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Abstract

Small streams flowing into the western shore of Lake Shikaribetsu in Hok-
kaido are surrounded by extensive volcanic ejecta from the Shikaribetsu vol-
canic group, where layered silica sinters are exposed. These sinters exhibit
strong fluorescence. In this study, the fluorescent silica sinters were classified
into three types based on their fluorescence colors: orange, purple, and yellow.
The objective of this research was to identify the organic compounds respon-
sible for the fluorescence observed in each category. Particular focus was placed
on analyzing hydrocarbon and polycyclic aromatic hydrocarbon (PAH) frac-
tions. The PAHs in the orange fluorescent sinters were dominated by alkylated
PAHs, suggesting a petrogenic origin. In contrast, PAHs in the yellow fluores-
cent sinters consisted mainly of unsubstituted (naked) PAHs, including 7-ring
PAHs, indicating a possible pyrogenic (combustion-derived) origin. However,
the maximum thermal history of the organic matter, estimated from maturity
indices, does not exceed 150°C—a temperature insufficient to account for the
high-temperature conditions typically required for the formation of pyrogenic
PAHs. Additionally, the fluorescence colors of the sinters do not correspond
to the fluorescence characteristics of the identified PAHs. It is therefore likely
that the compounds responsible for the observed fluorescence are contained
within other fractions not analyzed in this study, such as ketones, esters, or
alcohols.
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1. Introduction

On the western shore of Lake Shikaribetsu, located in central Hokkaido, northern
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Japan (Figure 1), silica sinters found in streams exhibit red, yellow, and purple
fluorescence. In general, fluorescence observed in minerals is typically not derived
from their primary components, but rather from trace elements. Elements such as
Ti, V, Cr, Mn, Cu, Ag, Sn, W, TI, Pb, Bi, U, Sc, Y, and rare earth elements (REEs)
are well-documented contributors to mineral fluorescence (e.g., [1]). For example,
the yellow fluorescence of the opal variety known as hyalite has been attributed to

trace amounts of uranium [2].
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Figure 1. Map showing the location of study area.

Early studies hypothesized that the fluorescence observed in Shikaribetsu opal
was similarly caused by inorganic trace elements. However, subsequent investiga-
tions by [3] and [4], which conducted detailed inorganic analyses to determine
the origin of the fluorescence in Shikaribetsu opal, failed to identify any definitive
inorganic source. Their results instead suggested the possibility that the fluores-

cence might originate from organic substances.

2. Occurrence of Silica Sinter

Lake Shikaribetsu is located in central Hokkaido, approximately 100 km west of
Sapporo. It is a dammed lake formed by volcanic activity that occurred between
10,000 and 60,000 years ago, which blocked the flow of the Shikaribetsu River. The
lake has a circumference of approximately 13 km. On the western slope of the lake,
volcanic ejecta composed of pyroxene andesite are distributed, with several streams
flowing into the lake. The fluorescent silica sinters in this area are valley-filling de-
posits that have formed by the infilling of these streams.

Silica sinter deposits are found at two distinct locations along the stream: an
upstream section (upper layer) with a thickness of approximately 2 - 4 meters, and
a downstream section (lower layer) with a thickness of approximately 4 - 6 meters.

This area is located within a designated national park.
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Near the silica sinter outcrops on the western slope of Lake Shikaribetsu, the
remains of an abandoned mine can be observed. However, no historical mining
records exist, and the purpose of the mining activities remains unclear. There are
documented records of mercury mining at the Uramaku Mercury Mine, located 8
km northwest of Lake Shikaribetsu, and the Tokachi Mercury Mine, 8 km to the east.
Several hot springs are also found in the surrounding area, including the lakeside hot
spring on the shore of Lake Shikaribetsu, Yamada Hot Spring near the northern
inlet, and Sugano Hot Spring beyond the mountain to the west of the lake—all char-
acterized by neutral pH waters.

The samples used in this study were obtained from the former Geological De-
partment Collection of the University of Tokyo. The author did not participate in
the survey, which was conducted several decades ago, and many details of the sur-

vey records are unclear.

3. Sample Description

For various analyses, fist-sized samples were collected. These samples were cut
perpendicular to their layered structures, polished, and examined under both nor-
mal light and black light (360 nm). In addition, thin sections were prepared for
further microscopic examination. Through macroscopic, fluorescent, and micro-
scopic observations, the following sequence of sinter layers was identified. The col-
ours described in this study were determined by naked eye and no spectroscopic

analysis was performed (Figure 2).

Figure 2. Photographs of silica sinter sample under normal light (right)
and ultraviolet rays (365 nm) (left).

Orange to Brown Sinter Layer (up to approximately 10 cm thick): This layer
exhibits thin laminae (Figure 3(A)) and emits a strong orange fluorescence under
black light.

Transparent, Massive Sinter Layer (3 - 5 cm thick): Overlying the orange sinter,
this layer is composed of high-purity silica, characterized by a glossy, conchoidal
fracture surface. Under black light, it displays a purple fluorescence.

White, Partially Resinous Sinter Layer: This layer transitions abruptly from the
orange sinter layer. The white portion itself is non-fluorescent, but resinous areas

within it display undulating layers of yellow fluorescent spots (Figure 3(B) and
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Figure 3(C)). These fluorescent spots range from 0.1 to 0.2 mm in size. Under the
microscope, the resinous fluorescent material exhibits upward growth patterns
and occurs in several stacked layers, coexisting with authigenic diatom fossils,
which are densely packed in certain areas. The resinous fluorescent material lacks
the branching or segmented structures typical of algae. The fluorescent layers are
situated above horizons densely packed with plant fragments, which are incorpo-
rated into the fluorescent layers and have undergone silicification. Notably, such
dense accumulations of plant fragments are not observed elsewhere in the se-

quence.

Figure 3. Photomicrographs of thin section of silica sinter (open Nicol). A: Orange fluo-
rescent sinter, B: Yellow fluorescent sinter, C: Yellow fluorescent dots exhibiting dendritic
structures under ultraviolet rays.

The orange, purple, and yellow fluorescent sinter layers were each powdered

using a mortar and subsequently used for further analyses.

4. Compound Identification

Traditional Soxhlet extraction using dichloromethane/methanol (93/7, v/v) was
performed for 70 h to extract the biomarker. The extracted solvent was concen-
trated using a rotary evaporator. The isolated lipid was divided into four fractions
using silica-gel column chromatography. A hydrocarbon fraction was obtained
using two column volumes of n-hexane; a polyaromatic hydrocarbon fraction was
obtained with two volumes of n-hexane/dichloromethane (2/1, v/v); an aliphatic ke-
tone/ester fraction was obtained with seven volumes of n-hexane/dichloromethane
(1/1, v/v); and a polar fraction was obtained with excess dichloromethane/meth-
anol (1/1, v/v). Then, two fractions were examined via GC/MS: one corresponding

to hydrocarbons, another to polyaromatic hydrocarbons.
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A Shimadzu QP-2010 plus GC-MS system equipped with a 30-m fused silica
capillary column (Thermo Scientific TG-5MS 0.25 mm i.d., 0.25 pm film thick-
ness) and a splitless column injector was used. The following temperature pro-
gram was utilized: isothermal conditions at 60°C for 1 min; 60°C - 175°C at
10°C/min; 175°C - 225°C at 6°C/min; 225°C - 300°C at 4°C/min; and isothermal
conditions at 300°C for 20 min. MS data were recorded in the electron impact
mode at 70 eV scanning from m/z 50 to m/z 520. This methodology corresponds
to the typical analysis for biomarkers.

The structures of organic compounds were determined based on mass spec-
trometry (MS) spectra and the retention indices of naked polycyclic aromatic hy-
drocarbons (PAHs). Naked PAHs, ranging from naphthalene to coronene, were
identified by comparing their MS spectra and retention indices with those of
standard reference materials. PAHs with molecular weights greater than that of
coronene were identified with reference to the studies by [5] and [6]. Alkylben-
zenes were primarily identified according to the classification proposed by [7].
Other compounds were identified by comparison with the NIST05 mass spectral
database.

5. Organic Geochemical Analysis Results

5.1. Orange Fluorescent Layer

5.1.1. Hydrocarbon Fraction

The total ion chromatogram (TIC) of the hydrocarbon fraction from the orange
fluorescent layer is shown in Figure 4 (top panel). This fraction contains n-al-
kanes ranging from Cy to C,4, with a predominance in the C;s to C,, range. No
significant predominance of either odd- or even-carbon-numbered n-alkanes was
observed. Cyclic biomarkers, such as steranes and hopanes, were detected in trace
amounts. A notable feature of this fraction is the presence of sulfur. Dodecylben-
zene was detected, eluting just before n-Cio. Among the alkylbenzenes, only this
dodecyl-substituted compound was identified.

5.1.2. PAH Fraction

The PAH fraction is illustrated in Figure 4 (bottom panel). Major components
include naphthalene (A), acenaphthylene (B), phenanthrene (C), 4H-cyclopenta-
[def]lphenanthrene (D), pyrene (E), and chrysene (F), along with their methyl-
(C1), ethyl-(C2), and dimethyl-(C2) derivatives, which dominate this fraction.
The relatively high abundance of these alkylated derivatives is a distinctive feature
of this sample. Trace amounts of perylene (I) were also detected, representing the
highest-carbon-number PAH identified in this sample.

Using the phenanthrene concentration in the maturity formula Ro = 0.38 + 0.61
x MPI-1 [8], the calculated vitrinite reflectance (Ro) value is 0.82.

Additionally, C1- and C2-substituted naphthalenes were observed in the ex-
tended hydrocarbon fraction (middle panel), eluting prior to the PAH fraction.
No thiophenes, other sulfur-containing PAHs, or phenyl-substituted PAHs were
detected in this layer.
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Figure 4. Total ion chromatogram of hydrocarbon fraction (upper) and expanded chro-
matogram (middle) and PAH fraction (bottom) extracted from orange fluorescence silica
sinter. Arabic numbers are showing the number of carbon of n-alkane. The names of the
compounds indicated by the alphabets at the bottom figure are shown in the table.

5.2. Purple Fluorescent Layer

5.2.1. Hydrocarbon Fraction

The total ion chromatograms (TICs) for the hydrocarbon and PAH fractions of
the purple fluorescent layer are shown in Figure 5. The hydrocarbon fraction con-
tains n-alkanes ranging from Cis to Cz,, with a predominance at Cy, and Cys. For
n-alkanes above Cy;, an odd-over-even carbon number preference was observed.

Cyclic biomarkers such as hopanes and steranes were not detected in this layer.
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Figure 5. Total ion chromatogram of hydrocarbon fraction (upper) and expanded chro-
matogram (middle) and PAH fraction (bottom) extracted from purple fluorescence silica
sinter. Arabic numbers are showing the number of carbon of n-alkane. The names of the
compounds indicated by the alphabets at the bottom figure are shown in the table.

A distinct unresolved complex mixture (UCM) peak was observed near C,,. The
pristane/phytane (Pr/Ph) ratio was 0.85, and the phytane/n-Cys (Ph/Cis) ratio was
0.19. In contrast to the orange fluorescent layer, no sulfur-containing compounds
were detected in this layer. Dodecylbenzene was again detected, eluting just before
n-Cyo. Thiophenes, other sulfur-containing PAHs, and phenyl-substituted PAHs
were also absent.

The expanded view in the middle panel of Figure 5 shows the elution of iso-
and anteiso-alkanes between the n-alkane peaks. Additionally, various branched

alkylbenzenes were identified.
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5.2.2. PAH Fraction
The total ion chromatogram (TIC) of the PAH fraction is shown in the bottom
panel of Figure 5. Detected PAHs include perylene (I), benzo[ghi]perylene (L),
and coronene (P), with coronene being relatively abundant. No alkyl-substituted
PAHs were detected in this fraction. The methyl phenanthrene index (MPI-1) was
calculated to be 0.64.

Squalene was identified as the largest peak in the chromatogram. Additionally,
contaminants from the vinyl sample storage bag (A ) were detected, as well as n-
alkanes (®) that had carried over from the hydrocarbon fraction. Esters, originat-
ing from the ketone-ester fraction, were also found to have eluted into the PAH

fraction.

5.3. Yellow Fluorescent Sinter

5.3.1. Hydrocarbon Fraction

The total ion chromatograms (TICs) for the hydrocarbon and PAH fractions ex-
tracted from the yellow fluorescent sinter are shown in Figure 6 (top panel). n-
Alkanes ranging from Ci4 to C,4 were detected, with a predominance at Cy, to Caa.
For n-alkanes above C,;, an odd-over-even carbon number preference was ob-
served. The carbon preference index (CPI, Cy - Cs4) was calculated to be 1.10. No
cyclic biomarkers, such as hopanes or steranes, were detected.

Dodecylbenzene eluted just before n-Cys, and no sulfur-containing compounds
were identified. A bimodal unresolved complex mixture (UCM) was observed,
with peaks centered near Cyy and Cy..

The pristane/phytane (Pr/Ph) ratio was 0.63, and the phytane/n-Cys (Ph/Cis)
ratio was 0.57. Thiophenes and other sulfur-containing PAHs were absent. How-
ever, the phenyl-PAH compound 1,2’-Binaphthyl was detected. In the middle
panel of Figure 6, compounds eluting between 1-C,; and n-Cy are shown. De-
tected compounds include pristane, phytane, iso- and anteiso-alkanes, as well as
various branched alkylbenzenes. This chromatogram closely resembles the ex-

panded hydrocarbon fraction observed in the purple fluorescent sinter.

5.3.2. PAH Fraction

The PAH fraction is presented in the bottom panel of Figure 6. A broad spectrum
of PAHs was identified, ranging from the 3-ring phenanthrene (C) to the 7-ring
coronene (P), including dibenzo [cd, Im] perylene (R) and dibenzo [a, h] pyrene
(S). Among these, benzo[ghi]perylene (L) was the most abundant compound, fol-
lowed by benzo[j]fluoranthene (H) and perylene (I). A notable characteristic of
this sample is the presence of additional 6-ring and 7-ring PAHs beyond coro-
nene.

In addition, a methyl-substituted derivative of benzo[ghi]perylene, methyl-
benzo[ghi]perylene (M), was identified. Other PAHs also exhibited methyl-sub-
stituted forms, although their concentrations were relatively low. The methyl phe-
nanthrene index (MPI-1) was calculated to be 0.61. Using the equation Ro = 0.38
+ 0.61 x MPI-1 [7], the equivalent vitrinite reflectance (Ro) was estimated to be
0.75.
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Figure 6. Total ion chromatogram of hydrocarbon fraction (upper) and expanded chro-
matogram (middle) and PAH fraction (bottom) extracted from yellow fluorescence silica
sinter. Arabic are showing the number of carbon of n-alkane. The names of the compounds
indicated by the alphabets at the bottom figure are shown in the table.

6. Origin of PAHs

Table 1 presents the amount of PAHs extracted from each fluorescent sinter. The
purple fluorescent sinter is excluded from the discussion of origins due to the
minimal quantity detected. When discussing the origin of PAHs, they are broadly
classified into two categories: petrogenic (oil-derived) and pyrogenic (combus-

tion-derived) PAHs [8].
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Table 1. Peak for identified compounds in GC/MS chromatograms and each content.

Color of fluorscence

Compound Mark in figure
Orange Purple  Green

Naphthalene A 0.8

Acenaphthylene B 7.5
Phenanthrene C 15 0.8

4H-cyclopenta[def]phenantherene D 10
Pyrene E 4.7 12
Chrysene F 3.0 15
1,2’-Binaphthyl G 19
Benzo[j]fluoranthene H 62
Perylene I 2.0 2.0 64
13H-Dibendo[a, h]fluorene ) 45
Indeno(1,2,3-cd]pyrene K 46
Benzo[ghi]perylene L 5.6 160

Methyl-benzo[ghi]perylene M 16,18

Dibenzo[b, def]chrysene N 14
Dibenzo[a, e]fluoranthene (@) 12
Coronene P 9.2 24
Benzol[a, e]picene Q 13
Dizenzo[cd, Im]perylene R 4.9
Dizenzo[a, h]pyrene S 3.8
Total 43 17 480

ng/g-sample

The petrogenic category includes organic compounds formed through diagen-
esis, crude oil, and its seepages. There is a significant compositional difference be-
tween petrogenic and combustion-derived PAHs: combustion-derived types are
typically non-alkylated (naked) PAHs, whereas petrogenic-derived types consist
predominantly of alkylated PAHs. This distinction is further discussed in sources
such as [9] [10] for petrogenic PAHs and [11] for pyrogenic PAHs.

The PAHs in the orange fluorescent sinter, which contain a high proportion of
alkylated PAHs, correspond to petrogenic-derived PAHs. In contrast, the PAHs
in the yellow fluorescent sinter, dominated by non-alkylated (naked) PAHs, cor-
respond to pyrogenic (combustion-derived) PAHs.

The formation temperatures of these two types differ significantly: petrogenic
PAHs form at temperatures between 100°C and 150°C, while pyrogenic PAHs
form at much higher temperatures, ranging from 350°C to 1200°C [12] and [13].
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Specifically, the PAHs in the yellow fluorescent silica sinter include 7-ring PAHs,
suggesting their formation at high temperatures. This temperature is significantly
higher than typical surface organic matter temperatures, indicating an unusually
high-temperature origin. A plausible high-temperature origin in this context is
wildfire. The average ground temperature during forest fires is approximately
850°C [14], which falls within the temperature range for the formation of pyro-
genic PAHs. Wildfires are therefore considered one of the potential origins of
these PAHs.

Previous studies have reported that organic matter and PAHs are often highly
concentrated in post-wildfire soil and ash [15]-[17]. These studies have docu-
mented PAHs of wildfire origin, underscoring the significant contribution of for-
est fires to the generation of pyrogenic PAHs.

In recent years, a correlation between PAH accumulation mechanisms and
mercury deposits has been highlighted. This suggests that mercury-rich environ-
ments may play a role in the concentration or formation of PAHs. Karpatite (C,sHi:
coronene) and idrialite (C2,H4: picene) are well-known to occur widely in hydro-
thermal mercury deposits [18] and [19]. This association highlights a potential
link between PAHs and mercury-rich geological environments. Additionally,
karpatite from the New Idria region in California has been identified as having a
sedimentary origin and was generated during the final stages of hydrothermal
activity [20]. The New Idria region hosts numerous mercury deposits [21], and
karpatite itself is found coexisting with cinnabar (HgS) [19].

Within a 10 km radius of Lake Shikaribetsu, historical records indicate the pres-
ence of several active mercury mines. Additionally, near the silica sinter deposits,
there are multiple abandoned mines of unknown purpose. To elucidate the origin
of the fluorescent compounds in the silica sinter, it is essential to investigate the
potential correlation between these compounds and the mining activities in the
area.

Analysis of the fluorescent ketone/ester fraction and alcohol fraction is cur-
rently underway and was not able to be shown in this study. This will be clarified

through future analysis.

7. Summary

The western shore of Lake Shikaribetsu in Hokkaido is surrounded by extensive
volcanic ejecta from the Shikaribetsu volcanic group, where layered silica sinters
are exposed. These sinters exhibit strong fluorescence and were classified into
three types based on their fluorescence colors: orange, purple, and yellow. Special
attention was given to the analysis of hydrocarbon and polycyclic aromatic hydro-
carbon (PAH) fractions. The PAHs in the orange fluorescent sinters were pre-
dominantly alkylated, suggesting a petrogenic origin. In contrast, the PAHs in the
yellow fluorescent sinters mainly consisted of unsubstituted (naked) PAHs, in-
cluding 7-ring PAHs, pointing to a possible pyrogenic (combustion-derived) origin.

Recent studies have revealed a link between PAH formation and the presence

DOI: 10.4236/0jg.2025.157019

387 Open Journal of Geology


https://doi.org/10.4236/ojg.2025.157019

S. Ogihara

of mercury mines. Historical records show several active mercury mines within a
10 km radius of Lake Shikaribetsu. Additionally, there are multiple abandoned
mines near the silica sinter deposits with an unknown purpose. To clarify the origin
of the fluorescent compounds in the silica sinters, further investigation into the

potential correlation with past mining activities in the area is needed.
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