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Fig. 1. (A) Study area; (B) map indicating sample collection sites of rain water (LP), stream water (SW), and ground-
waters including Bagua Tableland groundwater (MG) and proximal-fan groundwater (PG) in the Changhua plain.
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F 1. AKWIFURAK S TKZE ~ fREM RN CLRE -

Table 1. Stable isotopic compositions and Cl” concentration of stream water and groundwater of this study.

Sample Sampled date 50 (%o) 8°H (%o) CI' (mg L")
Stream water of Zhuoshuixi (SW)

SW1 2017/2/10 -10.85 -75.3 3.0
2017/3/10 -10.37 -71.3 4.1

2017/4/7 -10.18 -70.2 4.7

2017/5/5 -9.85 -66.5 3.2

2017/6/9 -10.13 -68.6 2.6

2017/7/14 -9.72 -66.5 3.2

2017/8/4 -10.54 -73.1 3.0

2017/9/11 -10.18 -68.1 3.7

2017/10/6 -10.76 -71.5 2.6

2017/11/10 -11.66 -77.7 4.4

2017/12/7 -11.05 -76.4 2.6

2018/1/11 -10.99 -77.0 2.4

2018/2/8 -10.47 -69.5 2.9

SW2 2017/2/10 -8.89 -63.4 54
2017/3/10 -8.32 -55.4 5.4

2017/4/7 -8.31 -55.9 7.9

2017/5/5 -9.60 -64.3 2.3

2017/6/9 -9.14 -61.7 2.7

2017/7/14 -9.05 -60.8 1.8

2017/8/4 -9.46 -64.1 4.1

2017/9/11 -8.73 -56.3 2.7

2017/10/6 -9.38 -63.2 2.6

2017/11/10 -10.46 -69.4 4.1

2017/12/7 -10.62 -74.5 2.5

2018/1/11 -10.73 -72.8 3.0

2018/2/8 -9.51 -64.5 3.9

SW3 2017/2/10 -9.42 -65.8 6.6
2017/3/10 -9.21 -60.4 7.1

2017/4/7 -9.00 -62.6 8.1

2017/5/5 -9.54 -64.9 3.5

2017/7/14 -9.96 -67.1 1.5

2017/8/4 -10.48 -71.2 4.5

2017/9/11 -10.78 -73.1 2.8

2017/10/6 -9.31 -62.1 3.4

2017/11/10 -10.32 -69.1 43

2017/12/7 -11.20 -74.8 2.4

2018/1/11 -10.51 -70.1 1.4

2018/2/8 -9.51 -62.9 4.5
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x 1. AWIFERAK S TOKZE ~ ARMRERK CURE - (81)

Table 1. Stable isotopic compositions and CI concentration of stream water and groundwater of this study. (continued)

Sample Sampled date 8"%0 (%) 8°H (%o) CI' (mg L")

SwW4 2017/2/10 -8.18 -57.0 13.1
2017/3/10 -9.38 -63.4 4.9

2017/4/7 -8.84 -61.0 9.8

2017/5/5 -9.67 -66.5 3.2

2017/6/9 -10.09 -66.7 2.7

2017/7/14 -9.14 -62.6 33

2017/8/4 -9.90 -66.6 4.4

2017/9/11 -8.87 -60.2 3.2

2017/10/6 -9.37 -63.2 6.1

2017/11/10 -9.48 -64.3 6.6

2017/12/7 -10.90 -73.2 3.2

2018/1/11 -10.62 -71.4 0.4

2018/2/8 -9.98 -66.6 2.8

Groundwater of Bagua Tableland (MG)

MG1 2017/3/23 -7.62 -52.0 11.0
2017/4/7 -1.57 -50.6 10.8

2017/5/5 -7.66 -51.8 9.8

2017/6/9 -7.87 -51.9 9.5

2017/7/14 -7.88 -51.1 12.5

2017/8/4 -7.85 -52.6 11.3

2017/9/11 -7.99 -50.3 11.1

2017/10/6 =791 -50.9 10.9

2017/11/10 -8.03 -52.1 10.2

2017/12/7 -1.74 -52.8 10.5

2018/1/11 =175 -51.7 9.1

2018/2/8 -7.62 -52.0 8.9

MG2 2017/6/9 -7.95 -51.8 10.0
2017/7/14 -7.82 -50.9 12.9

2017/8/4 -7.90 -52.5 10.8

2017/9/11 =791 -51.0 12.2

2017/10/6 -7.86 -51.7 10.9

2017/11/10 -7.78 -51.1 12.1

2017/12/7 -7.76 -50.9 9.6

2018/1/11 -7.76 -51.1 8.0

2018/2/8 -7.67 -51.5 9.1

MG3 2017/3/27 -8.00 -52.3 10.9
2017/4/7 -7.70 -51.9 10.5

2017/5/5 -7.88 -51.7 9.6

2017/6/9 -8.03 -51.4 9.8

2017/7/14 -8.12 -53.2 9.8

2017/8/4 -7.96 -52.3 10.8
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x 1. AWIFERAK S TOKZE ~ ARMRERK CURE - (81)

Table 1. Stable isotopic compositions and CI concentration of stream water and groundwater of this study. (continued)

Sample Sampled date 8"%0 (%) 8°H (%o) CI' (mg L")

2017/9/11 -7.83 -52.2 9.3

2017/10/6 -8.02 -53.1 6.9

2017/11/10 -7.88 -51.0 9.0

2017/12/7 -7.69 -51.8 8.5

2018/1/11 -8.01 -52.1 6.8

2018/2/8 -7.99 -53.5 3.4

MG4 2017/3/27 -7.83 -50.8 9.0
2017/4/7 -7.67 -51.8 9.5

2017/5/5 -7.73 -50.5 7.0

2017/6/9 -7.88 -50.6 6.5

2017/7/14 -7.82 -52.1 9.9

2017/8/4 -7.70 -49.4 8.9

2017/9/11 -7.74 -51.1 6.8

2017/10/6 -7.87 -52.2 6.8

2017/11/10 -8.24 -50.6 6.0

2017/12/7 -7.76 -51.5 7.3

2018/1/11 -7.79 -51.9 49

2018/2/8 -8.10 -51.6 5.7

MGS5 2017/3/27 -7.81 -51.2 9.8
2017/4/7 -7.93 -523 9.8

2017/5/5 =179 -50.3 8.5

2017/6/9 -7.97 -52.6 8.5

2017/7/14 -7.82 -53.4 10.6

2017/8/4 -7.73 -51.2 8.6

2017/9/11 -7.99 -52.4 8.3

2017/10/6 -7.98 -52.9 9.2

2017/11/10 -8.05 -51.2 6.6

2017/12/7 =177 -50.8 9.1

2018/1/11 -7.83 -51.3 5.5

2018/2/8 -8.09 -53.1 5.7

Proximal-fan groundwater of Changhua plain (PG)

PG3 2017/4/19 -8.27 -55.0 6.8
2017/9/6 -8.15 -54.4 7.7

PG4-1 2017/4/18 -8.74 -60.0 10.6
2017/9/6 -8.66 -60.5 9.8

PG4-2 2017/4/18 -8.44 -57.3 9.8
2017/9/6 -8.33 -57.8 9.1

PG5-1 2017/4/18 -8.67 -60.4 11.2

2017/9/6 -8.89 -60.7 10.6
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Table 1. Stable isotopic compositions and CI” concentration of stream water and groundwater of this study. (continued)
Sample Sampled date 8"%0 (%) 8°H (%o) CI' (mg L")
PG5-2 2017/4/18 -9.79 -67.3 4.2
2017/9/6 -9.88 -68.5 4.7
PGl 2017/4/12 -7.75 -51.3 10.4
2017/6/23 -7.52 -50.6 9.4
2017/8/25 -7.40 -48.7 11.2
2017/10/26 -7.53 -49.9 7.6
2017/12/8 -7.79 -49.9 6.6
2019/9/27 -1.27 -48.2 10.3
2019/12/7 -6.85 -46.9 9.6
PG2 2017/4/12 -7.77 -50.5 11.7
2017/6/23 -7.46 -49.3 10.9
2017/8/25 -7.37 -48.6 14.1
2017/10/26 -7.00 -49.2 10.3
2017/12/8 -8.03 -50.5 9.3
2019/9/27 -7.32 -48.3 12.0
2019/12/7 -7.13 -47.1 10.4
40 By -6.9 £2.5%0 ; &2 (11-3 H) ~ 8H FH1{H
F5-24.2 + 24.8%0 » 5"°0 P {E 5 -4.9 + 2.8%0 °
50 SO &ERAKZ CU R FEE R 1.95
. +1.04mgL' - XEEE1.59+12lmgL" >
2 ol HEZ{HF 246+ 111 mg L HR(HILE
o REFZMME -
70 —— Meteoric water line 5’%7]\’
X sw
e 3 we fir FA A ge i 12K B (SW1) 2 8°H
B e s 1 & o ATOVEIE S AR -T1.T + 3.9% B -10.5

50 (%0)

2. AHFEENEKEE > 80 B §°H (R (lE -
Hh R R HY PR K B A 6 08 Hh B S E i 3R R K R HY
E Peng et al. (2015) -

Fig. 2. Plot of 50 vs. 8°H of water samples of this
study. The isotopic meteoric water line of central Tai-
wan shown in the plot are derived from Peng et al.
(2015).

water) JUHEAT AR RIBIR 2 7K#G > EFERNIKEL
Nz fE{ER/KEE 2 IEK - IR Z R
SOEFEZIEBXFZEAK EZE (6-9H)
> 8'H EH{E B -48.8 £ 19.1%0 » "0 5 1H

+0.5%0 » firi TiHEZ/KES (SW4) 2 §°H 150
S E 4y R B -64.8 + 4.4%0 B1-9.6 + 0.7%0
(FE 1) o FHEKELZ § FHEE S EZEK
BE2ME o 5—HH > BEKSEZEEHEERAR
HIEE - AT AR /KE R 8H P H A -68.6 =
6.3%0 * 8'"°0 G 1H B -10.1 + 0.9%0 ; EFE 7
&"H Z191{H B -65.8 + 4.8%0 » 8" 0 FH91H & -9.7
+0.6%0 °

HPR7K 2 8 {HELER » 1BKZ & F I {EA
B K 2 8 E A - BE R Psl 2 K&
& (catchment effect) (Dutton et al. 2005) »
HEMr & S ERT ISR (Peng et al. 2010) -
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Fig. 3. Plots of (A) CI' vs. §"°0 and (B) CI' vs. 8°H of
groundwater of this study.

F2. HHEMMA (FE LP - SW ~ MG =#BEK 5%
PG3 T N KA RN -

Table 2. Fractions of relative contributions among
rain (LP), stream water (SW), and groundwater of Ba-

gua Tableland (MG) to the groundwater PG3 derived by
ternary end member mixing analysis (EMMA).

Contribution fraction

PG”
sample Rip (%) Rsy (%0) Ry (%)
PG3 6" 8" 27 27" 67" 65

“ PG: plain groundwater.

¥ Tracer pair of 80 and CI" used in ternary EMMA [Eqs (4)—
(6)].

* Tracer pair of §°H and CI used in ternary EMMA [Eqs (4)-
()]

B70% 4
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R E EKIZIEK o

H#E o (i 3 > bk PG3 B PG5-2 4p » H
% PG4-1 ~ PG4-2 ~ PG5-1 ~ PG1 ~ PG2 #f F /K
BT MG (JUEMLBE T K) BB - 2R iE
g K 2 CUBEAIEL LP ~ SW ~ MG =l
TRK S 2 IR By 0 H8E MG (JUEPLL
#FK) 2 ERRE 11 mg L (& 3) @ KL
JBSErEE o A CUEE SRR » HHE 3
HET » PG4-1 ~PG4-2 ~ PG5-1 Y555/ SW B MG
iR K#SFE 0 1 PG1 ~ PG2 FEBL A LP B
MG Ui 5K B8R « RIE - AHBFZE 53 BIFI A 8'°0
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A > DURERAE LP ~ MG il /K 88 43 Bl ¥
BN K PG1 ~ PG2 IV ERVE » 455
HERZR 3 - R 3 Bor » BN T /KT
[l > Bk PG5-2 4k - SW Y E BRE 4 26-59% >
L) 40% > MG Y E R FE4T 41-74% > 15
47 60% - MEME > HATE 78R SW
PG5-2 HRE %2 100% - 112 FEREH T
K J5iE » LP 81 MG %f PG1 ~ PG2 ) 15 & Bt
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3. DI s EMMA (i B B O B 2P IR
N IKAAE S R -

Table 3. Fractions of relative contributions of rain
(LP), stream water (SW), or groundwater of Bagua
Tableland (MG) to the groundwater of Changhua plain
(PG) by binary end member mixing analysis (EMMA).

Contribution fraction

facr}nple Ryp (%) Rgy (%) Ry (%)

PG4-1 42° 57 58° 43¥
PG4-2 26" 39 74° 61"
PG5-1 46° 59¥ 54* 417
PG5-2 99* 1077 1 -7
PGl 18* 13” 82° 87
PG2 19* 15" 81° 85"

“ Single tracer of 8'°0 used in binary EMMA [Egs (7)—(8)].
¥ Single tracer of §°H used in binary EMMA [Eqs (7)—(8)].
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HIE RS EERS T E4Y 0-19% > /R 10% »
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R RE M FE & LP AR OKE) B/ R
SW MG “#HEIIEHE/KER OKE) (@& 1);
BE A AL B KRS AR R AR
JEFIREEEE - PR T 0T & PR K T B RHE -
INENLI R IKEGR SR

PRIZK A b2 \EMLHE KR Z — 0 28
AT A AR BURFAE J\ENL BT s 3t 52 T K 35
23 (Ministry of Economic Affairs 2007) » [
s e [ EERIES [ BKREKE NE LA
HEEMRED AR SBFEITEIEEN -
It o BEoR BE/K IR KHT B K IREE N B REE
J\EMUZ K -

RIBE R (7)—(8) » DAPR 7K K & 7K % % 7K i
Fs Z Ui 5 > 43 BIEALL 810 ~ §8°H B C1 MIME fif
FPR K R & K% %7K 8 VR Lt K 2
HEVE o ERVINFE 4 HE 4R D800
2 8°H {E Ry rHeR - 5T E TS 2 RKEVEML

4. HEMMA {E5 LP & SW b KR/
Lt 7K IR R -

Table 4. Fractions of relative contributions among
rain (LP) and stream water (SW) to the groundwater of
Bagua Tableland (MG) derived by binary end member
mixing analysis (EMMA).

Contribution fraction

MG sample Ry (%) Rsy (%)

MG 49° 47 517 53"
MG2 48" 47 507 53"
MG3 45° 45 55° 55"
MG4 47° 48 537 527
MG5 46* 46” 54* 54

“ Single tracer of §'°0 used in binary EMMA [Egs (7)—(8)].
¥ Single tracer of §°H used in binary EMMA [Eqs (7)—(8)].
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5. EKRRKEBLVER K ZERE -

B70H 4

Table 5. Contributions of stream water of Zhuoshuixi to the groundwater of Changhua plain (PG).

PG sample Direct contribution” (%) Indirect contribution® (%) Total contribution™ (%)
PG3 27 35 [= (53%) (66%)] 62
PG4-1 50 27 [=(53%) (51%)] 77
PG4-2 33 36 [=(53%) (68%)] 69
PG5-1 53 25 [= (53%) (48%)] 78
PG5-2 100 0 [=(53%) (0%)] 100
PG1 0 45 [= (53%) (85%)] 45
PG2 0 42 [= (53%) (83%)] 4

“ The mean Rgy, value of each groundwater in Tables 2 or 3.

¥ The indirect contribution is the product of the mean Ry, of each groundwater in Tables 2 and 3 and the mean Ry, (ca. 53%) in Ta-

ble 4.

* Total contribution = direct contribution + indirect contribution.
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Verifying the Circularity of Agricultural Water Using
Natural Tracer-Based End Member Mixing Analysis:
A Case Study of the Proximal-Fan Region of Changhua

Tsang-Sen Liu', Yu-Wen Lin’, Wen-Jun Zhan’, and Tsung-Ren Peng*’

Abstract

Liu, T. S., Y. W. Lin, W. J. Zhan, and T. R. Peng. 2021. Verifying the circularity of
agricultural water using natural tracer-based end member mixing analysis: A case study of
the proximal-fan region of Changhua. J. Taiwan Agric. Res. 70(4):271-284.

This study employed the end member mixing analysis (EMMA) approach constructed with
hydrogen/oxygen isotopes (8'°0/6°H) and chloride-ion (CI') concentration to study the sources of
groundwater in proximal-fan region and Bagua Tableland in Changhua County, Taiwan. This study
also depicted the relationship among Zhuoshuixi stream water, Bagua Tableland groundwater, and
plain groundwater in the proximal-fan region. The results indicate that approximately 47% of Ba-
gua-Tableland groundwater comes from rainwater infiltration, and the remaining 53% from Zhu-
oshuixi stream water. The Zhuoshuixi stream water is the main source recharging groundwater in
Changhua Plain, accounting for 68% of the total recharge of the proximal-fan groundwater. Of 68%,
approximately 38% comes from direct recharge via the riverbed, and other 30% comes from the Ba-
gua Tableland groundwater containing the stream water derived from the Zhuoshuixi. In other words,
Zhuoshuixi stream water can be streamed to Bagua Tableland for irrigation. Thereafter, part of and
the irrigation water may percolate to form groundwater of the Bagua Tableland, which then recharges
groundwater in the Changhua Plain. This study not only semi-quantitatively confirms the importance
of stream water of Zhuoshuixi to groundwater of Changhua Plain, but also verifies the circularity of
agricultural irrigation water.

Key words: Agricultural irrigation water, Stable hydrogen and oxygen isotopes, Natural tracer ap-
proach, Proximal-fan groundwater, Changhua.
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