Moganite. Cb, Carbonates. Il], illite. KIn, Kaolinite.

peak at 501 cm™! is attributed to moganite.”*~* In spectrum a,
the presence of hematite is confirmed by peaks at 223, 288,
and 606 cm™!, and weak carbonate features are observed at
688 and 1067 cm™'.>**” In spectrum b, the vibrational peaks of
Si—O—Si and [SiO4] are observed at 268, 353, 916, and 1024
cm™!, while the vibrational peak of Al—O appears at 737 cm™,
and these peaks are characteristic of illite.”” Spectrum b also
shows peaks at 556, 669, and 766 cm™". They are assigned to
the bending vibration of Si—O bonds, the bending vibration of
Al-OH bonds, and the disorder between the TO layers in
kaolinite, respectively.’”

The phase distribution patterns in different structural
sequences of banded agates are obtained from the Raman
intensity mapping of a-quartz (465 cm™') and moganite (501
em™)." The results in Figure 5 show that a-quartz is
distributed in pseudo-granular silica as islands, corresponding
to the microcrystalline quartz core observed under SEM
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Figure S. Distribution of a-quartz and moganite in two different
structural sequences of banded agates by Raman mappings. (a, e, i)
Type I and type II sequences of banded agates under CPL. (b, f, j)
Distribution of quartz at the white rectangle region shown in Figure
4a, e, i. (¢, g k) Quartz distribution images in BHO1-1, BHO1-2, and
BHO02-1 regions. (d, h, 1) Distribution of moganite in BHO1-1, BHO1-
2, and BHO2-1 regions. The red arrow indicates the growth direction
of banded agates.
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(Figure Sb, f, j). With the evolution of the structural sequence
of the agate samples, there is an increase in the a-quartz
content and a reduction in the moganite content, and
moganite is substantially absent in crystalline quartz (Figure
S¢, d, g h, k, 1). In addition, the changes in the content of a-
quartz and moganite are both oscillatory processes (Figure Sc,
d, g h k).

3.3. Elemental Mapping by u-XRF. To obtain the
chemical composition difference in different bands, p-XRF
mappings were performed on different structural sequences of
banded agate, and the results are shown in Figure 6. The

Figure 6. Elemental distribution maps produced by y-XRF mapping
on different structural sequences of banded agates. (a, d, g) Type I
and type II sequences of banded agates under CPL. (b, e, h)
Distribution images of Al in BHO01-1, BHO01-2, and BHO02-1 regions.
(¢, £ i) Distribution images of K, Ca, Ti, Mn, and Fe in BHOI-1,
BHO1-2, and BHO2-1 regions. Red arrow shows the growth direction
of banded agates.

distribution of Al, K, Ca, Ti, Mn, and Fe is relatively uniform in
pseudo-granular silica and chalcedony (Figure 6). It is noticed
that the Al content in crystalline quartz is significantly higher
than that in pseudo-granular silica and fibrous chalcedony, and
the Al content increases sharply at the beginning crystalline
quartz (Figure 6b, e, h). Quartz grains enriched with K, Ca, Tj,
Mn, and Fe are not completely consistent, indicating that they
exhibit distinct differentiation and exclusive features in quartz
(Figure 6, f, i).

3.4. Trace Element Contents. Figure 7 and Table S1
show the statistical content and detailed data of trace elements
collected on pseudo-granular silica, fibrous chalcedony, and
crystalline quartz. The content of Li, Na, Al, K, Ca, Ti, Mn, and
Fe all increases with the evolution of two structural sequences
(Figure 7). In addition, the increased process of the trace
elements content in the type II sequence (BHO1-2 and BHO02-
1) is more significant than that in the type I sequence (BHO1-
1).

3.5. Equilibrium Formation Temperature. The equili-
brium formation temperature and the composition of mineral-
forming fluids at different bands of type I and II sequences
were measured by the oxygen isotope ratios (Table 1).
Combined with the 6'0 value and the homogenization
temperature (Thom) data, the oxygen isotopic composition in
the mineral-forming fluid (6°Oyp0) is calculated to be
between —7.9 and +3.0%o, indicating that meteoric water
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Figure 7. Concentration of trace elements recorded at different bands
of type I and type II sequences. The red arrow indicates the growth
direction of banded agates.

Table 1. Oxygen Isotope Data and Calculated Equilibrium
Temperature of Different Bands in Agate Samples

5IBOSMOW Thom Tmet Toc Tma

sample  (%o) CE)  8%0mo (%) (C)  (°C) (°F)

BHO1-1- +16.7 130— —-0.5 ~ +3.0 60 13§ 254
Pg 170

BHO1-1- +15.2 130— —2.0 ~ +1.5 69 152 291
Ch 170

BHO1-1- +114 120— —69 ~ 2.3 95 203 432
Qtz 170

BHO1-2- +16.5 130— —0.7 ~ +2.8 62 137 259
Pg 170

BHO1-2- +11.4 120— —69 ~ =23 95 203 432
Qtz 170

BHO02-1- +13.9 130— —3.3 ~ +0.2 77 167 329
Pg 170

BHO02-1- +10.4 120— -79 ~ =33 102 220 492

Qtz 170

exists in the mineral-forming fluid (Table 1).*'~*" The
temperatures were calculated according to the equation 5'°O
= 1000lnaqy = 3.34(10° T72) — 3.31 for equilibrium isotope
exchange with meteoric water (—10%0¢ = Tj,.,), oceanic water
(£0%o = T,), and magmatic water (+8%o = Ty,,g), in which
Qqy is the O-isotope fractionation factor between quartz and
water, and T is expressed in degrees K (Table 1).**® The
results in Table 1 illustrate that the calculations for pure
magmatic water lead to isotopic equilibrium temperatures as
high as 492 °C, and the result seems to be unlikely (Table 1).
According to the range of 5'®Oy,, it is inferred that the
mineral-forming fluid of banded agates is a mixture of
magmatic water and meteoric water, so the isotopic
equilibrium temperature with seawater is selected as the
formation temperature of the agate band.*”~* Based on the
previous calculation results, it can be concluded that the
formation temperature of agate samples ranges from 135 to
220 °C (Figure 8).°°7>* Therefore, with the structural
sequence evolution of pseudo-granular silica — fibrous
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Figure 8. Equilibrium formation temperature at different bands of
type I and II sequences in banded agates. The red arrow indicates the
growth direction of banded agates.

chalcedony — crystalline quartz, the formation temperature of
different bands increases from 135 to 152 °C and then to 203
°C, and the thermal gradients of adjacent bands are 17 and 51
°C, respectively (Figure 8). When directly transforming from
pseudo-granular silica to crystalline quartz, the corresponding
formation temperature increases from 137—167 to 203—220
°C, and the thermal gradient of adjacent bands is as high as
53—66 °C. The thermal gradient in the type II sequence is
significantly higher than that in the type I sequence (Figure 8).

4. DISCUSSION

4.1. Effects of Trace Elements on the Silica Structural
Transformation Rate. Previous studies have shown that
variations of silica concentration and saturation in mineral-
forming fluid during agate formation correspond to the
oscillatory changes of a-quartz and moganite contents and
may have different effects on the structural transition of
silica.**>° Besides, the impurity absorption effect by goethite,
kaolinite, illite, and carbonates reduces the silica concentration
in the mineral-forming fluid and promotes the structure
transformation process of silica.”” " The sharp increase in the
Al content at the beginning crystalline quartz supports the
dissolution—reprecipitation mechanism of silica.”” In our work,
with the evolution of two structural sequences, trace element
concentrations such as Li, Na, Al, K, Ca, Ti, Mn, and Fe were
also found to increase gradually. This phenomenon may
correspond to the decrease in the water content in the mineral-
forming fluid."”®" In addition, the increased process of the
trace element content in the type II sequence (BHO01-2 and
BHO02-1) is more significant than that in the type I sequence
(BHO1-1). It is inferred that the increased trace elements
promote the silica structural transformation rate. Among them,
a minor amount of Al catalyzes the structural transformation
process of silica.’”

4.2, Effects of Formation Temperature on the Silica
Structural Transformation Pathway. With the evolution of
the type I sequence, the thermal gradients between adjacent
bands are 17 and 51 °C, respectively. In contrast, a significantly
higher thermal gradient of 53—66 °C exhibits when pseudo-
granular silica transforms directly to crystalline quartz.

Different thermal gradients between adjacent bands produce
various effects on the structural transformation process of
silica. The slightly increased thermal gradient between adjacent
bands reduces the relative supersaturation in the mineral-
forming fluid and promotes the structural transformation
process of the type I sequence.””®® Notably, the sharply
increasing thermal gradient between adjacent bands leads to a
significant decrease in relative supersaturation in the mineral-
forming fluid suitable for precipitating crystalline quartz from
the monomer solution. Therefore, the type II sequence can be
formed by bypassing fibrous chalcedony.

5. CONCLUSIONS

The pseudo-granular silica — fibrous chalcedony — crystalline
quartz (type I) sequence and the newly discovered pseudo-
granular silica — crystalline quartz (type II) sequence are
widely found in agates from Xunke, Heilongjiang, China,
indicating that the mineral-forming fluid may exhibit multiple
changing patterns during crystallization. In this study, the
phase composition of agate and the content difference of a-
quartz and moganite in different structural sequences were
systematically studied. Compared with sequence I, sequence II
shows a more significant increase in the trace element
concentration and temperature gradient. This difference can
provide evidence for studying the influencing factors of silica
structure evolution.
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