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e]HPRSJLFIKSFIKNRSTUNSF]WSHN^G]YV]HZf\NSWN__SOSJXNO]VIKgTKSGSJgKZhSTKNNiSFNRSTU]Q]G]OIhSJNZG]RSKLOSF

UHITTIF7J]OFI^HIKSJKJ]S^OSVSOTNVJ]SNUONKNRSTU]ST]TK]ZJNZG]JNhJNFU]JSRJ]TKZF^TSOWXPNQ]H]VJ]FPF]YQP�

jOSYPHgKIKSFIKSFIKNRSTU]Q]F]WSHNO]VIJNZNTKIKNTKNRSTUNMNTGLKIJN`[LH]G]UIYIJ]^RK]WHZVTSMVL[OIJJLMUHITT]V

TKSGSJNKZhSTKNPVSOSJJ]TKgVGOIVNHgJ]FGONJZKNNOSiSJN`GOSVLiISKVSHNRNJP�^�^RK]G]YV]HZSKOSU]FSJW]VIKgG]HPRSJ�

JLSOSYPHgKIKLUGONFSJSJNfVUHNJNRSTU]`GOIUKNUST]TPWNTKLMMNOPOQ]VNVOIRS`�IJQN]H]Q]V�
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	OSWN YI[]HSVIJN`TSOWSRJ]�T]TPWNTK]` TNTKSFL^GONV]�
WZ\NMUNJVIHNWJ]TKNNTFSOKN^YJIRNKSHgJ]SFSTK]YIJNFI�
fKNiSFNRSTUNSYI[]HSVIJNZXSJKOIHgJ]`NGSON_SONRSTU]`
UO]VSJ]TJLMTNTKSF�

kJIRNKSHgJ]SU]HNRSTKV]NTTHSW]VIJN`^TVZYIJJLMTNiS�
FNRSTUNFG]OIhSJNSF^]ONSJKNO]VIJ]JINTTHSW]VIJNSN[]Og�
[PTNiSFNRSTUNFG]OIhSJNSF]KWSHgJ]VYZKLM]OQIJ]VNTN�
TKSFl�m^l�m�

CWJIU]JIGOIUKNUSRITK]VTKOSRIfKTZTNKPIXNN^ TVZYIJ�
JLSTTNTKSFJLFNNiSFNRSTUNFNG]OIhSJNZFN^]WJ]VOSFSJ�
J]YIKOIQNVIf\NFNXSJKOIHgJPfQSF]WNJIFNRSTUPfTNTKSFP^
TSOWXS^Q]H]VJ]`F]YQNJNhJNSU]JSRJ]TKNl�m�l3m�

	GSXNIHgJ]GO]VSWSJJLSNTTHSW]VIJNZG]UIYIHN^RK]GI�
K]H]QNRSTUNST]TK]ZJNZTSOWXINT]TPW]V^VUHfRIZT]TPWLQ]�
H]VJ]Q]F]YQINJNhJNMU]JSRJ]TKS`^T]TP\STKVPfKWHNKSHg�
J]^GON][OSKIZMO]JNRSTUPfVYINF]]KZQ]\If\PfTVZYg�eON
nK]F JIOPiSJNZ OSQN]JIOJ]` QSF]WNJIFNUN ]GOSWSHZfK
XSJKOIHgJPfQSF]WNJIFNUP^INYFSJSJNZG]THSWJS`PTPQP[HZ�
fKT]TK]ZJNS]OQIJ]Vl�m^l<m�

�JIHNYNYVSTKJ]`]KSRSTKVSJJ]`N YIOP[ShJ]`HNKSOIKP�
OLG]UIYLVISK^RK]V]GO]TLOIXN]JIHgJ]`KIUKNUNVSWSJNZ
[]HgJLMTT]RSKIJJ]`NiSFNRSTU]`GIK]H]QNS`XSJKOIHgJ]`
QSF]WNJIFNRSTU]`TNTKSFL��B	�^TSOWXI�	�^Q]H]VJ]Q]F]Y�

QI ���NJNhJNMU]JSRJ]TKS` �
�NYPRSJLJSW]TKIK]RJ]QHP�
[]U]^RK]TP\STKVSJJ]TJNhISKUIRSTKV]FSWNXNJTU]Q]][THP�
hNVIJNZGIXNSJK]VTTNTKSFJ]`NiSFNRSTU]`GIK]H]QNS`�

CWJ]`NY T]TKIVHZf\NMG]VLiSJNZ n__SUKNVJ]TKN]UI�
YIJNZFSWNXNJTU]`G]F]\NGIXNSJK]V^ TKOIWIf\NMNiSFN�
S`^ ZVHZSKTZ TV]SVOSFSJJIZNK]RJIZ]XSJUITKSGSJNKZhSTKN
KSRSJNZYI[]HSVIJNZ^RK]G]YV]HZSKVL[NOIKgIWSUVIKJLSTMS�
FLGO]_NHIUKNUNNHSRSJNZl<m^l3m�

	PRSK]FnK]Q]XSHgfOITTFIKONVISF]`OI[]KLZVHZSKTZ
TNJKSYFIKSFIKNRSTUNMF]WSHS`]XSJUNTKSGSJNKZhSTKNNiS�
FNRSTU]Q]G]OIhSJNZTSOWXI^ Q]H]VJ]Q]F]YQINJNhJNMU]�
JSRJ]TKS`G]WVHNZJNSFNiSFNRSTU]Q]OSF]WPHNO]VIJNZXSJ�
KOIHgJ]`QSF]WNJIFNRSTU]`TNTKSFL�

�SWNXNJTUIZG]WWSOhUIOI[]KLVLG]HJZHITgnUTGSOKJ]`
QOPGG]`VOIRS`G]WOPU]V]WTKV]FW]UK]OI��oLU]VI�

���	�
����	����	���������������������
�������	�	� ���������	�	� �	�������

�HZ TNJKSYIFIKSFIKNRSTUNMF]WSHS`]XSJUN TKSGSJNKZ�
hSTKNNiSFNRSTU]Q]G]OIhSJNZXSJKOIHgJ]`QSF]WNJIFNRST�
U]`TNTKSFL^TSOWXI^Q]H]VJ]Q]F]YQINJNhJNMU]JSRJ]TKS`
VKSRSJNSV]TgFNHSK �����p���>QQ��[LH]]OQIJNY]VIJ]JI�
[HfWSJNSYI<3�[]HgJLFNTNiSFNRSTUNFNG]OIhSJNZFNOIY�
HNRJLM]OQIJ]VN TNTKSF^VUHfRIZT]RSKIJJLSVIONIJKLNT�
THSWPSF]`GIK]H]QNN^NY ][HITKJ]`UHNJNRSTU]`[]HgJNXL
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POTUI�jUIRSTKVSU]JKO]HgJ]`QOPGGL[LH]]OQIJN�
Y]VIJ]JI[HfWSJNS YI��� YW]O]VLFNW][O]V]HgXIFN �W]J]�
OIFN��

jM]WSGO]VSWSJJLMNTTHSW]VIJN`[LH]VLZVHSJ]^RK]YI�
WIRI]XSJUNTKSGSJNKZhSTKNTNTKSFJ]Q]NiSFNRSTU]Q]G]OI�
hSJNZ]KJ]TNKTZUUHITTPGH]M]_]OFIHNYPSFLMYIWIRTIJI�
HNKNRSTUNJS]GOSWSHSJJ]` Y]J]`GSOSTSRSJNZNTTHSWPSFLM
UHITT]V T]TK]ZJN`�qK]M]O]i] T]QHITPSKTZ T OSYPHgKIKIFN
NTTHSW]VIJN`^GONVSWSJJLFNVOI[]KIMl�m�l5m�

jnKNMPTH]VNZM^ T]QHITJ]OSU]FSJWIXNZF l=m�l��m^ VUIRS�
TKVS[IY]V]Q]FIKSFIKNRSTU]Q]IGGIOIKI[LHIVL[OIJIFSK]�
W]H]QNZTNJKSYIQN[ONWJLMJSRSKUNMOSiIf\NMGOIVNHl5m^l=m^
l��m^l��m�

�TG]HgYPZ WIJJPfFSK]W]H]QNf^FLG]HPRNHN TNTKSFP
JSRSKUNMOSiIf\NMGOIVNH]XSJUNTKSGSJNKZhSTKNNiSFN�
RSTU]Q]G]OIhSJNZTSOWXI^Q]H]VJ]Q]F]YQINJNhJNMU]JSR�
J]TKS`l�m^l3m�	KSGSJgKZhSTKNNiSFNRSTU]Q]G]OIhSJNZXSJK�
OIHgJ]` QSF]WNJIFNRSTU]` TNTKSFL��X]GOSWSHZSKTZRSOSY
U]FGHSUTJL`G]UIYIKSHg�B	^]GOSWSHZSFL`VLOIhSJNSFl5m

2

10 ,
30000

Ca +  ⋅ ∆ = +
��� ��� ��

���
����

 ���

QWSUBI E TNTK]HNRSTU]S�� V WIJJL`F]FSJK VOSFSJN^
FFOK� TK�rVUUERITK]KITSOWSRJLMT]UOI\SJN`^PWIO0FNJr
∆BIEOIYJNXIWIVHSJN`^NYFSOSJJLMVJITK]Z\SSVOSFZNKON
WJZJIYIW^FFOK�TK�rBVQ5EIUKNVNO]VIJJ]SRITKNRJ]SKO]F�
[]GHITKNJ]V]SVOSFZ^ Tr l9$�smEU]JXSJKOIXNZ9$�sVUO]VN^
F]Hg0H�

e]G]UIYIKSHfWXUJInUTGSOKJ]FPO]VJSTPRSK]FOSU]�
FSJWIXNNl>m[LH]G]HPRSJ]VLOIhSJNSWHZ��E7

0, 8;

0, 07, 0, 55, 8 21;

0, 9, 21.
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�HZ]XSJUNTKSGSJNKZhSTKNNiSFNRSTU]Q]G]OIhSJNZTSOW�
XI���^Q]H]VJ]Q]F]YQI��<NJNhJNMU]JSRJ]TKS`��.G]UIh�
W]FPNYGSOSRNTHSJJLM]OQIJ]V[LHN]GOSWSHSJLJSRSKUNS
F]WSHN ]XSJUN PO]VJZ KZhSTKN NiSFNRSTU]Q] G]OIhSJNZ
TSOWXIYU^ Q]H]VJ]Q]F]YQIYD NJNhJNMU]JSRJ]TKS`YZ V
VNWSF]WN_NXNO]VIJJLMNKSOIXN]JJLM_]OFPH��t]OKHN�
_I7
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0,15, 3;

0, 05 , 3 0;
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0, 180;

( ) 0, 0011 0, 2, 180 400;

0, 25, 400;
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0, 3 , 0,1 2, 5;
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FSJKI��]KJ]TNKSHgJ]NY]HNJNNr\�EU]JXSJKOIXNZUOSIKNJ�
_]T_]UNJIYLr\<EU]JXSJKOIXNZKO]GIJNKQr[#�\��ERITKJLS
_PJUXNNPO]VJZKZhSTKNNiSFNRSTU]Q]GO]XSTTIVTSOWXSG]
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�JKSQOIHgJL`PO]VSJg KZhSTKNNiSFNRSTU]Q]GO]XSTTI
Q]H]VJ]Q]F]YQI]GOSWSHZSKTZTNTKSF]`VLOIhSJN`VNWI
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GIHgXSV]�GHSRSV]`NJWSUT �ee��r_� Eve��OSWFNH�KSTKr
[��_��ERITKJLS_PJUXNNPO]VJZKZhSTKNNiSFNRSTU]Q]G]OI�
hSJNZQ]H]VJ]Q]F]YQIG]GONYJIUIF_��

wRSKVHNZJNZNiSFNRSTU]Q]G]OIhSJNZXSJKOIHgJ]`QSF]�
WNJIFNRSTU]`TNTKSFLJITKSGSJgKZhSTKNNiSFNRSTU]Q]G]�
OIhSJNZTSOWXI^Q]H]VJ]Q]F]YQINJNhJNMU]JSRJ]TKS`]TP�
\STKVHZSKTZTNTG]HgY]VIJNSFU]F[NJNO]VIJJLMF]WSHS`VNWI
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�HZPW][TKVIVL[]OITMSFGO]_NHIUKNUNNHSRSJNZNiS�
FNRSTUNMG]OIhSJN` nUTGSOKL^ G]HgYPZTg OSU]FSJWIXNZFN
OI[]Kl<m�l5m^JIiUIHIM��#^���N���]GOSWSHNHN_PJUXNN
GONJIWHShJ]TKNUTHSWPf\NFUHITTIFTKSGSJNKZhSTKN7ω4E
J]OFIHgJ]ST]TK]ZJNS^ωG EHIKSJKJ]ST]TK]ZJNS^ω2 EOSVSO�
TNVJ]ST]TK]ZJNS^ω.EUONKNRSTU]ST]TK]ZJNS�

�HZ[IY]VLMGSOSFSJJLM��#^��$N���]GOSWSHSJJI[]O
_PJUXN`GONJIWHShJ]TKN7WHZJNhJNMU]JSRJ]TKS`EµO�����^
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µ`�����^µ8�����^µZ�����r WHZ TSOWXI E�µO���U�^µ`���U�^
µ8���U�^µZ���U�r WHZ Q]H]VJ]Q]F]YQI EµO�����^µ`���D�^
µ8���D�^µZ���D��

BOI_NUNGSOSRNTHSJJLM_PJUXN`GONJIWHShJ]TKNGOSW�
TKIVHSJLJI23>	�a�

DSiSJNS]UHITTN_NUIXNN lGONJIWHShJ]TKNU]WJ]FPNY
UHITT]Vω���u4^G^2^.�mGONJNFISKTZVG]HgYPUHITTI^NFSf�
\SQ]FIUTNFIHgJPfVSHNRNJP_PJUXNNGONJIWHShJ]TKN�

eONOIVSJTKVSWVPM_PJUXN`GONJIWHShJ]TKNG]]OQIJP
OSiSJNSGONJNFISKTZVG]HgYP[]HSSKZhSH]`TKSGSJN�
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�IKSFIKNRSTU]SF]WSHNO]VIJNSNnUTGSOKJ]S]XSJNVIJNS
G]UIYIHN^RK]PVSOSJJ]TKgVUHITTN_NUIXNNG]VTSFUHITTIF
TKSGSJNKZhSTKNGOSVLTNHIVSHNRNJP�^�^RK]G]YV]HZSKOSU]�
FSJW]VIKgG]HPRSJJLSF]WSHNVGOIUKNUPT]TPWNTKLMMNOPO�
Q]VNVOIRS`�UIOWN]H]Q]V�

�HZG]WKVSOhWSJNZGONSFHSFLMG]UIYIKSHS`UIRSTKVIGON�
JNFISFLMOSiSJN`V M]WSGO]V]WNFLMNTTHSW]VIJN`[LHN
T_]OFNO]VIJLOSGOSYSJKIKNVJLSU]JKO]HgJLSVL[]OUN �G]
���GIXNSJK]VJIUIhWL`IHgKSOJIKNVJL`UHITT�^G]U]K]OLF
]GOSWSHZH]TgU]HNRSTKV]]iN[]U^yT]VSOiSJJLMzG]HPRSJJL�
FNFIKSFIKNRSTUNFNF]WSHZFN�
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