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&L (KD 1/45 1) L) NTHETH D,
1972 (WEA147) FICEORKRLREWITIRES LT
% (FEEE 1995a). B2 ik iE S Nz AT HE &
BRI XAHBMICIE [HEARORNLA NIRRT
(FlE) Z BT L7z <1 T2 OB o5l FHE >
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3) WS OEENIKM R S OITE R BEOER) &S
HMBETH Y, D I ~2BETR Db (T
1995b).

4) 1H200mm MU EDOKWPHESL L, 1HE
NCAMPEERL, WK TT25 (FE
1995b: 7z72L, 3 BMHFEEEDBHAERIZD &
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Fig. 1 Study area: (a) Okinawa Island, (b) area around the Shiokawa River
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DENELERZZEHHNEL. ZOL) LGE
WK IEIEINE T O /UZImA L, S HIZIZiER &

70 mvA L

X2 W OFEE A = X0 % ST 84T T
UNPEIED (1971) 12X %),
Fig. 2 Conceptual model of spring discharge
at the headwater of the Shiokawa River
proposed by Konishi et al. (1971)
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THbH. AWFETIE, ZOFiho L LTEFEHE
ICERE AT, R OEHESLREML DL %
EREICHYITE 2Bl E e L2 L2 HE
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LEMEME B IR CBEETVEMEL, Bl
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FIHENTEBY, FRISENEOEEDNH L. 2D
Bt LN IR R LR G S L3S
D, EAIICTERAIKCS ICEDILTW .,

REBFES A < 53409 B A A 13 B 207K
JgEoTBY, MRICHEE L 2o Riy, &
DLETCREW AR, FoEEHTHEEEZEL T
LEEha UREIEA 1971). HEAIKE O e
WAL R En, HIbFEt0l) %
RCHE G2 B L T b &R 5.
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($2103.2mm, b T EURBHHIHA TH 5 7k
B LR NLL 226°C TH 5.
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BT JIS K ICED & Wzl R sE (e 2
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y=2.022>56 (1)

ZCC, yIEEHE (m¥s), x 3R E ok
BT BRSPS OKE (m) TH 5.

FRE S L R ) I X B FHEEMEOREHELE,
BF BT DAL RS T  % B
http://www.data.kishou.go.jp/db/tide/genbo/
index.php) & HFE T 3IZ/RT. JEATIFZE CHUE &
T D L) BEIASRT IS L 72 12 By o> 18
BABILED SNT, LY ERNOZE % oo
il LT EmE R LT, FRICHENMET
AN B GEE TH D0, KO HFHE L2 H
TIHFHRIF LR OBIC O TR L -2 5 L
EborEosoh, ZELiESLTHL. DEOH
g, (D) 2 H TR S5 &SNl %8
HEEEMEE LTl IR .

REBIZBIFBERITT A S AT—7I2L g, #
mElar e (11 H 26 H) ‘Fai 8 ke 5% 27 HP
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X3 W OFE s X OIFEEIZBT 2o
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Fig. 3 Temporal variations in the discharge rate
of the Shiokawa River and tidal level at
Naha Port
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WELATOFHERAZ. ¥ 7 TFNIE, TREN
DK L EZHho0RMELED Y v 7 oA
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#r ENTWb (Sugawara 1995). % > 7 O¥ns
L\ T EHGER TR AT A EBLY 5 2 LR L 7
L, FFREIMBELORERSY1IV T, b
W AT 5 2 L2 HIWE LT 4 1278
FT2BY v ETIVERGV. FOBICHEL RS
DIERIME, 3 7% b B EHRBAGRE O W O K 53R
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KELEMEME S LT 1 BBk ET— s 2 AT
L1IMABDYI2L—arzitol. B, |
HDK/NT X —F 3EHRME L BHME L OHBIZ LD
FAATHRETRO L DT, HYEMTHOY I 2L —
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Fig. 4 Schematic illustration of the two-layer tank
model
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Fig. 5 Temporal variation in observed discharge
rate and that simulated by the two-layer
tank model
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T4, 30 OELUREEL ST T KL EH K
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7T~10f51E L TWwa. 726 205, HIOKE
HURAMEKIZE VS DD, Ca” DEH H R RK
EVWZENRDNDL. NSO IITEATIEC X 2
ol LI AR, ML L CIdikE 14~ 15 1%
WML DIZFEL L, A5 FICHML72d DI
U2 &) il UNIED 1971 LBk
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SE VT B 7K & 31T S 3 3K D 7R BRI 1
BBUGRAMTEY, Ca® & HCO3IZHATWVS, /h
P32 (197D 12 L, REEBICBT 2 EHM
AIKESFAIBLOEAK - H T KO KL ML FRERA K
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BEN2 S B, Tk Y, 351 DO M E
WAIKEDERTH 5D, IR T RO KRB
Mg™ D3RR %\ HICHE#AH B b O OWERTIK H
HIEDOARERBNZ 2 D, A+ VigEE LT
B, b LIS N TR EH KRN S O
TholzbT5ublE, 44 EEIEFENSN/H
IVDHVEL RBRTTHL. Liza-T, Hll5E
MV & K FRAY I BEE S 72 TR D E % AR
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F1 —KEPR X OE S R s
Table 1 Measurement results of major ions and electric conductivity
L Na* K* Mg* Ca”* ol S0%” NO; HCO; iUz
T -1 -1 -1 -1 -1 -1 -1 S -1
(mgL™) (mgL™") (mgL™") (mgL™") (mgL™") (mgL™") (mgLl ") (mgL™") (uSem ')
I (11/27 18:00) 727.9 115.7 88.9 95.3 1395.9 147.1 3.5 162.3 3930
I (11/27 21:00) 723.8 103.6 90.1 104. 6 1399.9 147.4 3.5 167.4 3940
(11728 0:00) 725.7 111.7 89.2 101.5 1394.0 147.6 3.7 165.8 4050
I (11728 3:00) 724.1 110.6 90.1 100. 4 1395. 4 146.8 3.7 166. 5 3970
I (11728 6:00) 727.6 110.2 90. 2 98.3 1401. 5 150. 1 3.9 164.9 3980
(11728 9:00) 739.7 111.1 91.7 95.9 1428.2 152.4 3.8 165.0 4060
I (11/28 12:00) 766.7 113.4 93.6 97.7 1463. 5 153.9 3.8 169. 4 3960
I (11728 15:00) 772.2 115.0 96. 2 102. 6 1486.9 157.7 3.8 163.6 3990
)l (11728 18:00) 796. 6 118.2 98.7 100.9 1534.8 164. 2 3.9 164.7 4280
HE 0T B T 25.5 2.6 15.8 91.8 73.7 10.8 1.2 337.8 600
SRR 36.3 3.5 4.4 92.3 39.6 13.2 12.2 306.7 496
HRTE R IR A HE 27.8 4.7 59 68.5 41.0 41.6 6.9 186.0 418
FEIK 14 )1] 34.7 6.8 4.8 79.9 45.7 14.8 6.3 268. 8 474
WK () 10805 301 1288 401 19499 2690 0 122 —
Bk (HACSE)* 1.97 0.18 0. 26 0.52 3.82 2.64 0.96 0 —
*Andrews et al. (1997), * 245 - /va (1995).
meq/L = I (F59)
-40 30 -20 10 0 10 20 30 40 o AR T K
Na* +K" cr 100 + ﬁ?ﬁj{lll N _
&ZZ,CDSO‘;!(CPM)  BERAFKH 7 17)50)
2l o &K
() - = & =
1B 15ER T K <> ,\"2
EawN]l] <> 3
A E KB
(FHIRA—) <>
E)UEN <> o
Bk
(15{E 7R S == 100
6 NFYTAT T T A .
Fig. 6 Hexadiagram 4
N = 285 = *
Bz, —J, WINE7 v ) JE R . A

B9, F7o, WK E BT ORORAR IR
Ty FENTWDEEHICHZE. L2LedD
R R 2 R T A i & LC CLUIREE, #fE
B EEAGER AR L T 25 & LT HCO; &%
Eoe AT 7T (F8) TIE, ThH TR
EETTHRINOKEMBEEHY T2 L3 TET,
WK - W ARISMZ THKDIRE %% 2 5 LEDPH
HIEERBELTVD.

2T, Cl L HCO;D D% L —H—& L7
SRR AET NV GHERIZOWTIE, 728 2 I3

7
Fig. 7

M)V ZTEAT T T A
Trilinear diagram

JE - s (2006) 22 IZX o TENRENDOFHS:
BreRob L, HTREBEKOZHEGHE BT 464%
T, WROFGHT72% LHEES NIz, Cl OfbD
IZNa" - Mg” - Ca® - SOi O& A+ ¥ 2HWTY
FERITIZIZEBET, FH5ROFY (2 HEFEE) &
KA 46.1% (£1.2), MKAS458% (£2.2), %
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Fig. 8  Relationship between CI° and HCO;

concentrations for the Shiokawa River,
adjacent groundwater, standard seawater,
and standard mean precipitation in Japan

LCHIRA 81% (£34) Thor. K ZH7H
B OFGESRREO L L. F2, HIO
NOz i FRL= DDA O &N L ) L vz
O, FHEFHEICHWALZ ENTE RV, T
AR L 72 F KD A F VIRETRTHOLT LD
TN OYITAEZ L L 72 b DTk %R <, HEllz
EOBERIZ & 2RI % BRAMESHFIET LI &
ERELTWD,

SN OKEMBOREEEZEAIHFRT 5 &, Ca™* &
HCO; ZB < 1ZE A X DA F > T 28 HAHI 6 B LU
DR ERADPHERRTE (R D), BKA X MIHES
BEARAIE BN THRFGREPBEML CETW
B ENIRIEEND.

V BEEETIVOBE LR

L. BTV & LR

T Tl 7B IR RS, I a2
BHy v BTNV THBWEBIFCHBRTE 22 L,
F7KEMIIEH T - Bk - KO =Sl E

Acal F
P
Au (1-F)
h kg -
P E
9o X At F

v

ng
ke 2 feFrs> s

(52%)

[X19 HiNoGEhE - KExFHRTABEEET VO
A
FLE O ERIIAR LS,
Fig. 9 Schematic illustration of the numerical
model simulating spring discharge and
water quality of the Shiokawa River

EZDVENRHD LR EPHLNE SN/ Ih
LEBE 2, Founbo/NGIEe (1971) OBEEE
TNEZHIZLT, BINoKE - KEZEEWNICTH
B 57-008BEFVERID LD ITHEL .
RN ML, M4D28% v 7 ETFNVIZINZ,
EHILTO0Y » BINHER LI2bDE Lo T
Wh BN AEKRENELTIE, TRy vy
(DU, s 2 ) \38)NTE T O SRTE Y 7 A1 KR &
#zL, ZoLoy 7 (U, BKkyv7) 13
RAFR BT B EER AR (BANIZIE ) —
AT EWAIAR R & ZOEIKHF) & 2O TFHEIIAL
T L CERE g A MK (BUT, $hE
R E KT 570K EMESR) 2HBS 5. A
oy vy (LT, #FKE > 27) dEINEFOmK
B (FrRErazity V-2 2EUAIKER) 12
B L, EEREHDAL TR S 72K O T K
et Koy vz (LT, #iks v r) (3R
rERL, TOKBMETERDWERE—HT 2D
L5,

HOVA PHIRIC BT S 2HEHDBRE NS —
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(Goldscheider and Drew 2007) & O XIS TWw 2
1X, Bk ¥ >~ 271 point infiltration (2, #FKS »
7\ diffusive infiltration |2, ZNhENxtnd 5. &
Te—MRAZ AV A Mg T, K - R - g~
M)y 7 ARIKANRILSB DS, IKIEE % G AL B K D[R
ISR BIBENEDOTTAF IV 7 THDLDITK
L, BRBIVHE~Y N v 7 A% FHNLKOIBE
13#EL 2 ThHH (White 2007). KETNVIZBIT S
Weks > 73mig %z, WKy 7 3HmErTene
NEHTLLDOEMEITHND.

Wy v 7B B KN % & I KEHFEA 4 >~
DOPEINTLT D L HIFESI NS,

dh,
dt

Acav :(ZpAcatF"'ngAcat (I_F)+st' _Q (2>

dCih
dt

A, =Clq A, F+Clyq, A, 1-F)

+04,Q,, -C{Q 3)
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Shiokawa River as a physical image of
the numerical model shown in Fig. 9
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Mechanisms of Spring Discharge at the Headwater of the Shiokawa River:

Quantitative Verification by Short-Term Intensive Observation and a Numerical Model

YAMANAKA Tsutomu (Faculty of Life and Environmental Sciences, University of Tsukuba)

The Shiokawa River in Okinawa prefecture, a natural monument designated by Japanese government
in 1972, is unique from a hydrological viewpoint since the spring at its headwater contains a large amount
of salt. To understand quantitatively the mechanisms of the spring discharge of salt water, intensive
observations of the discharge rate and water quality were performed, focusing on their short-term
variations. Based on the results, a numerical model of spring discharge was constructed; it is the so-called
tank model composed of four tanks (ie. precipitation, groundwater, seawater, and cave tanks) and capable
of reflecting density-driven flow. Simulation results of the discharge rate and concentration of major ions
dissolved in the spring water were consistent with observed ones. Diurnal variation in the discharge rate
was also well reproduced by involving tidal effects. These results confirmed quantitatively the mechanism
by which precipitation (on direct infiltration areas), groundwater (within matrix/fractures), and seawater
mix within an underground cave(s) to form spring water that flows to the ground surface from the cave(s)
due to the driving forces of 1) the density difference between seawater and saline cave water and 2) the
difference in elevation between the discharge point and water table of the surrounding area. However,
further improvements of the model with long-term observational data are needed, since there are still some
uncertainties concerning the size and architecture of the cave(s) and interannual change in spring water

quality.

Key words: Shiokawa River, spring water, spring discharge, water quality, intensive observation,

numerical model
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