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Summary. Chemical factors (including pH, redox potential,
content of total organic compound (TOC) and major ions) and
U/Th-series radionuclides in the hot-spring water environment
of Peito were determined to investigate the impact of envi-
ronmental change and migration of radionuclides in water on
conserving the precious mineral, hokutolite, in Peito (Taiwan).
The activity concentrations of U/Th increased with E, and
those of CI- and SO,*~. ®*U/?*U ratios were nearly > 1
ascribed to Szilard—-Chalmers effect and «-recoil. 2°Th /U
ratios were <1 resulting from complexation with chloride
and sulfate ions. ?22Ra and ??°Ra activities were governed by
pH, E, and SO,>~ concentration. Disequilibria of 22Th/??Ra
and ?2Ra/#2Th were evident attributed to complexation of
Th with major anions and co-precipitation of radium with
(Ba,Pb)S0,. Alpha-recoil caused the enrichment of ?*Ra and
apparent disequilibrium of 22Th /22Th. A mechanism illustrat-
ing the radiochemistry involving the formation of hokutolite
in Peito was derived accordingly. The water environment of
the studied area was found apparently changed in light of
the variation of temperature, TOC and concentration ratio
of Ba/Pb, which resulted from the channeling of hot spring
water and the release of household waste water. The water
environmental change can thus hinder the migration of ra-
dionuclides as well as the formation of hokutolite so that
the performance of hokutolite conservation can be decreased.
Immediate enactment of regulations for conserving hokutolite
in Peito was therefore suggested in this research.

1. Introduction

The Peito Hot Spring Area is located in Peito of Taipei
city in Taiwan (Fig. 1), of which the stratum (Wuzhi Moun-
tain layer) developed after Miocene composes principally
andesite and basalt [1]. Since the discovery of hokutolite
(which is also named as Peito stone) in Peito Creek by
Yohachiro Okamoto in 1905, the Peito (or Beitou) Hot
Spring has become an illustrious scenic area [1, 2]. The Peito
stone was named as anglesobarite by Hayakawa and Nakano
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in 1912 [3] and was renamed later as hokutolite by Jimbo [4]
in 1913. Hokutolite has been regarded even more precious
than gold, which is mainly composed of plumbian barite
[(Ba, Pb)SO,] in chemistry [5]. Hokutolite is celebrated for
its radioactivity originating from radium and thorium pre-
cipitating from geothermal waters [6]. The spring water of
the studied area is hot and achromatous with a strongly
acidic odor, which cools as it flows into the creek. Hokuto-
lite crystallized on the gravel bed of the Peito Creek at about
90-300 m downstream from the Geothermal Valley [1, 7].
Gravels in the Peito Creek near Peito Hot Spring Area were
mostly of andesite deposited with rhombic tabular crystals
in outer part and covered with a thin fibrous crust of hoku-
tolite [8]. These glassy crystals were normally less than
10 mm in thickness with yellowish gray or brown color and
a resinous luster.

Unfortunately, hokutolite was gathered illegally before
1997 due to powerless management. On the other hand,
several SPA hotels were erected successively along the
Peito Creek (Fig. 1) to provide hot spring bath and accom-
modations since 1960s. The geothermal water was chan-
neled from underground reservoirs through drilling wells
and pipelines to the SPA hotels and local residences. Tap-
water was mixed the geothermal water for hot spring bath
and then the waste water was discharged into the creek. En-
vironment and ecology of the Peito Creek was seriously
spoiled by human activities simultaneously on develop-
ing tourism of this area. Reconstruction of this area com-
menced in 1997 to recover hokutolite according to some
appeals from local environmental organizations to the gov-
ernment. The conserved hokutolites were exhibited in Peito
Hot Spring Museum opened on 11 October 1998. However,
the channeling of spring water and discharge of waste water
are still proceeding and thus affecting the water chemistry of
the studied area. This may influence the recovery of hokuto-
lite. In order to effectively recover the hokutolite in Peito, it
is imperative to realize the mechanism for the formation of
this precious mineral.

Radioactive disequilibria within U/Th-series radionu-
clides arisen from surface and near-surface processes have
been a useful tool in dealing with diverse problems in en-
vironmental, geochemical and archaeological fields [9-19].
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Fig. 1. Sampling sites located at the

studied area of Northern Taiwan.

Prior studies about hokutolite and radioactive disequilibria
in Peito were almost aiming at the Geothermal Valley where
the springhead is located [2, 20—22]. Nevertheless, very few
researches investigated the Peito Creek where hokutolite
was produced. Literatures concerning the relationship be-
tween chemistry in water environmental and radioactive dis-
equilibria of the Peito Hot Spring Area or hokutolite for-
mation are also very limited. Additionally, the disequilibria
were usually demonstrated physically with recoil, weather-
ing and erosion perturbing the radioactive disequilibria in
the environment [21]. However, the disequilibria between
radionuclides with different chemical speciation (e.g., U and
Th isotopes) may involve chemical reactions and radionu-
clide migrations. Accordingly, related characteristics of the
aqueous environment in the Peito Hot Spring Area were
examined in this research to investigate their effects on mi-
grations and radiochemical behaviors of radionuclides and
further to interpret disequilibria of long-life U/Th-series ra-
dionuclides and the formation of hokutolite in Peito.

2. Experimental
2.1 Sampledescription

All samples were collected in the Peito Hot Spring Area
where includes the Peito Creek and the Geothermal Valley
(Fig. 1). Geothermal water was sampled in 20-L polyethy-
lene containers from 12 different sites, including 4 spots in
the Geothermal Valley and others along the Peito Creek.
Sample P1/G1-P4/G4 specify water/sediment samples ob-
tained from Geothermal Valley, where water channeling and
waste water discharge are forbidden. Other sample codes,
P5-P12, signify water samples collected from upstream to-
ward downstream Peito Creek and were close to main dis-
charge points. According to the literature [1], the distri-
bution of hokutolite ranged principally from P6 to P10.
The sediment was distributed mainly in Geothermal Valley,
which was collected from G1-G4 at 10 cm deep.

2.2 Materials and methods

Digestion reagents including 65% HNO;, 37% HCI and 48%
HF (Merck Co., Germany) were of Suprapur® grade, which
were also utilized for column conditioning and cation ex-
change in this work. A microwave device (Model MARS-5,
CEM, Matthews, North Carolina, USA) was utilized in sam-
ple digestion with operation condition of 180 psi and 210 °C.
A semiconducting surface barrier detector (Canberra model
7200-06) with a detection efficiency ranging from 20 to 25%
and a resolution of less than 20 keV for 5.486 MeV of al-
pha particles from 2 Am was used for determining U and Th
isotopes. Cations in water were determined with an induc-
tively coupled plasma-atomic emission spectrometer (ICP-
AES; Ultima Horiba Jobin Yvon). An ion chromatographer
(Dionex AS12) was employed to determine the concentra-
tion of anions. Ultra-pure water obtained from a Milli-Q
Gradient water purifier (Millipore, Billerica, MA, USA) was
used for dilution throughout this work.

The temperature, acidity, and oxidation-reduction po-
tential (E,) were measured in situ with a portable meter
(H1-8424, Hanna Instrument Co., USA) accessorized with
a temperature probe (HI-7669 AW) and an electrode (HI-
1230B) for pH and redox potential measurements. A multi-
range conductivity meter (HI1-8633N, Hanna Instrument Co.,
USA) was utilized to obtain the conductivity. An aliquot of
water sample was carried with synthetic air (at a flow rate
of 200 mL min~t and a pressure of 1.0-1.2 bar) into a liqui-
TOC Il analyzer (Elementar Analysensysteme Hanau, Ger-
many) for TOC (Total Organic Compounds) determination.

The radium and a **Ba purchased from NIST tracer
were concentrated using AG 50W-X12 resin [23]. The eluate
was evaporated to dryness, and the residue was dissolved in
0.1 M HCI. After scintillation cocktail containing 10 mL of
the insoluble high efficiency mineral oil (Packard Instrument
Co.) was added, the solution was sealed for 30 d to establish
radioactive equilibrium between ?*Ra and ?2Rn. The **Ra
radioactivity was determined by measuring ?2Rn in a low
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activity liquid scintillation counter (Tri-Carb 2550 TR/AB,
Packard Instrument Co., USA) equipped with a pulse-shape
analyzer (PSA) which separated pulses caused by alpha or
beta decays into different spectra.

After dried 24 h at 105 °C, the sediment was powdered
and then sifted with a sieve of 60-mesh. To determine the ac-
tivity concentration (nCi/kg) of ?2Ra by gamma spectrom-
etry, the sediment was weighed and hermetically sealed in
an plastic jar of 125 mL while the water was kept airtight in
Marinelli beakers for 1 month to establish radioactive equi-
librium between ?®Ra and 2Ac [24].

Uranium and thorium isotopes (including 28U, #4U,
22Th, 29Th and ?Th) in water or sediment were separated
respectively using U/TEVA and TEVA resins, which were
further determined by « spectrometry with a semiconduct-
ing surface barrier detector as developed in our previous
study [25].

3. Resultsand discussion

3.1 Environmental characteristics of the sampling
sites

Chemical parameters including pH, E,, conductivity, tem-
perature and concentrations of major anions (Cl- and SO,*")
the geothermal water in the studied area are shown in
Table 1. Acidity of the water decreased from the Geothermal
Valley (P1/G1-P4/G4) toward downstream Peito Creek.
Temperature, conductivity and redox potential varied simi-
larly against sampling sites, which exhibited higher values
in the Geothermal Valley (P1/G1-P4/G4) than those in the
Peito Creek (P6-P12).

Tablel. Characteristics of the water environment in Peito Hot Spring Area.

The pH values indicated that the geothermal water in
this area was quite acidic, which favors acid leaching of
radioisotopes from rocks of the stratum. Hokutolite was pre-
viously found crystallizing at an environment of 42-60 °C,
and 50°C appeared to be the favorable temperature [1].
Nevertheless, Table 1 represents that recent temperatures
from P7 toward downstream Peito Creek (28.0-31.0°C)
obviously lower (about 3-12°C) than those recorded in
the literature [1]. The agqueous environment was in an ox-
idative state in light of the redox potentials. Conductivity
was related to ionic strength and concentration of elec-
trolytes in geothermal water, which decreased from Geother-
mal Valley to downstream Peito Creek in this area. Major
cations in the water were Fe3*, Pb?*, Sr?*, Ca?* and Ba*" as
shown in Table 1. The concentration of Ba?* varied slightly
against sampling sites, while that of other major cations
declined from the Geothermal Valley toward downstream
Peito Creek. Higher ionic concentration in the water led each
ion to attract more opposite charge and formed ionic atmo-
sphere surrounding the ions [26], which reduced interionic
attraction between cations and anions. Additionally, the tem-
perature at P1-P5 was relatively higher indicating that the
ions in water possessed higher kinetic energy than those at
other sites and that the dissolution ions was comparatively
favorable in this region (P1-P5).

Relative content of Ba and Pb in hokutolite was influ-
enced by their solubility via precipitation and complexa-
tion [27] with CI- and SO,*" ions. Solution of high acidity
supplied concentrated H* ions competing the binding of
SO,* (as the form of HSO,) with Pb?" and Ba?*. This
resulted in solubility increase of lead and barium sulfate ac-
cording to Le Chatelier’s principle. Moreover, concentrated

Sampling Temp. pH E, Conductivity TOC Cl- SO, Fe** Ca** Sr¥+ Ba** Pb**  [Ba]/[Pb]
site (0 (mVv)  (uS/ecm)  (ppm) (ppm)
P1 68.0 1.38 369 21030 NA? 2400 2360 88.8 0.254 0.948 0.075 1.324 0.057
(75)*  (80) (3.9) (0.008) (0.026) (0.004) (0.050) (0.003)
P2 65.8 1.46 367 19020 NA 2040 2120 79.4 0.239 0.896 0.069 1.198 0.060
(40)  (70) (3.5)  (0.006) (0.021) (0.003) (0.032) (0.003)
P3 67.5 1.43 366 18500 NA 1890 2030 67.8 0.218 0.801 0.073 1.028 0.058
(34)  (43) (0.9) (0.008) (0.022) (0.003) (0.014) (0.003)
P4 68.0 1.47 367 17370 NA 2283 2309 75.4 0.236 0.887 0.070 1.177 0.071
(47)  (77)  (1.6) (0.007) (0.021) (0.003) (30) (0.003)
P5 65.0 1.37 325 21770 471 2480 2440 92.2 0.259 0.981 0.085 1.448 0.059
(75)  (82) (3.8) (0.007) (0.023) (0.003) (0.028) (0.003)
P6 49.0 1.58 353 13300 4.15 1480 1500 54.8 0.180 0.685 0.083 0.890 0.093
(32)  (42) (0.9) (0.006) (0.019) (0.004) (0.016) (0.004)
P7 31.0 2.29 318 2939 4.75 312 346 9.91 0.026 0.121 0.050 0.264 0.190
(6) (7)  (0.15) (0.001) (0.003) (0.003) (0.007) (0.011)
P8 30.0 2.39 319 2306 4.81 230 280 10.4 0.041 0.207 0.065 0.155 0.423
() (7)  (04) (0.001) (0.005) (0.003) (0.003) (0.020)
P9 31.0 2.20 320 3425 4.90 346 394 11.8 0.054 0.258 0.082 0.265 0.309
(6) (10)  (0.3)  (0.001) (0.006) (0.003) (0.008) (0.014)
P10 315 2.20 314 3441 4.80 356 390 6.84 0.053 0.259 0.083 0.238 0.349
0 (7)  (0.06) (0.002) (0.006) (0.003) (0.007) (0.017)
P11 28.5 2.90 313 872 5.03 85 126 2.75 0.027 0.160 0.057 0.060 0.942
) (3)  (0.10) (0.001) (0.004) (0.001) (0.002) (0.041)
P12 28.0 2.61 309 1474 5.21 146 191 3.87 0.031 0.174 0.058 0.084 0.689
©) (5)  (0.04) (0.001) (0.004) (0.001) (0.003) (0.026)

a: lower than detection limit;
b: two standard deviations.
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CI= might increase PbCI, dissolution via complexation to
produce PbCl;™ (the logarithm cumulative formation con-
stant, log s = 18.25) and PbCl,>~ (log B, = 25.03) [28].
As the geothermal water flowed into downstream region of
the Peito Creek, the temperature lowered and the solubility
of PbSO,, PbCl, and BaSO, decreased. When water tem-
perature lowered to about 60 °C, the solubility of BaSO,
dropped [29], which enhanced crystal growth of hokutolite
by the coprecipitation of Pb?*, Ba**, Ra** with SO,*~ [30,
31] as well as the adsorption of plumbian barite on jarosite
[K;Fes(OH)1,(SO,),4]. Consequently, hokutolite was discov-
ered at downstream Peito Creek while seldom found in the
Geothermal Valley.

On the other hand, the solubility product of BaSO,
(1.1x 1071 at 25°C) is lower than that of PbSO,
(1.6 x 1078, at 25°C) and PbCl, (1.7 x 10~°, at 25°C), in-
dicating that Ba precipitates prior to Pb when temperature
decreases. This should result in a predictable decline for the
concentration ratio of Ba to Pb ([Ba]/[Pb]) in water from
springhead toward downstream region. In fact, Ba was ob-
served more concentrated than Pb in Hoktolite collected
from Peito [7,32]. According to Table 1, the concentration
of Pb in water declined against sampling sites and dropped
obviously from P6 toward P12, where the temperature be-
gan to decrease. The concentration of Ba, however, varied
slightly against the sites. Consequently, the [Ba]/[Pb] ra-
tios increased from springhead toward downstream Peito
Creek (Table 1), which was inverse to the theoretically
predicted trend. This suggests that human activities had
evidently affected water environment of the studied area.
The geothermal water had been channeled for several years
by neighboring SPA hotels as well as inhabitants from the
aquifer and cooled by tap water for hot spring bath. Total
organic compounds (TOC) was lower than the detection
limit in Geothermal Valley while increased slightly from
4.2 to 5.2 ppm in the creek (P5 toward P12), inferring or-
ganic compounds were released along with the discharged
waste water. Furthermore, the discharged water also lowered
temperature and diluted the concentration of originally exist-
ing ions in the water as well. Nevertheless, temperature was
found crucial to [Ba]/[Pb] ratios in hokutolite by Sasaki and
Minato [33], which was also observed important to those
in water according to the increase of [Ba]/[Pb] ratios with
decreasing temperature (Table 1).

The estimated ion products (Q) respectively for PbSO,
(Q(PbS0Q,)), PbCl, (Q(PbCl,)) and BaSO, (Q(BaSQ,)) all
exhibited decline tendency with distance from the spring-
head (Fig. 2). The tendency of Q(PbCl,) and Q(PbSO,)
values against sampling sites were both inverse to that of
[Ba]/[Pb] ratios (Table 1). In addition, the ion products
for BaSO, were higher than the solubility product constant
(Ksp(BaS0Oy)), indicating that Ba was relatively easier pre-
cipitated in this region, especially at P6-P10 where hoku-
tolite was discovered. At P1-P5, the values of Q(PbSO,)
were significantly higher than the solubility product constant
of PbSO,; however, the chemical parameters (e.g., pH and
ionic strength) and complexation reaction occurred in the
environment might inhibit the precipitation. The Q(PbSO,)
at P6-P12 and Q(PbCI,) at all sites were respectively lower
than the solubility product constant of PbSO, and PbClI,,
suggesting that PbSO, and PbCI, were relatively soluble in
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Fig. 2. Variations for (a) concentrations (ppm) of Fe, Ca (correspond-
ing to the left ordinate) and Sr (corresponding to the right ordinate)
and for (b) concentrations (ppm) of Ba and Pb (corresponding to the

left ordinate) as well as the [Ba]/[Pb] ratios (corresponding to the right
ordinate) against the sampling sites.

this region and accounted for relative content of Ba/Pb in
hokutolite from Peito.

3.2U/Th concentration and itsvariation with
environmental characteristics

The concentration of Th was obviously higher than that of
U as illustrated in Fig. 3. Total concentration of U and Th in
geothermal water was relatively higher in Geothermal Val-
ley and at upper stream of Peito Creek (P1-P6) than that
toward the downstream region (Fig. 3). This phenomenon
might be referred to artificial dilution with tap-water. Ad-
ditionally, U and Th concentrations tended to increase with
redox potential (Fig. 3a), indicating that oxidative condition
was advantageous for the existence of soluble species of U
and Th. The concentration of U was mainly attributed to 28U
while that of Th arisen from #2Th according to Eq. (1), in
which C,, W, V, M, t, C, and N, denotes concentration
(g/L), weight (g), volume (L), molecular weight, half life
(a), activity concentration (Bq/L) and Avogadro constant,
respectively.
w CaMt
Ci=—=
VvV 0.693N,
Both U and Th concentrations increased linearly with [CI~]
and [SO,*"] as demonstrated respectively in Fig. 3b and c,
while the influence of major anions was greater on Th than
on U in light of the slopes. As plotted in Fig. 3b and c,
the concentration ratio of U/Th increased abruptly with ei-
ther CI- or SO,%>~ concentrations and reached a maximum
about 0.3. The results demonstrated that either U or Th
might compound into complexes with CI- as well as SO,*~
ions (e.g., UO,CI*, UO,(SO,),%~, ThCI*, ThCl,;*, ThSO,**,
Th(SO,);%>~ and Th(SO,),*") [34-38], and solubility of Th

1)
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Fig.3. U/Th concentration vs. (a) E,, (b) chloride concentration and
(c) sulfate concentration in water. Both U and Th concentrations in-
crease with chloride (respectively by a relationship of y=0.003x —
0.173 (R? = 0.988) and y = 0.0083x+ 2.2548 (R? =0.9960); b) as
well as sulfate concentration (respectively following y = 0.003x —
0.318 (R? =0.986) and y=0.008x+1.836 (R =0.997); c). The
concentration ratio of U/Th relates with chloride concentration in
y= —7x10"%x?+3 x 10™*x+0.050 (R?® =0.918) and with sulfate
concentration in y = —9 x 1078x2+3 x 1074x+0.030 (R? = 0.9237).

might be enhanced more obviously than U by complexing
with major anions. However, at downstream region from P7
toward P12, the pH increased to > 2.2 and the ionic strength
decreased, which enhanced the co-precipitation of U and Th
with Fe(OH); [34-38].

3.3 Disequilibrium of U-series

The activity concentrations (C,’s) of long-life U-series ra-
dionuclides, including 28U, 24U, ?°Th and **Ra, are listed
in Table 2. All C,’s of the U-series nuclides in water de-
clined from upstream toward downstream Peito Creek. The
Ca’s of 2°Ra in sediment were apparently higher than those
of the long half-life parents (*8U, 2**U and *°Th), revealing
an enrichment of *®Ra in the sediment. Solubility of radium
in natural waters is governed by adsorption or precipitation,

which is affected by acidity and ionic strength. At condi-
tions with low pH and concentrated ions (e.g., P1-P4), the
attraction between radium and other anions as well as the
adsorption surface is reduced due to competition of cations
(e.g., H*, Pb?t, Ca*", Sr** and Ba?*) with Ra?* [39-41].
Consequently, the Cn’s of ?°Ra in water reveal decreas-
ing tendency from the springhead toward downstream Peito
Creek (P1-P12; Table 2).

3.3.1 Disequilibrium between U and #**U

Fig. 4a represents that the radioactivity ratios (ARs) of
24U /28U are almost higher than unity (>1), which illus-
trates slightly disequilibrium in radioactivity. According to
the redox potential, the oxidizing condition indicates that
soluble uranyl [U(VI)] complexes are stabilized in the sam-
pling area [42]. Because of electron stripping [43] and
auto-oxidation effect [44], uranium tends to form UO,** or
its complexes [45]. Moreover, ascribed to hot atoms pro-
duced in the decay process of 22U by Szilard-Chalmers
effect [46-48] as well as the «-recoil energy transfer of
a 2*U precursor [13, 49, 50], #*U is relatively easier to be
leached from damaged site of the lattice. Therefore, most
ARs of #4U/?8U are slightly higher than unity (1.04 4
0.30-1.38 +-0.08; except for P1 where AR = 0.98 +-0.07) as
observed.

3.3.2 Disequilibrium between 2°Th and #*U

All radioactivity ratios (ARs) of 2°Th/?U are less than
unity (0.2340.02-0.954-0.11), revealing that #2*U is en-
riched over ?°Th. Additionally, the trends of ARs of
20Th /24U against major anions are similar. In water, the
20Th/2*U AR decreases slightly with [CI-] and [SO,*"],
while that in sediment shows the inverse trend (Fig. 4a and
b). Considering the pH and E; of the sampling area, U tends
to exist in more soluble state (i.e., U(VI), primarily in UO,**
form) while Th(1V) is the favorable state of thorium [51, 52].
UO,%* and Th(IV) may further form complexes with CI- or
SO,* [34-38]. The ®Th/®*U disequilibrium can be as-
cribed to solubility enhancement of U as the concentration
of major anions increases (Fig. 4a and b), which is inverse
to the trend of concentration ratio of U/Th in Fig. 3a and b.

3.3.3 Disequilibrium between ?Ra and Z°Th

The radioactivity ratios (ARs) of 2°Ra/?°Th against sam-
pling sites are 0.55+0.09-2.27 +0.82 in water and 8.21 +
1.03-18.69+1.78 in sediment (in Fig. 4c and d). Most of
the 2°Ra/**Th ARs are higher than unity, except those in
water at P6, P9 and P10, which reveals obvious artificial
perturbation by waste water discharge at these sites. No ap-
parent relationship was observed between ?2Ra/#°Th ARs
and concentration of major anions.

3.4 Disequilibrium of Th-series

The activity concentrations (C,’s) of Th-series nuclides are
higher than that of U-series (Table 2), which is consis-
tent with the observation of background radiation in this
area [6]. The trends for C,’s of the long-life Th-series nu-
clides (including #2Th, ?®Ra, and ?2Th) in water are similar
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Table2. Activity concentrations of U- and Th-series nuclides in water (P1-P12; unit: pCi/L) and sediment (G1-
G4; unit: nCi/kg) of the studied area.

Sampling Unit U-series Th-series
Site 238U 234U ZBOTh 226 Ra 232Th 228Th 228 Ra
P1 pCi/L 2.69 2.64 0.60 1.12 0.74 6.46 10.49
(0.13)2 (0.13) (0.05) (0.06) (0.05) (0.15) (0.85)
P2 2.23 2.37 0.66 1.18 0.72 6.31 8.17
(0.12) (0.12) (0.04) (0.05) (0.04) (0.15) (0.90)
P3 2.33 2.59 0.66 1.24 0.71 5.99 8.33
(0.12) (0.13) (0.08) (0.04) (0.08) (0.23) (1.05)
P4 2.08 2.24 0.70 1.19 0.69 6.63 7.90
(0.12) (0.13) (0.04) (0.06) (0.04) (0.12) (0.61)
P5 1.73 2.38 0.86 1.49 0.90 9.26 8.87
(0.07) (0.07) (0.06) (0.06) (0.06) (0.18) (0.71)
P6 1.01 1.12 0.53 0.44 0.57 4.99 7.74
(0.07) (0.07) (0.08) (0.04) (0.08) (0.23) 0.77)
P7 0.32 0.35 0.30 0.37 0.31 2.74 7.62
(0.04) (0.04) (0.07) (0.02) (0.07) (0.21) 0.77)
P8 0.31 0.41 0.16 0.30 0.17 1.78 6.76
(0.05) (0.05) (0.03) (0.02) (0.03) (0.09) (0.39)
P9 0.37 0.45 0.27 0.17 0.29 311 6.61
(0.04) (0.05) (0.03) (0.02) (0.03) (0.11) 0.72)
P10 0.34 0.43 0.31 0.17 0.31 3.46 6.27
(0.05) (0.06) (0.05) (0.01) (0.05) (0.15) (0.42)
P11 0.09 0.10 0.07 0.17 0.06 0.43 6.01
(0.02) (0.02) (0.03) (0.01) (0.02) (0.06) (0.41)
P12 0.16 0.20 0.16 0.20 0.12 0.95 6.11
(0.03) (0.03) (0.03) (0.01) (0.03) (0.07) (0.42)
G1 nCi/kg 1.22 1.26 1.19 10.33 1.88 27.62 74.59
(0.07) (0.05) (0.13) (0.51) (0.06) (0.49) (0.16)
G2 1.45 1.52 0.74 6.11 1.12 27.86 35.68
(0.07) (0.05) (0.08) (0.39) (0.10) (0.49) (0.12)
G3 1.08 1.13 0.56 10.52 0.68 74.59 117.03
(0.08) (0.08) (0.05) (0.49) (0.05) (0.54) (0.24)
G4 1.14 1.20 0.76 8.47 0.92 21.66 89.76

(0.06) (0.06) (0.08) (0.44) (0.06) (0.40) (0.22)

a: Two standard deviations.
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Fig. 4. Variations for disequilibria between long-life U-series radionuclides and characteristics of the water environment in Peito Hot Spring Area.
The ratios of 2°Ra/?°Th are higher than unity except those at P6 (0.83£0.14), P9 (0.6440.11) and P10 (0.554-0.09) as indicated in (c) and (d).
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Fig. 5. Variation for ARs of ?2Ra/?*2Th and 22Th/?®Ra with concentration of Cl-, SO,>~, Ba?* and Pb?* ions.

to those of U-series, which decline from upstream toward
downstream Peito Creek attributed to the decrease of acidity
and ionic strength.

3.4.1 Disequilibrium between ?2Ra and #2Th

28Ra is much more enriched over #2Th either in water
or sediment, resulting in manifest disequilibrium between
28Ra and #2Th. The ARs of ?2Ra/#2Th are 9.86 & 1.04—
106.8+44.3 in water and 31.73+2.82-171.2£12.9 in sed-
iment. With increasing Cl- concentration, the *Ra/#2Th
ARs in water decrease obviously due to complexation of
Th with CI~ ions, which increases the solubility of thorium
[Figs. 3b and 5a]. On the other hand, the ?®Ra/*?Th ARs in
water decrease abruptly with SO,*~ concentrations (Fig. 5b),
which is consistent with the trend of ?2Ra/?*Th ARs vs.
the concentration of Ba (Fig. 5¢) and Pb (Fig. 5d), respec-
tively. This results can be accordingly ascribed to the co-
precipitation of radium with (Ba,Pb)SO, (K, = 1.1 x 107
for BaSO, and 1.8 x 10~® for PhSO, at 25°C [53]) and
complexation of Th with SO,*" ions; however, effect of the
former is greater than that of the later (Fig. 5b) since Th
forms soluble complex ions (logarithm formation constant is
12.4 for Th(SO,),> [54]) when the concentration of SO,
ions increases. No apparent tendency was observed between
28Ra/?2Th AR in sediment and the concentration of major
anions in water of the Geothermal Valley.

3.4.2 Disequilibrium between ?2Th and ?®Ra

Variations of ®Th/?®Ra ARs in water and in sediment
with CI- and SO,*" ions were illustrated in Fig. 5e and
f, respectively. Nearly all ?Th/?2Ra ARs are less than

unity. At lower CI- and SO,*" concentrations, the dise-
quilibrium between ?2Th and ?®Ra in water is more ob-
vious. When concentrations of CI- and SO,* increase,
the AR of ?2Th/?®Ra in water (0.07 4-0.01-1.04 4-0.09)
raises and approaches unity. No apparent relationship be-
tween ?%Th/?®Ra ARs (0.24+0.00-0.78+0.01) in sed-
iment and concentration of major anions was discovered.
Furthermore, the ?26Th /?2Ra ARs in water also rise with Ba
and Pb concentrations as illustrated respectively in Fig. 59
and h. This phenomenon is due to chemical selection via co-
precipitation of Ra with (Ba,Pb)SO, [30] and Th complex-
ation with major anions, as discussed in the disequilibrium
between **®Ra and **Th.

3.4.3 Disequilibrium between ?2Th and #?Th

In water, the activity concentrations (C,’s; pCi/L) of 22Th
are similar to that of 22Th, which exhibit a trend declining
against sampling sites (Table 2). However, the C,’s of ?22Th
are much higher than those of 22Th, which leads to evident
disequilibrium between #?Th and 22Th with ARs of 7.69 &
1.70-11.14+1.72 in water and 14.66 + 0.51-109.09 +8.23
in sediment. Since ?®*Th and *?Th have the same chem-
ical speciation, the disequilibrium should not be ascribed to
chemical reactions they involved. During the decay of #2Th
in the rock or sediment, *Ra may obtain «-recoil energy
and thus easier to be leached than its parent. As a progeny
of ?®Ra, Th may immigrate into geofluid by decay from
dissolved #®Ra in water. Accordingly, ?2Th can be more
soluble than #2Th in the water environment resulting in
28Th /22Th ARs apparently > 1. Moreover, the 222Th /22Th
ARs in sediment (at G1-G4) of Geothermal Valley seem to
elevates with the C,’s of ?Ra decayed from ***Th in sedi-
ment in a relationship of a third degree polynomial (Fig. 6).
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150

This result indicates that the 22Th/Z2Th AR in sediment in-
creases drastically with the C,’s of 22Ra in sediment, which
reveals an effect of a-recoil on the disequilibrium between
22Th and *?Th in sediment.

3.5 Derivation for the formation of hokutolite
viamigration and radiochemistry
of theradionuclides

According to the effect of characteristics of water envi-
ronment on the C,’s and disequilibria between radionu-
clides of U- and Th-series, the processes and radiochem-
istry with respect to the formation of hokutolite in Peito
can be proposed as demonstrated in Fig. 7. The primordial
nuclides, 28U and 22Th, of U- and Th-series respectively

can be leached from the rock by acid and immigrate into
the geothermal water (path A and a) or alternatively decay
in the rock into the next long-life progeny (i.e, #*U and
28Ra, respectively) (path B and b). In the acidic and ox-
idizing environment of the studied area, #®U is likely to
appear in a hexavalent state resulting from auto-oxidation
and electron stripping (path C), which then decay consecu-
tively into 24U as a uranyl form (2*UQ,*"; path D). The
23U in rock of the stratum may also be dissolved in water
in 2*U0,*" form (path E). Once the acidity of the water en-
vironment increases or the E, decreases, the valence state
of uranium may change and the migration of uranium via
path C, D and E can be altered. In further decay, the 24U
transforms successively into 2°Th and ?®Ra either in wa-
ter (path F and 1) or rock (path G and J). The migration of
20Th among water, rock and sediment is affected by acid-
ity, redox potential or concentrations of Cl- and SO,*” ions
of the aqueous environment (path H). The change of wa-
ter chemistry can thus influence path H. ?*Ra and ?®Ra in
the rock can immigrate into the water (path K and d), and
some of which subsides into the sediment. The soluble ra-
dium can be coprecipitated with plumbian barite (path L
and g) and adsorbed on jarosite as hokutolite (path M).
Precipitation/dissolution of ?*Ra and ?®Ra is governed by
acidity and ionic strength. Therefore, the change in pH
and ionic strength of the water environment can interfere
path L, M and g. ?®Ra, either in water or rock, may further
decay into 22Th (path ¢ and e). Migration of the daugh-
ter, 26Th, among water, rock and sediment is identical to
that of Z°Th (path f). Co-precipitation of U and Th with
Fe(OH); occurs after the precipitation of plumbian barite
(path N) [34]. Accordingly, based on the paths for the for-
mation of hokutolite derived in this study, the quality of
the water environment is critical for the migration of ra-
dionuclides, which can further determine the formation and
conservation of hokutolite.

Peito Creek Geothermal Valley
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3.6 Suggestion for hokutolite conservation

The environment of Peito Hot Spring Area where hokuto-
lite was discovered has been devastated since 1960s. In these
two decades, the environmental condition is worse. To effec-
tively achieve the goal of hokutolite recovery, legislation is
imperative for protecting this precious mineral as well as its
environment. Well drilling and pipeline constructing in this
area are suggested to be restrained.

4. Conclusion

The water environment was characterized as acidic, ox-
idative, highly electrolytic and high in concentrations of
with CI- and SO,*" ions. The acidity, E,, temperature and
Cl-/SO,*~ concentration were decreasing from Geother-
mal Valley toward downstream Peito Creek, indicating that
Geothermal Valley was relatively favorable to form hokuto-
lite. Both the temperature decrease compared with historical
records at downstream Peito Creek and the [Ba]/[Pb] ratios
against sampling sites illustrated obvious effect of human
activities on aqueous environment of the studied area. The
comparison between ion products and solubility products re-
vealed that PbSO, and PbCl, were relatively soluble, which
were responsible for Ba/Pb ratio in hokutolite from Peito.

Both U and Th concentrations in geothermal water in-
creased with E;. The solubility of U and Th was increased
by forming complex with Cl- as well as SO,>~ ions, while
the effect was greater on Th. At downstream region where
pH increased to > 2.2 and the ionic strength decreased, the
co-precipitation of U and Th with Fe(OH); was enhanced.
All C,’s of nuclides of the U- and Th-series in water de-
clined from springhead toward downstream area. Obvious
enrichment of #®Ra in sediment as well as ?Ra both in
water and sediment were revealed. ARs of 2*U /28U were
almost higher than unity ascribed to Szilard—Chalmers ef-
fect and a-recoil energy transferred to 2*U. All ARs of
20Th /24U were less than unity attributed to that 24U forms
more soluble species than 2°Th does. No apparent relation-
ship existed between 2*Ra/Z°Th ARs in water and concen-
tration of major anions. The C, of ?2Ra as well as ?*Ra
was affected by pH, E, and SO,*  concentration. Obvious
disequilibria between 22Th and #?Th as well as evident
enrichment of 22 Th were observed both in water and in sed-
iment attributed to «-recoil energy obtained by *®Ra. Nearly
all 28Th/?®Ra ARs were less than unity. Disequilibria of
28Ra /%2Th was apparent, and the *®Ra/**Th AR in wa-
ter related to complexation of Th with major anions as well
as co-precipitation of radium with (Ba,Pb)SO,. ?®Ra enrich-
ment attributed to «-recoil resulted in evident disequilibria
between #Th and ?2Th.

The processes and radiochemical reactions were derived
and illustrated from this study to expound the migration
and disequilibria of long-life radionuclides. Furthermore,
the pathways in the formation of hokutolite deduced from
this work can be applied to the conservation of hokutolite in
Peito.
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