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Ç c d e Ù T f Í `Ï É `TÏ Ê Ï ¾c g h `Ê h É T i b c É `TË È g h È Í Ò T [ 2 j �v  k lXÇ c d e Ù � m Yn

o x #(Í È p p h É È Ê Ï +�����Ý   ³ 
 q Ý fIö  ® (Í È É É Ê Ë h F È Ê Ï +z�
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fIö S< r s t (c Í Ì `a F È Ê Ï TÍ È É i `_ É È Ê Ï +� u v 
�ä Iö ª w x z���

�Ý   ³ Iö S¸ ¶� ® (Ñ È Ê Í `d _ c Í c F È Ê Ï +4 6 y ¶2 �z4.�ß à {

( i Ë h × `+XK ) ¶O H P Z Æ . * = ß à ¶
no x #(zß à � | � }

~(Í ` i Ë ` F È Ê Ï +m Õ 7 � ~ +,¸ ¶� ® : 5 6�� � � "#O H P P Q �

R � �° ¶
¬ â � ® � � XT

T

T T T T T T T T T T T T T T T T T T T T T T T T y ´ T � � �° ß à ¶ � � $ � � T

T

� G � �z � µ � � �$ � ® � z ¥ �y ! �� > ? � ® 7� G � �IT T T

´ G � �I G � �I � �XT

T
y � T � G � �z � µ � � �$ � ® � zT
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ÀÞ � ¤ P Q¦� K ) ¶ � � O H P P Q� � .�Ý 
 E Ð � � � � �

( � È Ï d `_ i _ È Ï F È Ï d T E Ð � TÈ Ï Tc T � `Í _ Ê a � T d g h È p `_ T � É È Ï d TÐ Ê × i Ê h Ï Í ¾�i `a È p È a T

� É Ê F Ê i `T d Ï c Ë � É È É
���
+T

� � �   ¡ ¢ £ Dr. Ramon Aravena ¤ � g 2012& 10 E o ¥z Ground 

Water ¦ §   
 ¨ © X� � � � � � ª « ¬  (Guelph, Ontario+� 8 A �

B�k * = � G � �(Trichloroethylene, TCE+
 ® à �z 1994& ª ¯ °

± "#Xk7 � A BH g ² ³ 
 � � .�Ý � a } S � ý ´ µ ¸ b � G �

��x ¶ � 2 · � � K ) ¶O H P ±(13C+â G (37Cl+ P Q�¬ � ¸ ß

à 
¬ X 

 e � A Bâ a } v � 
 S � F G B
� , (.¹ Ý IfÝ , q Ý ��

�+� º � ( o \ �° K ) ¶(organic compounds, VOCs+Ó Ô (� G � �

, » å -1,2- ´ G � �+P Q�̄ ° ¶ ¤ J P Q(% & ¼ ½ ¾ I¿ & ¼ ½ ¾ I

 ® \ �° ±I´ À Á ½ ¾ Ië Â ½ ¾ +�,� G � �(Trichloroethylene, 

TCE+, » å -1,2-́ G � �(cis-1,2-dichloroethene+Ü � � � K ) ¶O H P

±(C+â G (Cl+P QX ¼ Ã ß à �W R Ä I P Q t Å I��� r Ä I±

(13C+â G (37Cl+O H P J Ã � , Æ $ P Q ¬ Ü � 9 : �4 Ç � X B�


ß à � F G B� , 
ß à 	 P � ¬ X 

T

���� � � � �� �  ! " # $ % & ' �����
 ( ) * + , - . / �0 1 2 1 �

3 ����	���2 ��4 �5 6 0 2 3 2 7 ������
�2 ��8 ����������9 �8 ������5 ��2 �9 �:

; < = > ? @ A�����������������������������������������������������������������������������������������������������������������������������������������������������������

UÞ  È �� Ù g U É Â Ê &4 Ë �Ç _ Þ TÐ Ê i Ë `Ï 7 Ì Í Î �Ï�� 8 H � q Ð Ñ �L Ò

S Í Ó Ô �² Ì Í Î 4 Ë Õ Ö × � Ø X È �� Ù Ù � À Ú O H P Z 2 Û Ü �

Ý Þ � O 
 ß à á â � º � � �O H P P QX È �� Ù "#O H P Z 2 Û Ü

º � �� â M N 1 2 ä � 
> ? �+� o ã ä ä $ 5����z - G .

µI.¿I.±I.åI. ê ¶2 fµI¿I±IåIê 
O H P Z Æ XT

æ Þ T È �� Ù ç T �ç è O H P P é $ ê ë ( � É Ê F Ê i `T � _ c a F È Ê Ï c F È Ê Ï T e _ Ê ì `a F+�Y� í

X î % ï Í $ , 1 ð � È �� Ù �Ü � �,  ³ fO H P Z Æ - G P Q�ñ
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Ë ò  O H P � * ó �> ? � ô õ P z� ¨ â ¸ ¶�J K L ö Æ ÷ £ 
�

z�8 ® ø � ö Æ 
 ù ú o û 
� � \ I���â �¥� ' v ü $ x #�

zIý þ � R Ä I̧ ¶ � P � M I��� * ß à � � I� ,² · � � 
�

� \ XT

¿Þ T È �� Ù T � � ø �  �2 ! " # ( � �� �+� , 6 y �	 , 1 P Q
 � 	 X=

? ¤ 
 ¦ ' �+¤ � Ì Í Î Ü � IL  ; Ì Í Î 
 � � 5�k Ì Í Î Å Ü

� � � O H P Z Æ - G P Q�g� � � � � �L  ¯ ° ß à ¶O H P P Q

� � ��� ¦è�få O H P - G ë Iè�fµO H P - G ë Iè�f¿ & ¼

½ ¾ 
¿ O H P - G ë Iè�f% & ¼ ½ ¾ 
ê â µO H P - G ë Iè�f �

¼ ½ ¾ 
ê O H P - G ë Iè�f ® \ ¯ ° ±
±O H P - G ë Iè��f

� ¿ O H P - G ë Iè��f � ±â � ê O H P - G ë Iè��f% & ¼ ½ ¾


ê â µO H P - G ë X 6 ä ä � � , � x ä å � � � � ¥ �¦T

T (U+�få O H P - G
���
T

������������� , � � � � � � f�� � �  � x ! K H � X   � " þ #

$�� � H2�"�få � þ � å % & ( , 1 ª ' £ � ( � % & ô ) +X

å � ¾ * + 
 , - å ¦1H2H+1H1HO ↔ 1H1H+1H2HO 

, 1 % & p . U q m X̀ / � w H2(åþ . 0 1 2 á 
�+�S 3 4

Ï(5 5 6 7 k ê ++��� 8 � A O H P Z Æ 2 Û Ü (dual inlet 

isotope-ratio mass spectrometer, DI-IRMS+ - G 9 � \ å O H P :

4XO m - G ��4 P × Ø ; TæT < TH2
 = 1H1H+I3 = H2 = 2H1H+ S = > ?

/ J Ã �/# @ �$ A � - G t Å � èå O H P (δ2H+ë ¥�X 

� � � �� � � �� � � �� � � � �����XT

� 	� 	� 	� 	 ����, 1  e g 60 mL � � B � C   C ¾ (Polyseal conical insert 

cap+�� � � n o X� , D E � , 1 B (� . � P $ � 7 +�� F .

G " � � X�f� � O Td H I �µK �f
 É h Ë p È Í `� J kz P Qå O
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H P m �É h Ë p È Í `T . â T e F T ! K H , - XT

T (æ+�fµO H P - G
���
T

������������� , 2 mL � � � � � � f�X   � " þ # $�� � CO2�"

� , f$ µ� CO2 K 4 % & ( , 1 ª ' £ � ( � % & ô ) +�̀ / �

w CO2�S K u 3 4Ï+��� 8 � A O H P Z Æ 2 Û Ü (dual inlet 

isotope-ratio mass spectrometer, DI-IRMS+ P Q¤ L ¶2 � s M � ,


 9 � \ µO H P : 4XO m - G ��4 P × Ø ; TVVT < TCO2 = 

12C16O16ÎI× Ø ; TV O T < TCO2 = 13C16O16I,T × Ø ; TVÀT < TCO2 = 12C16O18�S

= > ? / J Ã �/# @ �$ A � - G t Å � èµO H P (δ18O+ë ¥

�X 

� � � �� � � �� � � �� � � � �����XT

� 	� 	� 	� 	 ����, 1  e g 60 mL � � B � C   C ¾ (Polyseal conical insert 

cap+�� � � n o X� , D E � , 1 B N �O � � P P � � P $ � 7 �

� F . G " � � XT

T (¿+�f¿ & ¼ ½ ¾ 
¿ O H P - G
���
T

������������=ä ä Q #g - G �fÓ Ô ¼ g 20 mg/L. $ ¿ & ¼ ½ ¾

(sulfate+X�f¿ & ¼ ½ ¾ � BaCl2 z pH 3 � 4 "$ R S 7 

BaSO4�S� T I K U N ��g V W ( F È Ï Ta c i É h Ë `+X�SY EA Y

+ 4 CO2,�N2��S O2,�S GCÏ Z P ½ �Ü � IRM��O m - G × Ø ; T64 

= SO2 = 32S16O16OIm/z 66 = SO2 = 34S16O16Î�S = > ? / J Ã �/

# @ �$ A � - G t Å � è¿ O H P (δ34S+ë ¥�XT

� 	� 	� 	� 	 ���� , � � [ � ½ ¾ Ý QÜ ö P \ \ Ô $ - G Sulfate � sulfide

� � � �� 	 
 � �  20 mg/L. $ ¿ & ¼ ½ ¾ (sulfate+Ó Ô �] � �

. sulfide�� 	 � � � � � ����� � � ���� � � � � ��   1 L $ � � B ö

^ _ B XT
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¥ Å �f.� sulfide�! " # $ � 	 % &  ' ( ) �* + sulfide , - .

Sulfate�/01234�5 4 sulfide � � 6 � 0.01 mg/L 7 Sulfate/sulfide

� � 8 9  4��: ; < 1 M HCl = > � 	 ? p@A3 ? 4 B�<C ( % (

D 10 ? 20 1E �F sulfide � � 9  0.01 mg/G��


���
���
���
��������,�� 1 M HClHD 4 IJ!` pHA3 ? 4 B� 90°C

K L 45 1E HM N O # P carbonate Q R .  CO2� S� 	 T � U V W �!

X K Y 6 mL  6 % H2O2 , - � ) organic sulfur ? SO2� �organic carbon 

? CO2J�K Y 5 mL 20 % BaCl2!# Z . BaSO4�M [ \ ] ] ^ _ ? ` �a

� 7b c � Hd e X f g J�< 0.2-µm GTTP PCMHh i j J� � �<k l

m � (DIW) n o �V g a b z 9�c K U �d [ N �e � � � �f ) g

h(� e i ö> j ä å +� g � � f k l Xd PT �Þ ¿ ×d (mT �Þ �U�T×d +T

, 1 g V nXI�� À��To d TÊ p  V2O5�� p q r s ¬�SY  EA/IRM�

P QXT

T (V+�f% & ¼ ½ ¾ 
êâ µ O H P - G
���

T

� �� �� �� � ����= ä ä # g G � �,f% & ¼ ½ ¾ nitrate (NO3
–)fê,µ $O

H P Z Æ�δ(15N/14N) t u 7 δ15cIQ(18O/16Ol� t u 7  δ18OX�f

% & ¼ ½ ¾ �� $ ê v w ä ä P QX $ ê v w (Pseudomonas 

aureofaciens+�X NO3
– Y + 4 N2Ox 

           NO3
–TyT NO2

– yT NOTyT 1/2 N2O 

N2O�S $ �(a layered Mg(ClO4) /Ascarite trap+Iª 3 4 Ï ( � ú g

k � êf+ ` a X � º � P Qm�N2O �ª ^ ú � ¬�S GC Ï Z

P ½ �Ü � IRMS�O m - G � � 4 P m/z = 44 = N2O = 14N14N16OI

m/z = 45 = N2O=14N15N16O ö 14N14N17ÎIm/z = 46 = N2O = 14N14N18OXT

� 	� 	� 	� 	 ����, 1  e g ¼ k Ô PE B(high-density polyethylene scintillation 

vial with Polyseal cap+�, 1 D P UæOT×Ù�z { ö � g VT |Ð��� �
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2 ¸ ¶ 
¢ \ ��, [ S �Þ VO¾o×� T �, 1 p � ÓÔ 7 T �Þ �¿ T×d

êØ � d , 1 XT


��
��
��
������$ ê v w } � ¦} � e Þ Tc h _ ` Ê p c aÈ ` Ï É w ~ X" # F _ � i F È aTÉ Ê � TÑ _ Ê F b T

f E �� lT×` Í È h ×��� U�T× � TNO3
–T ,T UOT× � Tc� 4

+X v w � � z � Ï

f(OT×Ù+f } � 8 � �· N � Y ÷ = . � O��T×Ù } � A 
¯ w OÊ�T

×Ù � N B} � XS� O� U� � } � � ½ � � e ��� U��T×Ù � . T

NO3
– 
 f E �� lT×` Í È h ×�X l Ó � v w ¿ T×Ù �� æ�T×Ù G " q B

(b ` c Í É i c a` TÌ È c Ë +fX# Â � � � � 
 � µ � � � ( E ` p Ë Ê Ï ¾Ë È Ï ` Í TÉ È Ë È aÊ Ï ` T

É ` i F h ×+ k l q B� / # � þ � L U q mXl m�zq Bf
 E ��

- ;� . NO3
– â ë % & ¼ (cÎ2

–T +� G � " '- ; 6 7 � ` � : ¯

cÎ2
–X   � ! � â 
q , 1 B�� . � NO3

–PT U � U�T×Ù 
�,�

� K = ª P Q ¶ N2O 
ÓÔ P 7 U��æ�TÏ ×Ê Ë X, 1 BO V��� .

æ q m�� � � � NO3
– Y K 7 N2O m� / ¯ Ö � � � �ú V g

¿ æ¾i Ê É È F È Ê Ï Tc Ë h ×È Ï h ×T F _ c � T F b c F TÈ É Tc aa` É É ` Í T Ñ � T F b ` Tc h F Ê É c × i Ë ` _ X P Q, 1

m�� � �ÎÇ d E Tæ Þ �T×c É É TÉ i ` a F _ Ê ×` F ` _ T i _ Ê d _ c × ² £ � � �� þ ¿ �T×ÙØ ×È Ï

� L U¿ P � N �S $ �I $ ( o \ � ° n þ I $ ´µ K ± N ��

EA/ � È � � P QXT T

T (O+�f� ¼ ½ ¾ 
êO H P - G
���

T

� �� �� �� � ����= ä ä # g G � �,f� ¼ ½ ¾ (NH4
+)fê$O H P Z Æ�

δ(15N/14N) t u 7 δ15cX�,�� MgÎ� � ¼ pH Æz 9 �   �� �

X NH4
+ Y 6 4 NH3 þ � �ã � . � â ¿ & å   
 � � ¡ · (GF+�

T � (� polypropylene membrane filters� p +��¸ 4 (NH4+2SO4�

. � (NH4+2SO4 $ GF K U N �SY  EA ¢ £Y + 4 CO2,�N2�pO2�

S GC Ï Z P ½ �Ü � IRM��O m - G � � 4 P ×Ø ; TæÊT= N2 = 14N14N; 

m/z 29 = N2 = 14N15NX 
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� 	� 	� 	� 	  

, 1  e g ¼ k Ô PE B(high-density polyethylene scintillation vial 

with Polyseal cap+�, 1 D P U���T×Ù�  ,BD ��, ¤ ¥ ��,

[ S �Þ VO¾o×� T � x 8ô G " ���Ó¿ & " i � ¦æ( § ¨ © �

á+� z ª ö � g Î « �, 1 p � ÓÔ 7 T �Þ æT×d êØ � d , 1 XT


��
��
��
�� 

: � n o � V¦" # ¬  â 8 W K ® 
ý x Ú �X U¾a×T ¯ ° . � æ�

oÙ 
 ¿ T×Ê Ë TØ TÙ 
¿ & å   � � TØ TÐ � T ± �½ g ² W ³ ´ � T ± $

'X�� µ ¶ Ï % · ¸ � Ä � ¹   º 2 � z 4 8 8 W M z � � ��

µ ¶ Ï Õ � A ° 
 » ¡ ¸ � Ä � ¹ � ¼ � 8 W ½ z 
 n o � VX;

n o � V�� � T ¾ � : � � / � � z� C k l 
 ¿ A BfXT

À�T×Ù # & L �
 � Ç e � B��� æT öT ¿ To×Ê Ë TNH4
+ ¿ �×Ù 
�,X

À�T×Ù # & L �
 � Ç e � B��� æT öT ¿ To×Ê Ë  NH4
+ 
O H P ¤ L

¶ 2(æ��T öT ¿ ��ToÙTÊ p TOT××Ê Ë Ø ÙT(NH4+2SO4T � H2SO4!`�T i �

Àæ+X P « �� $ ½ ¾ �(Ç � Á +" k � � � � � ¿ �×ÙX� ÙÈ Î�

!`�T i � Àæ Þ �Ö æ Þ O�P « © � cc ÐË �� ( � . ' á�P ¿ OTd Ø Ù��

� � T cH3 
 ® Ô , ( �
 k 
Ú Û ¹ �¥ l � Â ù n o � � Ã


 Ä ` \ X¥ Å , 1 � � � � � ¿ �T×Ù�$ A � 
, 1 � � �� z {

K U 
ä å � F . , 1 � � XT

DW B ¾ z . � , 1 ö ¤ L ¶ 2 k 
B ¾ �ú � : � n o � V�

�� � d Î(�Þ ¿ O–UÞ �Td +�� � ¼ i � Æ� / Y + NH4
+ � NH3� Ë Õ

XB ¾ C Å �� Æ ± þ � NH3 Ç È X�v O � � 
 Ç � Á � > O ,


ä å � â 8 W ä ä " É , 1 XV g T VOcT �� Ê Y , - Âæ q mX/

� N �V g W « 
B ¾ �z Ë " a b T V�cT � K U æ q mXX. � ,

1 $B ¾ ú � � � K U � (d Ë c É É TÍ ` É È aac F Ê _ +X . 8 q nÓ¿ & V g

K U � 
 Ì Ý Xz K U � f K U æV q m N �B ¾ ª ÷ � �C   C ¾ �
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�� � � ¹ K æÍXº � � È � � P QQ15N m�X � � Ø TÐ � T ± / � �

� � V Î _ W � Ï r s ¬�� � d ¾� È � � Ü � P QXT

T (À+�f ® \ ¯ ° ±
±O H P - G
�	�

T

� �� �� �� � ����= ä ä # g G � �f ® \ ¯ ° ±(dissolved inorganic carbon 

(DIC)+$±O H P Z Æ�δ13CX�� c ××Ê Ï È c ac Ë TÉ F _ Ê Ï F È h ×Tab Ë Ê _ È Í ` T f �_ ÐË 
lT

É Ê Ë h F È Ê Ï ��f DIC z 4 strontium carbonate (SrCO3) R S �SrCO3 �

100-percent phosphoric acid (H3PO4) x # b ¸ CO2� � e I Ð K N �

� Í h c Ë TÈ Ï Ë ` F TÈ É Ê F Ê i ` ¾_ c F È Ê T×c É É TÉ i ` a F _ Ê ×` F _ � T f Ç � ¾� È � �lP Q�� � 4 P

×Ø ; TVVT < TCO2 = 12C16O16OÑ T×Ø ; TVOT < TCO2 = 13C16O16OT , ? � 4 P T ×Ø ; T

VÀT < TCO2 = 12C16O18Î� $ A � δ13C ÆXT

� 	� 	� 	� 	  

, 1  e g ¼ k Ô PE B(high-density polyethylene scintillation vial 

with Polyseal cap+�� � 7 �, N �� O � P 15 mÙX, 1 D æO�T×ÙÖ UT

Ù�, 1 B � C Ò �Ó Ô 5 Õ CO2 
ß à Xp � SrCO3T f Í _ � T Ö ` È d b F lT Ó

Ô 7 T O�T×d X, 1 Â � g VcXT


��
��
��
�� 

D 100 mÙ �,�� UmÙTc ××Ê Ï È c ac Ë TÉ F _ Ê Ï F È h ×Tab Ë Ê _ È Í ` T f �_ ÐË 
lT

É Ê Ë h F È Ê Ï �z < « ��× V æV q m�� �Þ VOh ×T � T ��n é � Ø L �

" Ù 4 7 f\ �/ � Y ÷ � d Ë c É É T e ` F _ È TÍ È É b �z É�ca K �� æO�¾o×T

� Ú �d /P ¿ OT×d �V g , - Ï f�Û 8 Ü 
 � � Ï f�� æT×ÙTÊ p T

U��¾ i ` _ a` Ï F TH3PO4T , - �X  � " þ # $ N �X æT×ÙTÊ p TU��¾i ` _ a` Ï F T

H3PO4 _ Ý O � , - Ï f� b ¸ $ CO2�S z { Ð K �� Ç � ¾� È � �

P QXT

T (Â+ � � f�¿ O H P - G
��� �

T

� �� �� �� � ����� � , 1 SY  EA Y + 4 CO2,�N2��S O2,�S GC Ï Z P ½ �

Ü � IRM��O m - G ×Ø ; T64 = SO2 = 32S16O16OIm/z 66 = SO2 = 

34S16O16ÎX 
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� 	� 	� 	� 	  

, 1  e g ¼ k Ô PE B(high-density polyethylene scintillation vial 

with Polyseal cap+�, 1 p � ÓÔ 7 UT×d ¿ Ø d 
, 1 �� [ © � Â

� H X 

� � � �� � � �� � � �� � � � ����barium sulfates (BaSO4) 


��
��
��
�� 

, 1 V g a b z 9�c K U �j 4 U�� � æ��o×Xd PT �Þ ¿ ×d T, 1 g

V nXI�� À��To d TÊ p  V2O5�� p q r s ¬XÞ, 1 P QT p Å �

ß i _ ` ¾F ` É F�¥ l � � � /,
 [ áX à T

T (Ê+ � � f�±â �êO H P - G
����

T

� �� �� �� � ����= ä ä # g G � � � , 1 f�ê,�±$O H P Z Æ�

δ(15N/14N) t u 7 δ15cIδ(13C/12C) t u 7 δ13CX� � , 1 � g V W ( F È Ï T
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B C D E D �� � � 
 � � �F � � ��G 
 4 	 � � 
 H � 
 � �  �� � � � � � � �	 
 �3 � � � 
 � � � � � � �� � � � � � � � � �� 
 � �

I � 
 � � H 	 
 � 
 � �J 5 � � � � � �  � � 5 :�

Day 1�K L M K 1 M M 1 L N � 

7A30 a.m. Registration 
8A00 a.m. Course introduction and introduction to environmental 

isotopes 
•Basics of stable and radioactive isotopes 
•Isotopes routinely used in hydrogeology 
•Isotopes fractionation — theory and application in the 

hydrological cycle  

10A00 a.m. Break 
10A15 a.m. Tackling the problems of groundwater resources with stable 

environmental isotopes 
•Tracing the recharge origin of groundwater 
•Identifying and quantifying evaporation and water balance 
•Groundwater/surface water interaction 
•Tracing groundwater mixing with isotopes 
•Case studies of groundwater recharge in temperate and arid 

regions 
12A00 p.m. Lunch (on your own) 
1A00 p.m. Groundwater dating — rates of groundwater circulation 

•Tritium methods for modern groundwaters 
•Radiocarbon for paleo groundwaters 

3A00 p.m. Break 
3A15 p.m. Isotope sampling and analytical programs 

•Objectives and data requirements 
•Review of analytical methods 

5A00 p.m. Course adjourns for the day 

 
Day 2�K L M K 1 M M 1 L O � 

8A00 a.m. Introduction to environmental isotopes in contaminant 
hydrogeology 
•Range of applications 
•Routine methods and upcoming isotope techniques 

10A00 a.m. Break 
10A15 a.m. Groundwater contaminants in agricultural and urban settings 

•Nitrate sources and transformation 
•Role of riparian zones in nitrate attenuation 
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•Infiltration from fields to regional aquifers 
•Impact due to leakage of sewage and water distribution 

networks 
12A00 p.m. Lunch (on your own) 

1A00 p.m. Industrial sources of groundwater contamination 
•Fuel and DNAPL spills — compound-specific isotope 

analysis to trace sources and degradation of organic 
compounds 

•Monitoring in situ oxidation of chlorinated solvents by 
permanganate 

3A00 p.m. Break 
3A15  p.m. Industrial sources of groundwater contamination (continued) 

•Ammonia sources and transformations at industrial sites 
•Mining camp — tracing mine inflows, tailings environment 

4A30 p.m. Special topic: If the group is interested and if there is 
sufficient time, application of isotopes in landfill studies will 
be discussed 

5A00 p.m. Course adjourns 
�

B C D E � �G 
 4 	 � � 
 H � 
 � �  �� � � � � � � �	 
 �3 � � � 
 � � � � � � �� � � � � � � � � �� 
 � �I � 
 � � H 	 
 � 
 � �

J 5 � � � � � �  � � 5 :P Q R S �

�



 27/33 
 

B C � ��T U V W X Y X Z �

�

�
V W [ \ ] [ # < �

�

�

�
V W [ \ ^ D _ ` a Z �



 28/33 
 

�

V W ] [ b c �

 
>  ¡ � Ä 4 � � �

�



 29/33 
 

�
� �  ! " # $ % & ' d e f g h �

�

�
i � �  ! " # $ % & ' � � � � � 
 ( ) * + , - . / j k l � 1 �I � �  � 
 m a �

�

�



 30/33 
 

�
3 � � n � 
 � � �F � � �� o 5 � � 
 �	 � � � � � � �� 
 �  5 � 	 � �

�

�
3 � � n � 
 � � �F � � �� 5 � � � � � 
 �	 � � � � � � �� 
 �  5 � 	 � �



 31/33 
 

�
9 	 p � 	 � q� � � � � �� � � � � � � �� 
 �  5 r � � �l 9 s qM L L �F � � �δ2H and δ18O 

�

�

3 � � n � 
 � � �F � � �
 	 � � � � � 
 �	 � � � � � � �� 
 �  5 � 	 � �



 32/33 
 

 

         . � â ¿ & å   
 � � ¡ · (GF+ ½ z 
 n o � V 
�

�
Ê Y , - � ( p Ê _ Tc ××Ê Ï È h ×T×` F b Ê Í +�

�



 33/33 
 

�
$ ê v w } � �

�

�
G � t � � u 2 �F � � �
 	 � � � � � 
 �� 
 � �� o 5 � � 
 �	 � � � � � � �� 
 �  5 � 	 � �


