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Abstract

We give a list of even indefinite 2-elementary lattices admitting a primitive embedding in an
even unimodular lattice of signature (3,19). These are the lattices that give the classification
of non-symplectic involutions on K3 surfaces.

Keywords: 2-elementary lattice, K3 surface, automorphism

2020 Mathematics Subject Classification: Primary 11E20, 15A63; Secondary 14J28, 14J50

1 Introduction

A lattice L is a free abelian group of finite rank equipped with a non-degenerate symmetric
bilinear form, which will be denoted by ( , ). Lattice theory gives fundamental techniques for al-
gebraic geometry. For example, Mordell-Weil lattices in elliptic fibrations, automorphisms on K3
surfaces and Enriques surfaces. In particular Nikulin [7] gave the classification of non-symplectic
involutions on K3 surfaces by characterizing their fixed loci in terms of the invariants of special
lattices. These special lattices are 2-elementary lattices. This means that the classification of
non-symplectic involutions on K3 surfaces is reduced exactly the classification of even indefinite
2-elementary lattices.

Indeed even indefinite 2-elementary lattices were classified by [6]. Then there exists a triangular
graph in [7, page 1434] in which the invariants of 2-elementary lattices appearing in the theory of
non-symplectic involutions on K3 surfaces are plotted. But it does not describe concrete lattices.

In this paper, our purpose is to give Table 1 in Theorem 3.2, hence to concretely write down the
75 lattices that appear in the classification of non-symplectic involutions on K3 surfaces. It allows
us to make geometric considerations, such as constructions of elliptic fibrations of K3 surfaces

with non-symplectic involutions.

%  This work was supported by JSPS KAKENHI Grant Number JP23K03036.
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Remark 1.1 1. For a odd prime number p, there exit lists of p-elementary lattices appearing
in the theory of non-symplectic automorphisms on K3 surfaces. See [1],[2], and [9].

2. In this paper, we do not treat details of K3 surfaces. See[3],[4], and [5].

2 The classification of 2-elementary lattices

In this section, we review the classification of even indefinite 2-elementary lattices due to
Nikulin [6]. For details about foundations of lattices, see [3, 8], and so on.

Let L = (L, (, )) be a lattice of rank r. The bilinear form {, ) determines a canonical embedding
L c L* =Hom(L,Z). We denote by Ay, the factor group L*/L which is a finite abelian group. A
lattice L is called 2-elementary if Ay, ~ (Z/27)%*, where a is the minimal number of generator of
Ap. In the following, we treat only even indefinite lattice. Hence for any x € L, the value of (x, )
is even and the signature of ( , ) is indefinite.

We denote by A,,,, D,,, F; the even negative-definite root lattice of type A,,,, Dy, E] respectively,
and by U the even indefinite unimodular lattice of rank 2. For a lattice L, L(m) is the lattice

whose bilinear form is the one on L multiplied by m.

Example 2.1 1. An even unimodular lattice is 2-elementary with a = 0.
2. Lattices Fg(2) and U(2) are 2-elementary with a = 8 and a = 2 respectively.

3. Lattices A1, D,, (n:even) and E; are 2-elementary of a = 1,2 with a = 1 respectively.

Definition 2.2 Let (L,(, )) be an even 2-elementary lattice and (L*,(, )p~) its dual lattice.
These induce the discriminant form ¢ : A, — Q/2Z, gq(x + L) = (x,x) - + 2Z. Then we put

0 ifg(x+L)=0,VzeL*

(=%}
~
I

1 otherwise.

Example 2.3 1. For an even unimodular lattice L, L(m) has 0, = 0.
2. 04, =0, =1
3. It nis even then ép, = 0 holds.

Even indefinite 2-elementary lattices are classified by the following.

Proposition 2.4 ([6, Theorem 3.6.2]) An even indefinite 2-elementary lattice L is determined
by the invariants (dy,,t1,t_,a) where the pair (t;,t_) is the signature of L. An even 2-elementary
lattice L with invariants (d1,,¢4,¢_,a) exists if and only if all the following conditions are satisfied

(it being assumed that d;, = 0 or 1, and that t4,t_,a > 0):

(1) a<ty+t_;

(2) ty+t-+a=0 mod 2;

(3) ty—t_ =0 mod4iféy, =0;

(4) 6, =0,ty —t_ =0 mod 8 if a = 0;

(5) ty —t_=+41 mod8ifa=1;

(6) 6p=0ifa=2,ty —t_ =4 mod §;

(7) ty —t— =0 mod 8ifd, =0and a =1t +t_.

S,
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3 2-elementary lattices and K3 surfaces

Let X be a K3 surface. It is known that its 2-nd cohomology H?(X,Z) is torsion-free. Moreover
we consider the cup product on H?(X,Z):

(,):H*X,Z) x H¥(X,Z) — Z.

Then the pair (H2(X,Z),{, )) has a structure of a lattice. By Wu’s formula, the Poincaré duality
and the Hirzebruch index theorem, we see that (H?(X,Z),(, )) is an even unimodular lattice of
rank 22 with signature (3,19).

Let Li3 be an even unimodular lattice of signature (3,19). It is known that Lg3 is isometric

to U®3 @ E$? by the classification of even unimodular indefinite lattices ( [8], Chapter 5, §2).

Lemma 3.1 Let L, L; and Lo be even 2-elementary lattices.

1. If the rank of L is r and Ap ~ (Z/2Z)®* then the inequality a < r holds.
2. The equality 61, = 0z, = 0 holds if and only if the equality 01,41, = 0 holds.

Proof. 1. It follows from | L*/L |= 2%, | L*/2L* |= 2" and 2L* C L C L*.
2. It follows from (L1 D LQ)*/(Ll D LQ) ~ (LT D L;)/(Ll D LQ) >~ AL1 D ALZ-
O

We have the following Theorem by Proposition 2.4, Lemma 3.1, Example 2.1 and Example 2.3.

Theorem 3.2 Let S be an even hyperbolic 2-elementary lattice admitting a primitive embedding
in Lks. Let T be the orthogonal complement of S in Lk3. Then the following tables give all even

hyperbolic 2-elementary lattices admitting a primitive embedding in Lxs (see [6] Sec.1, part 12°).

rank S =1
§ S T
1]0] Ai(-1) | UP2@ ED? @ Ay

rank S = 2
al|d S T
00 U U®? @ B$?
20 U(2) UaU(?2) @ EY?
21| Ai(-) @A | Ai(-1)9% g E?

rank S = 3
al|d S T

U A U®2 ¢ Es @ Er

311|U2)®A |UdUQ2)® EsD Er

rank S = 4
) S T
21| UsAY? U®? @ E9*
111|U2eAP? | UeU@2) @ EY?
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rank S =5
al|d S T
3[1] UeAP? U® A (-1) @ EP?
5011U2 @AY | UQR) e A(-1) @ EP?
rank S = 6
al|d S T
210 U® Dy U®2€BE8@D4
40| U2)@®Ds | U222 Es® Dy
411 UeAP* | A4(-1)®2eEY?
6|1 U2eAP| U@Q®2eEP?
rank S =7
ald S T
3|1|UeDss Ay U®2 @ BE; @ Dy
501 UeAP® U2 @ Eg @ AY®
71| U@eAY® |[UsU@R) ®Es® AY®
rank S = 8
al|d S T
2011 A1(71)€BE7 U@QEBE,SGBAEBQ
41| U@Di@AY? | U U2) @ Es ® AP?
61 Ua AP° U(2)® @ Eg @ AY?
81| U2eAP | U@)®2e D @ AP?
rank S =9
al|d S T
1)1 U® E; U®2 ¢ Es ® Ay
311 U2)® Er UaU2)® Es® Ay
501 U2@eDiaAY? | U2 DI oA
71 U AY” UaU(2) & DY* @ Ay
91 U@2) e APT U®2 @ Fg(2) ® Ay
rank S = 10
a |d S T
010 U Es U®2 ¢ Eg
2|0 U(2) ® Eg UpU(2) @ Es
2 1] Ai(-1)®A1@Es |UPAI(-1)D AL & Eg
4]0 U@ DY? U®? ¢ DP?
4 1| A(-)0E0AY? | UoUQ)®E® A
6|0 U(2) & DY? UaU(2) @ DJ?
6 |1 U® Dy AP? U2)®2 @ E; ® Ay
810 U ® Es(2) U®? @ Fg(2)
8 |1 UoAP® U2 AP®
10 | 0 U(2) ® Es(2) UaU_2) @ Es(2)
101 U2) e AP® UaU@2) o AP®
rank S = 11
a |0 S T
1)1 U®Es® Ay U%2 ¢ Ey
311 U(2) ® FEs ® Ax U U(2) & Er
51| veDY?eA U® A1(-1) @ DY?
71| U2 @D oA | U?2) ®A(-1) @ DY?
9 | 1| UdEs(2)®A Us Ai(-1) & Es(2)
11]1|UQ) ®Es(2) e A

U(2) @ A1(-1) © Es(2)
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rank S = 12
a |0 S T
2 1 Ud Es @ AY? U® A (-1)® Er
41| U2Q@Es®AY? |UQ) @ A1(-1)® Er
6 1] UsDP @AY A1 (-1)%2 ¢ DP?
8 | 1| U2 @®Dy? @AP? U(2)%? @ DP?
101 UsEs(2)aAP? | A(—1)®2 ¢ E5(2)
rank S = 13
al|d S T
3|1 UeEBsaAP? U®2 @Dy A
501 U2)@Es®AY? |UoU@2) @ Dsd Ay
71| UeDP?eAP? A1(-1)®2 @ DY?
91U @D eAP? U(2)%2? @ DJ?
rank S = 14
al|d S T
210 U@ Es® Dy U%2g D,
4]0 URQ@Es®dDs | UsU((2)® Dy
41| UsEs@AP* U®? g AP
6|0 UaDP? U(2)%2 ¢ Dy
6|1 UeDY*aAY! |[UaU(2) @AY
s11|U@aeDP?a AP | U@2)®2g AT?
rank S = 15
al|d S T
3|1 UsEs@Dsi®A | USRgAP?
501 UsEsaAY® |UaU@ oAP?
71| UeDP oA U@2)®2 g AP
rank S = 16
ald S T
21| U@E U®? g AP?

41 UQeEP? [UeU@2) e AP?
6|1 |UdEs®AYY | U220 AP?
rank S = 17

al|d S T
1)1 U@ Es® Er U®2 @ Ay
311 U(Q)@Eg@E7 UEBU(2)@A1
501 UQeE aA | U2 A
rank S = 18
al|d S T
010 Ue ES? U®?
2]0 U@2) @ EP? UaU?2)
2|1 Ai(-)@ A @EY? [ U Ai(-1) @Ay
410 U@ Es ® D? U(2)®?
411 U(Q)@ES@E7®A1 A1(71)€B2 @A?Q
rank S = 19
al|d S T
11| UoES @A U® A(-1)
3/1|UQ @B A |UQ2) @ AI(-])

— 5 —
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rank S = 20
5 S T
1|1 | U ES? 0 AP? | Ay(-1)®2

Table 1: 2-elementary lattices

Remark 3.3 If X is a K3 surface with a non-symplectic involution ¢ then S is the invariant

sublattice of H2(X,Z) with respect to the t-action.

[1]

[9]
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Abstract

We measured static light scattering on aqueous NaCl solutions of 1-tetradecylpyridinium
chloride (TPC) and 1-hexadecylpyridinium chloride (CPC) at 25°C and investigated the
dependence of their micelle molecular weight on NaCl concentration. As a result, it was
shown that TPC and CPC micelles undergo the salt-induced shape transition from the
loosely packed spherical micelle to the normal spherical micelle at 0.015 x 1073 mol dm~3
and 0.0034 x 1072 moldm™3 NaCl, respectively. This observation is consistent with our
previous result on 1-dodecylpyridinium chloride (DPC)-NaCl system, in which DPC micelle
underwent the salt-induced shape transition at 0.05moldm~3 NaCl. The phenomena that
the spherical micelle molecular weight does not depend on the added salt concentration, as
reported for CPC-NaCl system at 30°C and for 1-dodecylpyridinium bromide (DPB)-NaCl
system at 25°C, was not observed.

Keywords: alkylpyridinium halide surfactant; salt-induced shape transition; loosely packed

spherical micelle; constant size spherical micelle

1 Introduction

Most ionic surfactants having an alkyl chain longer than the decyl one can form rodlike micelles

in aqueous salt solutions, when the simple salt with a common counterion is added to a concen-

tration exceeding a certain threshold [1]. We have previously observed that 1-dodecylpridinium

chloride (DPC) [2] and bromide (DPB) [3] form spherical micelles alone even in a saturated so-

lution of the corresponding sodium halide, whereas 1-dodecylpyridinium iodide (DPI) forms rod-

like micelles above 0.007 mol dm~=3 Nal[4]. DPC forms the normal spherical micelles above

— 7 —
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0.05moldm~3 NaCl, but only the loosely packed spherical micelles at the lower NaCl concentra-
tions [2]. Consequently, DPC micelle undergoes the salt-induced shape transition from the loosely
packed spherical micelle to the normal spherical micelle at 0.05moldm =3 NaCl. DPB forms the
normal spherical micelles below 0.30 moldm~ NaBr, but the special spherical micelles having a
constant aggregation number of 70.7 at NaBr concentrations from 0.30 to 6.00 mol dm~2 [3]. Such
phenomena that aggregation number of spherical micelles does not depend on salt concentration
was reported by Anacker [5] for 1-hexadecylpyridinium chloride, which is popular by the trivial
name of 1-cethylpyridinium chloride (CPC), in aqueous NaCl solutions at 30°C.

In this study, we measured static light scattering on aqueous NaCl solutions of 1-
tetradecylpyridinium chloride (TPC) and CPC at 25°C and investigated the dependence of their
micelle molecular weight on NaCl concentration in order to confirm whether these surfactant mi-
celles undergo some salt-induced shape transition and whether these surfactants form the loosely

packed spherical micelles or the special spherical micelles with a constant aggregation number.
2 Experimental

Materials. 1-Tetradecylpyridinium chloride (TPC) was synthesized from 1-chlorotetradecane
and pyridine. 1-Chlorotetradecane was obtained from Merck Co., Inc. and distilled in vacuo. Pyri-
dine purchased from Nacalai Tesque, Inc. was dried over molecular sieve 3A. A mixture of freshly
distilled 1-chlorotetradecane (130.2 ¢, 0.56 mol) and dry pyridine (132.3 g, 1.67 mol) was refluxed
at 120°C for 8h. After the mixture was cooled in an ice-water bath, the precipitates obtained
were recrystallized four times from acetone-ethanol (25 : 1 v/v) mixture (77% yield).

1-Hexadecylpyridinium chloride (CPC) was obtained from Nacali Tesque, Inc. and recrystallized
three times from acetone-ethanol (70 : 1 v/v) mixture.

The surface tension of aqueous solutions of the TPC and CPC samples did not show any min-

imum around their critical micelle concentrations (cmc), 4.16 and 1.02 x 1072 mol dm ™3, respec-
tively, as shown in Fig. 1. This value of cmc of CPC is in good agreement with the literature value
of 0.9 x 1072 mol dm =3 [6].
Apparatus. Light scattering was measured at 488 nm on a Laser Light Scattering Photometer
DLS-700 with a 6-mW argon ion laser, manufactured by Otsuka Denshi Co., Inc., Japan. The
incident light was vertically polarized, and both vertical and horizontal components of the scat-
tered light were collected. The photometer was calibrated with purified benzene, as previously
described [3]. The temperature was regulated to 25 £+ 0.2°C, by circulating water of constant
temperature from a Julabo F10-VC Thermostat. Solutions and solvents for light scattering mea-
surements were filtered four or five times through a Millipore filter with a 0.10 or 0.22-pm pore
size.

The specific refractive index increment was also measured at 488 nm and 25°C on a Differential
Refractometer RM-102 with a 50-W iodine lamp, manufactured by Otsuka Denshi Co., Inc. Its
calibration method was also described previously [3].

The refractive index of aqueous NaCl solutions at 488 nm and 25°C was calculated from tabu-

lated values at other wavelengths [7] with the method described previously [3].
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70F o -

65 4 3 2
log {C/ (mol dm )}

Fig.1 Relationship between surface tension, v, and logarithm of concentration, C', for aqueous solutions
of TPC (O) and CPC (O) at 25°C.

3 Results and Discussion

Excess reduced scattering intensities, Rgg — Rgo?, of aqueous NaCl solutions of TPC and CPC
are shown in Fig. 2 and 3, respectively, as a function of surfactant concentration, ¢ (gcm=2) at var-
ious NaCl concentrations, C's (moldm~3). Above the critical micelle concentration, cg (gcm™=32),
they suddenly increase with increasing surfactant concentration.

The critical micelle concentrations, Cy (moldm~3), of TPC and CPC decrease with increasing

—

(Rop — Rog) / (107* em™")

c/ (1072 g cm73)

Fig.2 Excess reduced intensity of scattered light from aqueous NaCl solutions of TPC. C's/(moldm™3):
O, 0; @, 0.005; A, 0.010; A, 0.015; O, 0.050; W, 0.100; <, 0.500; ¢, 1.00; ©, 1.50; x, 2.00; +,
2.60.
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T T T

(Roo — Rog”) / (10 em™)

¢/ (1072 gem™)

Fig.3 Excess reduced intensity of scattered light from aqueous NaCl solutions of CPC. C's/(mol dm™3):
O, 0; @, 0.0010; A, 0.0025; A, 0.0050; O, 0.0100; M, 0.0500; <, 0.100; ¢, 0.250.

Table 1 Critical micelle concentration, specific refractive index increment, and optical constant of aque-

ous NaCl solution of TPC and refractive index of solvent.

os/ . o/ Cof (07/0¢)cs K/
(moldm™3) (107*gem™®) (102 moldm™®) /(cm®g™') (107" molcm? g~?)

0 1.3367 1.10 3.52 0.1828 6.904
0.005 1.3367 0.75 2.40 0.1800 6.691
0.010 1.3368 0.70 2.24 0.1827 6.898
0.015 1.3368 0.56 1.80 0.1814 6.794
0.050 1.3372 0.40 1.28 0.1824 6.880
0.100 1.3377 0.31 0.99 0.1823 6.874
0.500 1.3418 0.13 0.42 0.1808 6.805
1.00 1.3467 0.10 0.32 0.1751 6.425
1.50 1.3514 0.09 0.29 0.1722 6.258
2.00 1.3561 0.09 0.29 0.1670 5.924
2.60 1.3616 0.07 0.22 0.1571 5.286

NaCl concentrations, as given in Tables 1 and 2, respectively. They follow the Corrin-Harkins

equations:

log {Co/ (moldm™*)} = —0.4091og { (Co + Cs) / (moldm ™)} — 3.453 (1)
for TPC and

log {Co/ (moldm™*)} = —0.468log { (Co + Cs) / (moldm™?) } — 4.367 (2)

for CPC, as shown in Fig. 4. This figure includes Anacker’s data for CPC-NaCl system at 30°C,
which are somewhat smaller than our data because of different measurement temperature.

Figs. 5 and 6 show Debye plots for micellar solutions of TPC and CPC, respectively. They give
straight lines with positive slopes except below 0.015 x 1073 moldm 3 NaCl for TPC and below

— 10 —
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Table 2 Critical micelle concentration, specific refractive index increment, and optical constant of aque-

ous NaCl solution of CPC and refractive index of solvent.

Cs/ o co/ Co/ (01/9c)cs K/
(moldm™?) (1073gcm™3)  (10"* moldm™?) /(cm3g_1) (10" mol cm? g~ ?)
0 1.3367 0.37 10.9 0.1853 7.092
0.0010 1.3367 0.28 8.24 0.1845 7.034
0.0025 1.3367 0.22 6.47 0.1832 6.931
0.0050 1.3367 0.16 4.71 0.1835 6.954
0.0100 1.3368 0.12 3.53 0.1851 7.080
0.0500 1.3372 0.06 1.77 0.1842 7.016
0.100 1.3377 0.04 1.12 0.1830 6.924
0.250 1.3392 0.03 0.88 0.1835 6.980
_2 T T T T T T T
=
< -3r .
S
£
S
n
R - |
"
_ L . L . I . I
>3 ) .| 0

log {(Cy + Cs) / (mol dm™)}

Fig.4 The Corrin-Harkins plots for TPC (O) and CPC (O) micelles in aqueous NaCl solutions. Anacker’s
data [5] for CPC in aqueous NaCl solutions are also plotted (H).

0.010 x 1073 moldm~3 NaCl for CPC. At the lower NaCl concentrations, the reduced intensity
increases with increasing surfactant concentration, but the rate of its increase gradually decreases.
Such behavior was observed on light scattering from aqueous solutions of some other ionic surfac-
tants [3, 4, 8]. It has been attributed to changes in the degree of counterion binding [8, 9].
The linear relationship between reduced intensity and surfactant concentration follows the equa-
tion
mzﬂz—FQB(c—co) 3)
where M is the micelle molecular weight and B is the second virial coefficient. The optical constant,

K, for the vertically polarized incident light is given by

AR (0n/dc)?
o AR oR/007, "
NaM*
where N is Avogadro constant, A the wavelength of the incident light, 7y the refractive index of
the solvent, and (9n/0c), the specific refractive index increment of solution. At the lower NaCl

concentrations, although the Debye plot is not linear, its adequate extrapolation to the infinite
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6

K(c — co)/(Rgg — Roo’) / (10 mol g ")

(c—cp)/ (1 072 g cm73)

Fig.5 Debye plots for aqueous NaCl solutions of TPC. Cs/(moldm™3): O, 0; @, 0.005; A, 0.010; A,
0.015: OJ, 0.050; W, 0.100; <, 0.500; #, 1.00; O, 1.50; x, 2.00; +, 2.60.

N

[\

K(c — co)/(Rop — Rog) / (107 mol g™

o1 2 3
(c—cp)/ (107 gem™)
Fig.6 Debye plots for aqueous NaCl solutions of CPC. Cs/(moldm™2): O, 0; @, 0.0010; A, 0.0025; A,
0.0050; [J, 0.0100; W, 0.0500; <, 0.100; 4, 0.250.

dilution of micelle is possible. It has been assumed that the equation (3) would hold in the limit
of zero micelle concentration.

Tables 3 and 4 give values of micelle molecular weight and second virial coefficient, together with
those of micelle aggregation number, m, which calculated by dividing M by surfactant molecular
weight, for TPC and CPC, respectively. The micelle molecular weight and aggregation number
indicate that TPC and CPC micelles are spherical at all NaCl concentrations investigated.

The salt-induced shape transition of ionic micelles is most clearly revealed by plotting the loga-

rithm of micelle molecular weight against the logarithm of ionic strength or counterion concentra-



The Shape Transition of Micelles of 1-Tetradecyl- and 1-Hexadecypyridinium Chlorides in Aqueous NaCl Solutions

Table 3 Molecular weight, aggregation number, and second virial coefficient of TPC micelles in aqueous
NaCl solution.
Cs/(moldm™) M/10* m B/(10®*molcm®g™!)

0 5.53 17.7 33.7

0.005 11.5  36.9 9.60
0.010 14.0  44.7 7.19
0.015 17.5  56.2 4.84
0.050 19.3 618 2.05
0.100 19.6  62.7 1.12
0.500 20.0 64.0 0.39
1.00 21.8  69.8 0.32
1.50 252 80.7 0.24
2.00 21.6 694 0.33
2.60 224 T1.7 0.27

Table 4 Molecular weight, aggregation number, and second virial coefficient of CPC micelles in aqueous
NaCl solution.
Cs/(moldm™®) M/10* m B/(10"*molcm®g™)

0 6.67 19.6 67.5
0.0010 121 35.6 26.1
0.0025 19.8  58.2 17.9
0.0050 25.0 735 9.08
0.0100 28.6 84.1 4.96
0.0500 33.5  98.5 0.99
0.100 34.0 100 0.50
0.250 35.6 105 0.31

tion [1]. The ionic strength is given by concentrations of the surfactant monomer and the added
salt, Cy + Cg, because the monomer concentration remains almost constant above cmc. Fig. 7
shows such double logarithmic plot for TPC and CPC micelles in aqueous NaCl solutions. In both
cases of TPC and CPC, the plot consists of two straight lines, expressed by

log M = 0.716log { (Co + Cs) / (moldm ™)} + 5.527 (5)
0 < Cs/ (moddm™?) < 0.015

and

log M = 0.037log {(Co + Cs) / (moldm™>) } + 4.328 (6)
0.015 < Cs/ (mod dm™*) < 2.60

for TPC micelle and

log M = 1.0141log {(Co + Cs) / (moldm™>) } + 6.838 (7)
0 < Cs/ (moddm™?) < 0.0034

and

log M = 0.0891log {(Co + Cs) / (moldm™>) } + 4.620 (8)
0.0034 < Cs/ (mod dm™?) < 0.250
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for CPC micelle. Judging by the aggregation number and the increasing rate of micelle molecular
weight with increasing ionic strength, that is coefficient of log (Cy + Cgs) in equations (5)—(8),
straight lines at the higher NaCl concentrations would correspond to the normal spherical micelle.
Because aggregation number of micelles expressed by straight lines at the lower NaCl concen-
trations is too small to form the normal spherical micelle, these micelles would be the loosely
packed spherical micelle like DPC micelle at the lower NaCl concentrations [2]. Fig. 7 also includes
Anacker’s data of CPC micelles in aqueous NaCl solutions at 30°C, based on which he concluded
that the size of CPC micelles does not depend on NaCl concentration [5]. But his data also shows
the same dependence of micelle molecular weight on ionic strength. The spherical micelle having
constant molecular weight observed for DPB at the higher NaBr concentrations [3] is not detected
for TPC and CPC micelles.

We thank Dr. Toyoko Imae for the use of a light scattering instrument.

log M
o

S T

log {(Cy+ Cs) / (mol dm )}

Fig. 7 The double logarithmic plots of molecular weight against ionic strength for TPC (O) and CPC
(O) micelles in aqueous NaCl solutions. Anacker’s data [5] for CPC in aqueous NaCl solutions

are also plotted (H).
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Abstract
The chemical composition of a hot spring water and a river water dissolving hydrothermal
water obtained at Hakone volcano Japan were investigated using a statistical method called
principal component analysis (PCA) to clarify the relationship with seismic activity. The

PCA results revealed that: 85% of the temporal change in the chemical composition of the
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river water was explained by the first principal component (PC1-r) and the second principal
component (PC2-r). The PCl-r was interpreted as the dilution of hydrothermal water by
surface water. The PC2-r was interpreted as the chemical fractionation in the hydrothermal
reservoir. 76% of the temporal changes in the chemical composition of the hot spring water
were explained by the first principal component (PC1-h) and the second principal component
(PC2-h). The PC1-h was presumed to be related to the hot spring water formation process.
The hot spring water is a shallow groundwater heated by steam, and the eigenvector of Cl~
and other components had opposite direction in the PC1-h. Therefore, the C1~/SO4%~ ratio
can be used as a proxy for the score of the PC1-h. Actually, the C1~/SO42~ ratio showed
a good correlation with the number of earthquakes. Continued observation and evaluation
through PCA are expected to contribute to the prediction of phreatic eruption.

Keywords: Hakone Volcano; Water; Chemical analysis; Principal component analysis
1 # &

KINEK % FRIT 5720, ZhE CEICKINE#EE (1), #RZs) 2], M52 bs & otBkyEn
GHREMNRE LIMENEHINTE /2, HERWEN 28007 — 5 12D WK D3y — R0
DOFFNTIE, FROBTFHRMERE ORZEICHHINTND, 7B TIEY 7Y o tidtic sl %
TED) ST RE S R T 5720, — IR KILERIESSSE L, BHE 2 il s s Bliil S h
B, TD7z, HERYIFR BEINC L) B OJEE LIRS 5 Z EATREE b, — T, KESMEAX
TR~ YIEBEET, I ~YPOEE LT AT REMEAL, BOKBEE V2B EINE. T
KEE Y OIRE LRSS AL, Wk OMENRIUIET 2 &, M) PEE S NUEKICE S, KELHE
KThH, MKETICIHEE % MR M S B IR S B 78, HhERYPERAY 72 8L 721 Tl O W] Fedd: % 4
Wi 2038 LV, BRI, 2014 EOMIBRILNATIE, BEKHETZ 5 KILVEESBII S hCnwizs, 2
WA SN D ENIAKEREKDTA L, SHOBFINEIHEIEI 2 o7z, KEREKOTFHIZ, BAEDOK
BV THRR T REREL 2o TV 5.

KRELEKOEEHTIBHKE) TH Y, BB oESMo—x, wEILFTA (BER) LT
BNs. BOKEY OWAHO—HBITEMAKE L THERICHNS. £ 2 CTRERKENE FHT 5 720 MBkY)
BB TR, KINT ARt K OBIRILABIIIAEZ TH 5. L2 7 70 —F
THIECHAAEE), WHAOZELR SO/l LA b TThbh, KEAEKOTFENETD Z LA %
I3 Barberi et al. (1992) % Ohba et al. (2019) IZ& > TREN TV [3,4].

KL AT A DAL R SN R B H B O TG FEALICAE W LT 5 2 Lig, FARIL (4], =EFEERL 5],
ZUOOmEEREL 6] THE STV, ZRHOMETIE, KIUFTACEEFND Y7 <ICHET 5K
oy, BUKRICHET 215, MkCHERT 200 7% EOENLET LI ENHL2IZRD, 60
HER LB HETE) & OB FEIE SNz, DF ), BUKBE ) OFKMERET 207 RIE, Kl
HEOFIICAHCTH L LRI NIEER L. —HT, BUKBT YoM RET ZRBKOK
SOREREBNC OV IR T 5 TH Y, KIEEB) & ORI S L Tw v, FEiRIL
Tld 2023 FEIKILT 2 DM KNG B DG FL &2 R T2 LA S /2 (7). 22T, 2023 4EICH
WS NFERILO KRR K E G L, TORMEILEZHANLD 2 LT, BB E Y OB &Kl
B L OBRE BT 2 T8 0 A 5 N A W REEATE T & 72 FIRILOKmA Tl A LI AR
WHISNTEDY, ZOELHD S SN2 BKO—EH KM GIIIIK) IREALTRTLTWS.,
COBIKIZBEUKBE ) OWHO—EHTH L EEZLNLOT, KR GIIK) 2HEO/RICIZ 7.
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FRRTRIBAT T 2 721K 3 & DN AR K O HLERILZA RSB S & & KL B RFff

AWFFETIEKIPED IR AR A S T BRI (Fig. 1a) Ttk & BUkE &/ 51K %
MO LRI 72, 2005 DAL R & R 2 e L, BERYIT— 2 2005 L7z, 1557k
RINFT—F 1 L, EESOH (PCA) EIMHENZMETTHEEEMN S 2 2 & TERD O 2 A
72. PCA &Rk & R GJIK) ORERFIT — & @M $ 5 2 & T, MEGE) & Tl OB
FERIIHET S, BUKB 0 OB OZLE KINEBIOMBEAH S22 5 EHff S nbE. 6122
DR KINAT A DBHFER EREST S 2 LI2L D, KEKBKIT S 2 HWERMLAEM 7 KIS B RHE O
FEEEDS I B3 % LIRS NG,

Fig.1 (a) s8Il E (FHICELBIEREOMIERLZHERH)  (b) FEORIGE R (ERICE o #E
Kz f#H). H: Hot Spring Water : BEA{LOIT 225 L T 5iEEK. R : River Water @ Kiif
PO GAIIR)  OKIFIE KA b2t i)

2 BRI - ik

2.1 ARORIHb

AWFFETIE, HABEDOARNNALE S 2iEKILD—2Th 2 HRAILTHE ORI Z 75 72 (Fig. 1a).
T4 ) ¥ TV — b ORALEETICALE T A FENEFKIRO—Th AT L AT 2 ) A (O
F—=v7) TL— MIET HFHRIILAHE S 2 B AT TR O B KILEATER S 7z, F6EiR
MNEZ o KIEEIZE EN[R), HHOBIAKOEEZELAINVT IHEELBELTNE. TOHNVTTIEH
1000m OEFEZFEONHILORBRIZE > THENTBY, ZUTIoRgzidmil - RE L, EoF
SR O EASFAET 5 [9).

HL T 0D B b BEAUG B 25T 56 720 IS A A LIS BOESH PRI SN T b, Shb 0K
FHIEKILAT A L BB EN TS, COFIFITKFMIROKFEIAHL L, Boko—HBIZKEHIR
QIR IZHRAL TS, ARBIZETIE, KR GUIK) % 2023 421 25 2023 45 11 HIZ2FTHE
AL 72, SORMIR GUIK) L35S, Kila B REAER T8 & v aiisK (Fig. 1b)
% 2023 4F 1 H 205 2023 4F 10 AIHF T HERM L 72, BRILL 7R KO 11 m BRI AL
ML, KIWAADPBE SN TS, WiFKFEFHCERORGRFRETIE, ZokLFT2%
2013 4EA S EMIIZIRIL L, ZOLFEMEOZbErE=4 1) > 7 LT &[4, KR Gk o
WaBI o7z KR GIIK) LRI 7ZIREKOBT % 2121 Fig. 2(a), (b) 1277
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e
2.4 '-v.

Fig.2 (a) KR GUJIIZK) ofFREGbL.  (b) BRAKEHO WAOERIE, 15cm)

2.2 JKEBOIRAL - Wik

AR 2 FH T 100mL R Y 70 E L PRI 2 DERIL 72, KB GAJIZK) (3B 250 mL
DRV 2 DRI 72, 2o OKBEE ORI K Blv o9 — %20l 2 78 EX 72 ¥ VIREEE
(Yokogawa, TX-10) & HW B TllE L7z, SRILL 72 KR GIIK) &Kz s Ic8ED
BD, 045um ) YV T AN I —ILk o TENENABL L. Bl L723HO B, Si, Mg Fe,
Al, Ca, Mn, Na, K Oi#FElE Microwave plasma atomic emission spectrometer (MP-AES 4210:
Agilent Technologies, Inc.) # W TER SN, INOHDOTLEDRET ERT 57O DOBHEERLE L
T XSTC-22 (SPEX CertiPrep Inc.) Z i L7z, #Fo Cl-, SO42~ 3+ 7u~x b7 74—
(ICS-900 : Thermo Scientific) # W TER SN2, INOHDOEA F VigEEERT 5720 ORER
e LTEA 4 ViRAEIERIV (Kanto Chemical Co., Inc.) ZH L7z, KE - BBELERMALLIZ
X CF A )Y 78 RHE (PICARROL2140-) THHF S 7z, pH ZH— % 7 LK pH X —
% — D-71 (Horiba Scientfic) % FH\v» CTHllE S 7z,

23 AR OTFE

SEEMIZHOLBEET 2 REDOT - ORBEEN L, MEGTL20D0FETHY, ity
T = ST ORI T 5. SERMBITOEZ BIIZERN & FINIRB E NG, EHIET— 5 % Bl
L CHBEES L, BMRT— 5 OSKNHELILET 2720 SN L. —77, FHlIZHEIZ
FMEATH 2T TR, T=2 I LTHD 72 WERRLBBORE IR L LTUT, 2oTFHllIZEHES
TOEREREL, FHGOKNMOLTFMELT T FETHL. KR TEEEMRITEFATT 5720
W27ar 7 Iy R R0] A LA ERS 4T (Principal Component Analysis: PCA) 3%
BEfHTO—>Td Y, Karl Pearson 12 & o TIRIE S 7z [11]. PCA (ZTCOZEEH OAHEIMEE 2 HE 2
B72012, EEEH L V—EOMAHE A (B85 CERTL2FETHL. COFEICLD, TO
EROERE TEDLEHREELOD, BOLZRITOT =5 005 /A AL WERRIFH AW ) B 2 & T
T8 OBREDEH N B, FRGT A HTE T OAHBI B4R % K9 AHBIATE & VTR L o2 H
EDOREEIRL, T — % OEFE ORI % I $ 2 DI,

PCA 3% ¥ T WVH OB R B o 72 K5 & RIR T 720 1AM R A Btk Th 5. ZOFHE
WD ZETEHRTICDIZHT = P OEREEN L, 75 ORHE RS 57200 FR A%
i, F2LRIET— 5 OEREENT 2 2 L0 TE S, MER LT — 7 ICIZ BRI 22 TER O S
5= VR DY T VOHRTHRIN SN D VIO 7 ) — TPl EEETN T LEEDS W [12]. #iEkL
FT— Y OWRKemh DRHEREOTTEOMB Y — 2@ T52LICL), ZNHONY = PLED X
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L THELZD, TOBERICHLERNRL T O A% HRmT A2 LA TE 5 [13]. PCA IHEEOtHEM
DN G — v R FETAHEIIDVDH Y, L OV TIVTb 7 WELFT— & OGHIZ#E LT 5 [13].
— RN BRI 24T ) BT — & R I LT 2 LB H 5. RBFZE T, KR Gk &R
RIKDEATIRE (mg/L) 1I22oWT, % 0, BiEFEEY 1 L3 5L IT 572 Elfb s hie
T IOV THBTHIOEAHE L BA N7 MVvERD . BART MVBERGOFERL, B
EEZDERFOFSGHRELRT. 7077 I 7FFER T, BEEEILIC scale A% % AV, prcomp B
Boak VT ERS ZRD.

3w R

3.1 ik, pH, “efifkll, CHRBRE

FRICL 72 KR GATIK) &gk oMEE, pH, 7 =4 ViR, JjohikE, WERMKLZ, Zh
M, Table 1, 2R L7z REKD B OBREIIETERERRLT 25720 T Table 2 IR ENT W
R,

KIBIR G &iRARD Clm, S042~, HT REORMZ(LL EAEomERN KL Licehzn
Fig. 3, 4 \Z7R L7z, KR GUJIIK) SiRRKEZ BT 2L, MELOMETHLZ LIFHBEL TS
A, Clm g KR E (8RS, KR GIIK) o Cl™ iR L 140~290 mg/L OFPHIZH 1), RIREK
O Cl~ R 0.7~8.4mg/L £ ) b HFICE . KR GUIIK) o Cl- & SO,%~ T4
Wl UCZE LTz, KR GUIDK) o HY g, 1 25 4 HIZ»TEA L, Zo%%wE L
7z, Rk HY & SO42~ BB &MM 28 U T2 b b e o7z, ZAUSK L Ol R, 1 A2
55 BT THEML, 20%6 A5 5 8 BIZAT T, BN 10 B2 CHmL 7.

Cl=/80,% o2 b % Fig. 5 1R L7z, KR GUIIK) OHIZZE L TW7zhs, gk olt
X2 A6 5 BICHF T L 72, 8 RIS CTRA L7z, 20, 10 BICmiFcimL 7. FRl
OWERFUL, 4 A5 6 BT TEL, ZOBRLBWA L, BU 10 A2 S8R ITr T L 7.
IiRKD Cl~ /SO,2~ WO ZALIIHE BB OZALE TR L TV b LX) IR 5.

Table1 JKiBIR GRIK) OIRE, BRE, ZERMAL

IMH  #RECC)  pH CI(mgL) SO~ (mgL) 3" Oguow(%0) 8D gow(%o)

2023/1/13 17.5 2.20 234 2012 -4.51 -37.82
2023/2/14 17.2 2.30 289 2538 -4.25 -36.04
2023/4/21 23.0 276 184 1844 -4.70 -37.07
2023/526  22.6 2.80 147 1795 -4.94 -37.49
2023/6/19  21.9 2.81 140 1657 -5.35 -39.16
2023/7/14  23.7 2.64 182 1784 -4.96 -38.09
2023/8/8 26.7 2.61 257 2404 -4.48 -37.08
2023/9/15  26.7 274 179 1881 -4.93 -39.13
2023/10/6  23.2 2.90 170 1848 -4.88 -37.86
2023/11/7 211 2.50 217 2461 -4.09 -29.69
PORH  Bmgl) SimgL) Mg(mgll) Cumgll)  Fe(mg/L) Allmg/L) Ca(mgl) Mn(mgl) Na(mgl) K(mglL)
2023/1/13 2.14 109 109 - 22.1 26.5 313 4.42 95.8 8.89
20232/14  2.72 114 116 - 47.0 54.9 316 4.72 98.9 8.86
2023/4/21 1.82 113 108 - 15.1 393 322 4.70 95.6 8.73
2023/5/26 1.56 106 98.8 - 16.3 339 300 4.17 87.8 771
2023/6/19 1.44 101 87.3 - 135 33.1 275 3.67 79.9 6.81
2023/7/14 1.79 102 91.2 - 11.7 31.0 277 4.01 110 8.22
2023/8/8 2.11 120 115 - 321 50.1 321 4.75 99.5 9.40
2023/9/15 1.66 109 96.5 - 17.8 41.2 304 3.98 89.7 8.02
2023/10/6 1.64 108 95.7 - 234 443 303 4.21 91.5 7.84
2023/11/7 1.76 95.7 92.9 0.18 54.1 100 327 4.81 75.1 7.15
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Table2 RAKDWE, WoRE, ZERAMAL

FIH  RECC)  pH  Cl(mgL) SO.”(mgL) 3" Oguow(%) 3D svow(%o)
2023/1/13 91.1 2.17 0.7 1484 5.36 -15.02
2023/2/14 93.0 1.87 2.0 4926 1.90 -21.78
2023/4/21 96.9 231 29 2134 4.83 -14.20
2023/5/26 90.2 2.00 8.4 3428 6.18 -12.15
2023/6/19 91.5 2.19 6.2 2991 3.96 -17.37
2023/7/14 89.0 2.01 3.0 2873 3.95 -17.63
2023/8/8 88.3 1.81 1.8 5869 2.16 -23.14
2023/9/15 90.3 2.20 4.8 4872 3.39 -18.84
2023/10/6 92.7 2.14 8.2 2227 2.51 -21.38
BaH Simg/L) Mg(mgl) Cu(mgll) Fe(mgL) Al(mg/L) Ca(mg/L) Mn(mgL) Na(mgll) K(mgL)
2023/1/13 110 6.69 0.48 47.2 56.6 8.08 0.27 3.02 0.37
2023/2/14 126 22.9 0.55 219 311 432 1.07 9.21 1.05
2023/4/21 134 10.1 - 23.6 95.3 16.8 0.49 5.36 0.41
2023/5/26 130 13.4 0.80 97.9 160 21.2 0.59 6.55 0.67
2023/6/19 113 12.4 - 82.9 154 20.6 0.52 6.46 0.54
2023/7/14 127 10.7 0.15 56.0 111 13.5 0.41 6.03 0.67
2023/8/8 134 29.3 0.33 182 330 31.2 1.08 13.2 2.09
2023/9/15 129 8.73 0.31 19.0 61.7 11.9 0.42 5.00 0.49
2023/10/6 127 8.22 0.13 57.7 58.9 11.3 0.42 5.17 0.61
4.0 2.50
35 .
30 4 —8— [0H F 2.00 <
*I . —8®— Log,,(Cl", ppm) g
=——Log:0(SO.*", ppm) o
S 2.5 ~ Lo:m(Numl)elx I(Jf Earthquakes) 'f:
~ o——/‘W L 1505
2.0 =
@) 5]
15 3
o o - 1.002
= 1.0 4 =
0 Z
3 =
— 0.5 1 L 0.50 &
0.0 —
-0.5 ! : : . : . r . . , 0.00
> > o S o A A
M AR R S R I R PO SN
I, e T
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3.5 /\/R_’__/\\ _
%]
~ 30 —a— 10 L 2.00%
T —®— Log,o(Cl", ppm) g
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KGR,

B2y

KRR GIAR) & imt K DK - B e A

L% Fig. 8 127" T, Fig. 8 (2B 2 HMRIE L O R KA 6D = 85180 + 17, FRILH T AROIER

LRI (6D = —51, 8180 = —8.5), FEARA
Matsuo et al. (1985) |2 & o TR b7z [14].
Giggenbach (1992) 12 & > TR S 7z [15]). K
BroRFERMAL Mo A & gL T RS L7
LTBY, 5 HOmRAKD RS ZIEH~ 7 ~<KIC
KR GHIIK) OTEHIREDORERZIL % Fig.
7z.

INODMREEIZ2 A5 4 B2 THMmL 721,

BISWFAKFRAELL (6D = —61.7, 6180 = —9.9) I

F 72, RIWEHE~ 7~ RIHEEE 7 FAARRL O #ipH %

TR GAIR) 3R RARRE CICAE L, 11 H oK

IR ARIE RIS Z A B ~ 7~ KIS ET I AL
PUNYRY: 7N VAT B

9IZRT. Fe & Al OEEEITARM L 7-BEI 2 L2 7" L

7THIZEG T Lz, F0tk 8 Bk /2

3D grow(%o)

Rk

KR GRIK)

Local Meteolic Line : Matsuo et al.(1985)

Andestic Water : Giggenbach(1992)

Meteolic Water in Hakone Owakudani : Matsuo et al.(1985)

Representative Ground Water in Hakone : Matsuo et al.(1985)
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Fig. 10 RREKD I F A ViREORERZAL. (a) Si, Mg, Fe, Al, Ca, Na (b) Cu, Mn, K

A9 HIHA L, BO10 H2 5 11 BIZEmL 72, RIS, RKDOICHRIEEORKZ/L% Fig. 10 1258
L7z. 23 & 8 HIZ Mg, Fe, Al, Ca, Na, Mn, KgEA WML CHEMLA. UKL, Si DRk
T ZE LT e,

3.2 HHBIRREL

TR GATJIZK) OUREE, B, e R AR OMBIREIE 71 7 3 v 7538 R (http:/ /cran.r-
project.org/) & H\»TRe 7z, Table 3 (2K (AJIIAK) OMBEREEZ RS, Table 3 THEIZIRL
72fiE1x 0.7 LLE 0.8 Rili O IEDOMB 2R L, TR LML 0.8 U EOEDOMEI%E R . Table 3 (2
RoN2H#E LT, BVWHBEZRIMBIEETETHLIEPEToNE. /2, AOHENL L,
11 OB S NS, ZOH TR M EAKE 2 A OB Na-Al D —0.51 TH - 7z.

Table 3 I2BWTC, 10HT X Cl- LEWHIEDLSH 572, F72, 10HT (ZEERZEFRMAE L BIZHBEDS
bHotz. CI7 1 SO42~ LMBLEEFMAE, B LmWHMDSH 572, Cl™ 12 Mg & Fe, Mn &AHBIDS

Table3 KiBIR GUJIIK) OBITHRE - 2 FAL AR O AHBIfR %

104" cr SO 8;50smow 8Dsvow B Si Mg Fe Al Ca Mn Na K
105+ 1.00 0.64 0.70 0.34 0.79 0.14 0.55 0.53 0.19 041 0.50 0.21 0.46
cr 1.00 03 [ os: 0.79 0.71 0.35 0.63 0.75 034 0.69
SO 1.00 0.68 0.75 0.30 -0.01 0.40
3150 sniow 1.00 0.78 0.70 0.20 0.00 0.42
5D svow 1.00 0.18 -0.37 044 019
B 1.00 0.58 0.47 0.72
Si 1.00 - 0.54 -
Mg 1.00 033 -0.04 0.66 0.72 0.44
Fe 100 OEEN o067 0.72 029 007
Al 1.00 0.58 0.59 051 025
Ca 100 OSEN o014 046
Mn 1.00 0.09 0.56
Na 1.00 0.75
K 1.00
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Holz. SO.2 BBFTLEFRMAKE Fe, Mn & EWHIEAH 572, SO42 1B & Al Ca MBS
otz BRFLRERMAIL Fe & Ca, Mn &mWAHED S o 72, BRFERE FNAR I KT ER AL
B, Al LHIBEDH - 7. KFLERMAEIEL Fe & Al L EWHBEARSH -7z B id Mg & EWHEDZS -
7. BIEK EHEDRH 572 Sild Mg & K EEWHERSH 72, Mgld K EmWHE»H - 72, Mg
& Mn LHHED D o7z, Fe ld Al L BV HBERH 572, Fe ik Mn EHBESH o7z, Ca ld Mn & &
HHEAH - 72, Nalx K LMz D - 72,

MK DIEE, BT E, AL OMBMREIE 70 7 Z I > 755 TR (http://cran.r-
project.org/) 12 & V3K 7z, Table 4 2R AK DR IE, e R AL OMBEREERL 7.
Table 4 THMIZ/R LML 0.7 DLE 0.8 KimOEOMME AR L, HRETRLAZMEE 0.8 L EDOIEDOH
BEZR LK TH L. KW QK OWaE LR, mOeMHBERROF7I3ETETHo72. L
L, 2T 29 OEOMBEN D 72, KERAMMAEIIE, BREMAL, B+, Ca 2T
TORG L BOMBEER L. BRRERMAELIE, KERMAEL, B A 42, Cu 2B T_XTORK
BB ERL7.

Table4 KO B iRIE - ZoE R AR LR OB R

0 € SO& 83O0svow 8Dswow  Si Mg cu Fe Al ca Mn Na K
108+ | 100 020 068 047 053 027 [HOSEE o051 DOSONOSEE o72 DSoRcsINeE
cr 100 -014 018 020 01l  -0.31 003  -024 030  -022 025  -021  -029
SO 100 060 060 o045 [JEEGHN o2 oss 075 oo [JEONEEIN o
3150 snmow 100 OSE o023  o0s6 025 055 -051 051 061 059  -0.58
3D sow 100 017 <0358 019 055 -0.51 045 059 061  -0.65
si 100 039 004 014 029 027 041 047 043
Mg 100 025
Cu 100 04 031 032 029 014 0.8
Fe 1.00 0.77
Al
Ca
Mn
Na
K 1.00

Table 4 |28 T, 10H' (2 Mg & Fe, Al, Mn, Na, K X EWHE2H -7z, 10HT X Ca &AM
BdHotz. Clm EMBEERLIESE o7 Cl- EibHBOEVESIE Mg TH Y, MR
it —0.31 72572, SO42~ 12 Mg & Mn, Na EEWHBEDH -7, SO2 1Z AL & K LD H - 72
BT MR IR TR LB MR & DRE B S o 7. KFLEFNAEILZE DM & (ZAHB A
Ronzirorz., Si L MBIER LM R o72 Si L b HBIOB VST IE SO ThH Y, HIR
25013 0.48 72572, Mg i Fe & Al, Ca, Mn, Na, K & BV H -7z, Cu LHRAZR LK
7 ro7z. Cu L bMHBOEVESIE 10HT Th h, MHEIREUZE 0.51 72572, Fe i Al & Ca,
Mn, Na &EEWHBESH o7z, Fe ld K EHENH 72, AliL Ca & Mn, Na, K L&V H -
7. Cali Mn & Na EEWHELH -7z, Mn it Na & K EEWHERD -7 Na i K & EWHE
o7z

4 % %

Table 1 (27" RMIR GAIJIAK) @ 14 g5 % 52 10 #FHZ PCA %@ L 7. Table 2 |28 3 iR
KD 14 Bor % #5209 #kHZ PCA %25 L7z, PCA H 5RO 724 F WO A E & S HEHRE ST 5
FES OF5F% Table 5 1277 L7z, KB GIJIZK) @ PCA Tk 10 DML L7-7— # IZHD X,
10 OERSHES N DB, 81 ZESH 58 10 EHS % 22N PClr 205 PC10-r & Kl d
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Table5 KB GUJIIZK) OF —F kT 2 ERGOF G2 & RFEF G-

PCl-r  PC2r _ PC3r PCé-r PC5-r
Eigenvalue  7.95 3.94 1.04 0.48 0.42
Contribution o 0.28 0.07 0.03 0.03
ratio
Cumulative
contrbution 057 0.85 0.92 0.96 0.99
ratio

PC6-r PC7-r PC8-r PCO-r PC10-r
Figevalie 010 0.05 0.02 0.01 0.00
Contribution 0.00 0.00 0.00 0.00
ratio
Cumulative
contribution 0.99 1.00 1.00 1.00 1.00

ratio

%. Table 5 12 X 4L PClr & PC2-r T&7— % O 8% % 557280, PClr & PC2-r DA% %
BOMNGET L. PClr, PC2r L HZEHTH 2 EF L OMBBREZ R LA =% KD Fig. 11 12X
RL7z. PClr CIZIEOEZ R L ERIZED 72, Fig. 11 12BWT, BAMEOTFICARYN 2 8%
3%, ETOEZEPFELFT 2RO LICERPRWEI NS, T4bb, T XTOEZICOWTH
HICIZIZBIRRD S 5 2 L% PClr MR LT h . T8I, KR GIK) oFMALE
T2 & AR E IS, Fig. 8 IZB W TR (K OFAARIIGRH KRR EN A7 E
LTBY, KR GIIK) 2BeEMEALEET 2EKEEBCRMELEETL2RKEDREICZED
JERENTWLEZLEZRIEL TS, RIZZO [EVFEMAKILEZAET K] 2AHFERLD SRS E
WiEEETEDIE, KEAF ViEEE Cl, SO.2~, KE - BRELERNMAE, B, Mg, Fe, Al, Ca, Mn,
K OB TRONZIEOME (Table 3) &, [EWFEMALEZATLMIK] & [EVHEMELEET S

(a
) PCl-r

1

0.5 F
-]
|
E 0
2 *

L
0.5 . . - .
* * *
1 * o+ o M *

10H" ClI© 80+ 5:0 gp B Si Mg Fe Al Ca Mn Na K

(b)
PC2-r
1
. 'S
0.5 *
*
g . *
S 0 : +
< *
= * o
05 .
* *

10H" ClI© 80+ 5:0 gp B Si Mg Fe Al Ca Mn Na K

Fig. 11 RiWR Gailik) oEpsrsfieE. (a) PClr (b) PC2r
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K] OREWEOEECL VAR LZEBRTEL, SVIEZ 545, PClr i, &EVBGEELEW
LSRRI 2 T B KPHFK CHMEN %R R LT 5,

Fig. 11 ® PC2-r T, 0.5 YLEDIEDEZRL72DIE Si & Mg, Na, KTH V), —0.5 UTOEDE%Z
R L7-DRKERNAR L Fe, Al TH o7z, —MRICEEEOKINERREKPTER S NEEEICB VT, Al
L Feld, Mg LB BEEZ2RTIEDPMOENT VA, BEKIZETND I FF » OREFIE, Bk
AEOHEERIZLY, EAroMSNhs. Mg Mn % ED A F 4 id—F, BRESUKIZEHEFEL:
Db, Kb b EWnL, WG EHENTWE, —HT, Al Fe e &0 F4+ 1%, BMEEUKkT
TEET 5 SO,%2~ 2 EL TR AAE N, BUKCTORENIMKT T 2 REMHSH 5. Giggenbach
(1974) 12X 2 &, =2 =Y —=F Y FOLT X7 KINOBREK T OLFMS e lgk L7zE 25, ik
LT A Mg & Mo MRIESTH 5 2 L AR ENT [16]. £72, K - it (2007) 12k % &, 46
BN DOIRREK S FRETH ), Mg & Mn DRAFIT TH 5 A REEAVR S 72 [17). TS ORI,
Mg % Mn (2500 SMUAKBERICETHL, BA > e LTHEET AH, BUESECIE kw2 &
DEGE L CHETD S RFES RN &R LTV [17]. Table 1, Table 2 £ 0, ik & KR
GEITZR) (EFEARICERMECH b, KIBIR GAIJIZK) (& E 5 Mg & Mo BRFESTHD EEZ LN
%. Fig. 11IZASNA LI PC2-r AMED Mg SIETH ), Fe & AIPETH 5 Z LIdEMRE
2B LG IMER A REL T L WM H L. ik b7z, Fig. 12 £ 13T, Thzh
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Al & Fe D% Mg O L B L7z, SNOHDOKT, HE 1 OB 7200 SRR L E S 5
T [18] AL BWER % ST TUKICHER L 7255 oM AR L TB Y, & 2 CIE A ERR LI
. Fig. 12,13 T, PC2r THOMEAZ/R L7 Fe & AL IZEAEMRH I D D T HIZHOAL, Fe & Al
Mg lZHE L TRZLTWAEZEDHBIL 72, St Fe & Al P TREEYW & LTl LIk S - hg
MERLTWAS. FRIIOERKIZOWTHFEBOKRIHELN TS (17 KR GJIK) (2B
T, Fe & Alld Mg &£ 24 25884 /R LTHEY, PC2-r \ZFEME MBI 2 L5 EH OB R LT
WBTREMED S 5.

Fig. 14 |12 PCl-r & PC2-r O & WO FHGHM L FHEOFE A7 bve kL, o7 v—7
ST EITo7. PClr Lo B#E L72HIZ2HE 6 HTHY, EAENRZ brvomE k), Si, Na, Al
VAN OTTRIREA 2 FI28hm, 6 I3 2@HmIZHE xR L TwE, PC2r L HE LA
F11 ATH Y, EHERZ Vo E LY, KFZEFRVAE, Fe, Al2#ML, Si, Mg, Na, K 2%
LI DEMICH D Z Do,

Score of PC1-r
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Fig.14 KR GI)llZk) @ PClr - PC2-r /81 71 v k

W2, ERG O DOELEERITI L > THEONZEAOER T AT 2 ERKE IR
(Fig. 15). PCl.r ® A2 7%, 2 A%5 6 AIZf TRALAE, 8 BIC—EIKTL, 9L 10 A
L, 11 AT LA 11 H2BE, PClr DA TIFMERBEFAM L TWDE EIICRZ 5.

Fig. 15 ® PC2-r ®f#EE, ET2ESE5E, 4 A0S 6 HIZhTTo AL, 9 A5 11 A
P TCOLAPHBERNROZLLFHML T L. 2T, PO2r CIELADAMEOMBRLH S Al &
Na HOFHZ L% Fig. 16 (R L7z, 4 APS 6 AT CTRERZILER SN o 72, TANS
11 S TlmA RSz, BRI 11 HIQZa8asmas s L, WEROBN L 72mi e —3 L
72, ToO—3E, BUKOWTIZBEIT LA REHOZIE LTUTO L) ITHRTE 2. #ERHORN
L7z IS B ANESEAL L, KR GAIK) ICIRAT 2 BUKOiE N L 22 iekrd 5. §
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—o—PCl-r
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Fig.16 KR GJIIZK) @ Al/Na torgkZAt

BE, WTFOBIKYF—=NIZBT2BKOMEHEMAMET L, Al OFE% b 7256 3 kW O LA
I D, 2070, WENBOBNLZZFEHIC Al/Na A3 bR 5.

iR 7K D PCA IE Table 2 T/RENZT— ¥ OW, MEEEV: 14 g Z2FE> 9 SEH#EM L7z,
PCA 253K 72 % T O E A & ARTEHRE KT 2 & F T DOF 55 % Table 6 1278 L7z, IRAK
DO PCATIZIDOMINL72T—FIZEDE, 90FERIPELN. DI £ 1 ERS0 565 10 £k
2NN PCl-h 225 PC9-h &£ %53 4. Table 6 |2 L 11 PC1-h & PC2-h T&7— % O 76%
505720, PCl-h & PC2-h #8035 & L7z, PCl-h, PC2-h & {ZHTH 5 EH & OB
frae R L-AMmE TR, EORTHHHLEFS L TwWA2% Fig. 17 1R L7z, PCl-h T 0.5 YL EDOIE
DEZE IR L7z DI3KE - BEREERMVATH Y, —0.5 UTORADEZRLADIX, HT, SO42-, Mg,
Fe, Al, Ca, Mn, Na, K Th o7z, ZoOFEIL, KR GIIAK) @ PCl-r 2R S n 7 F & Wik
B> TWA.

HARKD PC1-h 128 SN2 B, IR KOIEEGERE & BIFR L T 2 i hEMEDS . KIDPER R
KiE, 3207 =4 (ClI7, SO42~, HCO5™) OBATIIC & ) ORHBROBIATHE SIS [19)].
ARIFFECTERILL 72 & 9 M OIIR KT Cl1™ /SO,%™ AMRWIRRE KL, ZZRIMEUK (steam heated
water) EIFIEIL, EWHTKE HoS ICELESAMBAT L5 2 LICE VBRI NE. BLMBKIZZE
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Table 6 R KD T — &% 5 ERTOFGF L AEFLH
PCl-h PC2-h  PC3-h  PC4-h

Eigenvalue 8.94 1.72 1.20 0.83
Contribution ¢4 012 009 006
ratio
Cumulative
contribution 0.64 0.76 0.85 0.91
ratio
PC5-h PC6-h PC7-h PC8-h PC9-h
Eigenvalue 0.57 0.40 0.26 0.09 0.00
Contribution 4 0.03 0.02 0.01 0.00
ratio
Cumulative
contribution 0.95 0.98 0.99 1.00 1.00
ratio
a
@ PC1-h
1
¢ ¢
0.5
on .
g
E 0 1 1 1 1 1 } } } } 1 1 1 1
- *
*
05
. . * N L PSS S S

10H" CI 8O+ gz gp Si Mg Cu Fe Al Ca Mn Na K

b
®) PC2-h
1

05 |
-T1]
% 0 —— — ‘ 2
3 * ¢ * . *

0.5 |

Y *
*

10H" CI- SO+ 5:qg sp S Mg Cu Fe Al Ca Mn Na K

Fig. 17 RFEKOE S EME. (a) PCl-h  (b) PC2-h

RICEIND HoS WRRRZIC L WVBILEN S 720, HikED SO~ &t IR L, BT
Cl=/SO0,2~ lsmv~ 7 <Ak (magmatic vapor water) (£, HCl % SO, % &ts~ 7~ D7
REHTRINREE L TR I NS, ARIFZE TR L 72 KWIR GIJIIK) OMiE~ 7~ iR R K IZ 55
5.
%ﬁmﬁﬁwﬁﬁﬁﬁf BLAE I F A U2 EETRVEREN T+ 2 GO TADIREGT 5.
DFEZITHTFRED D mwﬂmﬁskt%hoom SRR DR 59 5 2 L3RR
HENC EEEIRT D, OB, MTROBESENMETTL20T, 754 OREIIMKTT 2. #T
KEBET HHELNTED DS HCl 2E5H0T, 20 HCl 2L 2R KI2B VT, Cl™ i3k -
BEFEMAILE EOMBEERL, Sik CullitoETorF+ v LADOHE%ZRY (Table 4). Fig. 5
D Cl~/SO4% HIEHBEHATM L2 5, 6, 10 Ao & ZICHmWEAZ/RLTEY) HCl 2 ELELD
FHABHAR LI EZ 605, K2, PC2-h TO0.5 U EDIEDOMEERLA-EHIZRL, 05U TOH
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DIEZE R L72DIEKE - BELZERMAKE Cu THo72. WL OhDREO Cu i ITBRHRALLIT T
Y, PC2-h OFGHRIF 12% LEED L. PC2-h TRO2 - 2485803, BARMZRBIR & 134 O
T2 2 ENHETH 205 Cu lCBRTA2BEE2REL WL LEEZLNS.

Fig. 18 12 PC1-h & PC2-h O &M H O E S HEE L LMBEOEAE X7 P VvEERL, B0/ V-7
ST EITo7:, PCl-h CEELA-AIE2HESATHY, AR bLomE L), Zh6oH T,
HT, SO,%2~, Mg, Fe, Al, Ca, Mn, Na, K OBEEDHIML, KFE - BELEFRNMAKIMET 3 %M
2D Ehghotz. PC2-h EREGELZ-HIZ5 HE 10 ATH Y, BAEZ bLvom&E sy, 5
KR - BRREERMAR S Cu i EN AT 225 D, #1210 BIHME T3 212 Hh 5 2 & 0555
Mo 7z, Fig. 18 TIiX C1~ OFEEHEAI L ON. T4bb, Cu 2B TXTOBEERSO PCl-h
DEHABEIFETHY, Cl- OEAEMZTHFIETH - 7.
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Fig. 18 &R /K® PCl-h - PC2-h /31 7’1 v b

Fig. 19 ICERG DM OEZEBHITIZL > THEONZEHOTERS A a7 2 ERE L L 72
PCl-h (I HEREAHIN L 72 TH D 5 A6 7 H, 10 HICERS AT 7AiM L7z, PCl-h 137
KOBBOMSRELTBY, WEREDHEM L 2RI ERORES ML 2 L MREhE,. —)
T, PC2-h OFERGT AT TIEZRE LIl /R L72AS, FEEMIZ 5 HICEAA /R o7z, PC2-h D FERL
AT IIHERBOZAL L R L T ARWITREED . 202 &1, PC2-h 28E T 25 HKIL
HEPUANDOHRTH LI L EREL TV 5,

HARKIZOWT, BEORR L Cl- L SO4%2~ OliE, PCl-h O A3 7 ORI LW FEEND 5.
FEFBRZ Fig. 5 ISR SN A & 912 Cl7/S042~ B RIF & DOMBIA A S 172, Mannen et al. (2018)
T, 2015 ORI O /NFBLZ IS 2 KIGHIR GATJIK) SRR D Cl™ /SO42~ HASEK 4N
Lz Z2MELTWA[20]. ShHEBETLE, FIRALICBWTRREKD Cl™/S0,% iz kil
B & BRICBIR L TV A IREMEATR . RFFZEOFR M IZ BT Cl™ /S042~ i & W R
OWMOFTAS, 4 HHS 6 HI2hF ColE L 9 A UEOME T, #Mi5%s75 b KIGEI»E 581t
L7zEiEES NS,
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