
( D � )
� 33 � � 6 � SCIENCE IN CHINA ( Series D ) 2003 � 6 �

������� C-3 �	
�

�
������*

����� ���� ��	�

�����������	
��
�, �� 100029;���������, �� 100871)�

�� ��������	
�� 367
C-3���������������, �

�� ����	
� C-3 ����δ 13C !�"�#$−21.7‰ ~ −30.0‰, %&!$

−26.7‰; 	
'()*+,-�� C-3 ����δ 13C !�".), �−24.4‰ ~

−28.5‰/#, %&!$−27.5‰; 0	
'(1*23�+45-4567�� C-3��

δ 13C!89:;�-21.7‰ ~ −30.0‰, %&!$−26.2‰; C-3���δ 13C!�	
'(

)*�+,-67�<	
'(1*23+45-4567�=>?@. ABCDEF

GHI=>?@�JK(L, C-3 �������MGNOABCD�PQ08R, �

����	
�ABCDSTU 100 mm, C-3�Vδ 13C%&!W?XY 0.49‰Z[.

��� C-3 �� ���	 
��


��������	
��
�����������, ��������� !�"

#�δ 18O$%&'()*+,-�
�./012�34567890:;�<=. >?-,

��	
, @ABC�DEFBC�GHFI�JGK�L�MN/O�PQE����	


��RSTUV2WX�YZ[1~4]. [\������D�]^-_[`I�, BC�GH�

��	
a�bcd C-3e C-4I��\f`�g[5], hiL�MNPQE���	
jeh

����	
�k[6,7]. �(lmn�opRSq, rstu[`I���	
vw�xy,d

z[`I���	
��f{|(l[\������	
RS, }~����
���`

�������^���. �“����”��cE�����j2�, f��I���	
,

��8��I���	
e����k����w&{|(l[\������	
RS,

t}~����
�e�`������. ��fI�δ 13C ���� 50?� 7¡¢£[8,9],

¤��4g��¥�d[10~13], &(a¦§�)*+�
�xy}¨'©¥. �ªf����

���	
��«¬,­��I���	
®1 90 ?�¯°±[²¢£[14~16], ³Y´¢�d

��¥µW¬, ¶·'¸��
����¹~�4g��	
�¥�º»(l. �b¼, ��

½_¾¿��À�ÁÂÃ, ¸Ä ÅÆÇB¦ÇB���	
�¥�ÈÉÊ���<=, �

Ëc�Ì'¸�ÅÆÇB�Í¦�[`I�, ]^8i�I����	
vw, ,Î¹Ï�

�
�ÃI���	
./eop
�, ÐÎ8�����k�. �ÑÒ8�Ó��®1�

ÔÕÖR.

2002-10-18��, 2003-02-19����

* ����	
��
�(���: 40072059, 40273006)�����	
����
�(���: 49894174)����



� � 6 � ����:� ��	
��
 C-3 ������������ 551

1 ��������	
��

×4Ê�I�ØÙ, ]^8i�I�(ÚÛ¬�ÜÝ)Þ_¸�ÅÆÇB¦, T�¬g�Ø

ÙÞ_eÇB¦\ß�c¦. �à���c¦áâ 109°24ãE(äåæç), åè 99°36ãE(éêê

ëì), áåíî 1000 km ïð, ëâ 35°12ãN(äåñò), Åè 38°42ãN(éêêëì), óô

300 kmïð. ØÙÞõö��Í÷ø 1. ×4Ê�c¦¸ÄrÞõu'ù�pI�ØÙ, úT

�û�c¦�ØÙ�gW¬. �g¬�üý8�þc¦&������
�, _¾
��`

ñ�I�p�� 2 ~ 3p, �Z�F	
�ï�F�
��ç����c¦. ØÙÞõbI�

�`ñ��, ×4Ê�b 1999? 6�� ~ 8��Þõ, ¬g�ØÙb 1998? 8 ~ 9�� 2000

? 7�Þõ.

ÞØö�����F¢�, ����É�� !cm, ,"#`ñ�
��$%�&',

(�)*+9,-LfÎ�	
v��./. ÞõØÙ0&{�`ñ�I�, 1�ØÙ2 2 ~ 4

3«��I�4K5º­w.

� 1 �������	�

����� 400 mm� !"; �,� �#$%&'�()*+,-�(./-./+,-012�. AS&34; LC&56;

CW&78; XF&9:; LX&;<; YZ&=�; BY&>?; HZ&@�; YC&?6; ZW&�A; ZN&�B; JT&CD; SD

&EF; SN&GH; ZQ&IJKLM

�Þõ�ØÙ�6789:;F<=, >b?@�, � 85AÃBØÙCD=E. 1�=Ø

F¥GH4Ö, ID�~ 5~20 4GHJK, 13I�0~�GHg4K\�. , CuO 1&�

/L, Þ�MNOPQR�SõI�CDQR¯T`� CO2, QR�UV& 500A, qW 24 h.

Sõ� CO2� MAT-252EXYZgδ 13C[.

ØÙ�Y\»��Ì0���¿�]cEec^�»��0�	
=_`ab.

��	
vw�dcd&e

δ 13C (f) = [(R ��−R ��)/R ��]g1000.

d� R ��� R ����dVØÙ�hi���	
j[. ��	
RSÞ� PDBhidV, �

kZg�RSdz, �Ìlmn0.2f.
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2 �����

2.1 ������� C-3 �	
��
��

��������	
�� 367
 C-3����, ����� 190������, ���

δ 
13C ����� 2(a)� . !� 2(a)"#$%,

�&'()*+ C-3 ��δ 13C ��+,-

−21.7‰ ~ −30.0‰, �� 93%�./���

−24.0‰ ~ −29.0‰012, 3−29.0‰����

4 3%, 5−24.0‰���678, 9: 5%. ;

#−25‰ ~ −29‰:/ 85%<, C-3��δ 13C=

>�-−26.7‰. ?=>�@AB C-3 ���=

>�[12]#C��DEF�&'( 461
 C-3�

���GH�IJ�K�LM�=>�

(−27.1‰)NO. PQ�RST�����UV

W.���XYZ[\WZ[]+, ^_`]

+����IJ@ab\Wab]+cdNO

(� 2(b)\ 2(c).

2.2 ������� C-3 �	
��
��

�����

�&efgh , ijklmn<� . ��

ij+�op������q�IJrstu

�v�w, Txy��q�IJz{|���

}~.

� 2(b)������PQ
�z)*�R

�������\�����)*+, ���


�]+�������p�\���], �

����\���](� 1), 	� 149 
��.

?+��]+��>���>5400 mm, }���� 480 ~ 600 mm, �zWabij+. C-3

���δ 
13C�tu01�, �−24.4‰ ~ −28.5‰�,, =>�-−27.5‰. �� 90%���δ 13C

����−26.0‰ ~ −28.5‰�,, �−26.0‰����: 10% ¡. ?+���δ 
13C ����

�, "¢£�]+ij{|¤¥¦§¨E�©.

� 2(c)������PQ
Y)*�R��ª«+#C¬­�®�¯°�]+, ���


Y���±��²³�´µ�¶·��¸¹, º»�¼�, ½���¾��½�µ�¿ÀÁ

\2ÂÃÄÅ Æ� 10
]+� 218
��(� 1). ?+��]+��>����3400 mm.

�WZ[-Z[ij+. C-3��δ 
13C �tu01�−21.7‰ ~ −30.0‰, =>�-−26.2‰. ?+

��δ 
13C ���01Q@�Ç)*�R��Wab+(� 2(b))ÈM<, RS"¢£?+��

��
�]+ij{|¤¥ÉÊ¬Ë@¦�©.

!� 2(b)\ 2(c)"#cd$%�ij�+q�IJrs�cd�ËÌ, ÍÎT!δ 
13C r

� 2 C-3 �������	
��
�

(a) ��������	
� C-3 �
; (b) ������

��	������	� C-3 �
; (c) ��������

	����-����	� C-3 �
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s�=>�ÏTPQ���+,^Ð, )*�R���Wabij+Ñ)*�R��ª«�

WZ[-Z[ij+dÒNÓ.

�¿oÔ\¿ij���, FVÕ�Ö� C-3�C-4 ��o��×Ø�ÙÚÛÛTÜÝz

*Þ�ßà\*Þqáâ�δ 
13C17~20]. ��ij+ C-3 ��q�IJrs=>��dÒËÌ

ãä���_�ÙÚVå�, ��x?æ/çè��é�êë, ìíî�é�ij{|, ïð

ñò��ó- C-3 ��δ 
13C �ôõ�. ö�çè�÷TXY)*�R,øù�¿*Þ, �Ù

Úê��ú"#ûüy−27.5‰(�ÇMý� C-3 ���)*�R��Wab+�δ 13C =>�)

ó- C-3��δ 
13C�ôõ�, þ�÷Tøù�)*, "#ûüy−26.2‰ó- C-3��δ 13C�

ôõ�.

�������tu��#�, ����`	8� 4 
#�]+�
�
�ý��ñ


���(¢�Ñ@Èh�ij{|�op)���%, GH�����K��, #ùLM���

�q�IJ��,tu . ��_�����	� 9 � , � 3 d �T�H� (Lepidium

apetalum)��(Chenopodium album)�=��(Plantago depressa)���(Cirsium leo)�Ã�·�

��(Heteropappus altaicus)����(Heteropappus hispidus)���(Plantago asiatica)����

 (Stipa breviflora)�!"#(Artemisia scoparia)_ 9��ñ
 C-3����ij+δ 
13C=>�.

!� 3 �6"#$%���q�IJrs�cd�+�Ë$, 6%&-Wabij+@WZ

[-Z[ij+dÒNÓ. !^îc�ÍÎT�
 C-3 ���q�IJrsÏT C-3 ��'�

(6( C-3�Ö)���_�tu)*.

� 3 9 ���� C-3 ��δ 13C �	
��(±1 σ )
��������	
���
�: 1. ���; 2. �; 3. ���; 4. ��; 5. ������; 6. ���;

7. ��; 8. ��� ; 9. !"�

2.3 C-3 ��δδδδ    13C ������	
��

��������	
��
��������[21,22]. ���������� !"#

��$%&'#(���, )*+,-.����, /��#(�0123� 23004�56,

�789:;<12=>?	@��1ABC�DE��, F12GH:;� C-3 ��δ 13C
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�?�
�I(�JK��!5LM@N4�. OP89:;���3�QRSTUVW(

XY�QZ��<, ��LM[\#(]
< CO2�^_U`�δ 
13C ��a7bc?	de

]�fg, F`�h?!"@ij��δ 
13C�?�
�I(klJK�mno�.

03p_@�����������?�
�I(klJK�qrsn��, 03p_

t���������ukv�Ow[23]<xy+z{, �7?|}~, 8w�s�z{0�

�����.

� 4@0���t C-3��δ 13C��uk�, �� 4<!5��: C-3��δ 13C�&3�

�0������Js����I��, ��δ 13C �t0�����bc��������

�u, ���&M 99.9%. ������JK��@��� ¡¢£¤( C-3��δ 
13C��?

�
�I(¥¦§¨©JK�qrsno�. �7, �ª«�¬�JK�, ­��C����

�­B®«©��C�¯��:;�, °δ 13C �BM0����®«©��@±XA²�.

� 4�³´¢µ���� ¡¢£¤(0���¶·¸ 100 mm, C-3�¬δ 
13C&3��¹�

º 0.49‰»¼. ­Z[q½¾(0.49‰/100 mm)¿t��IÀ���Á�5Â:;�#(dq

Ã�uk, Ä��LM`Å�]j!5«�� ¡¢������0���JK�ÆÇ, �

M��ÈÉ�0���tÊQ� ¡¢Hd C-3 ���������(��Á�M 461 r)x

yËqÌ³´IÀ, ÍÎ�½¾M 0.47‰/100mm. �7!5�[q½¾(0���¶·¸ 100

mm, C-3�¬δ 13C&3��¹�º 0.49‰»¼)ÏÐÑC�� ¡¢�¯
�:;<.

� 4 ��� C-3 ����	
��
��������
��

�������� C-3 	
��
��������(±1 σ )

�6Ò� 9�ÓÔ© C-3���<, Õ5Öy×ØÙØ&ÚÛUÜÝ[ 4�������

Î�#(Þ�, ��5Û[24]ßà:;`��δ 
13C��0����JK(áâw<� 2), ³´I

À�½¾��ã����δ 
13C �hd�0������Js�����, Ä?����d?

��JKä, ��`�G���åæ©ç?��. ?���èd?��Jäéê���ëC

��������¯��:;�, ìíG����JKÞîå��ï	ðÍñMdò��½
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¾.

����ó�µ_6ôõ+��¦ö���I÷Ç, ­���?ø, ù¤úû��U/ü

$
ý_�þ�, ��M+���I��¥, �	ij
��u�, 
��ikÁ(g)�4, �

������� CO2^_(ci)��, [�ÆÇ	ù1ABC	��δ 
13C�
�[25]. Winter�[26]


� C-3��4�(Triticum aestivum)U�#���(Poa pratense)�δ 13C��ý_þ�=>¦

ö���Xý_��¹�. Stuiver U Braziunas[27]ÈC�Gý_BM�E��t����δ 13C

B�uIÀ, ½¾������_��u. �������#(G�� C-3������:;

½¾h��, `��δ 13C �� !nX�!��¹�[28]. ­Z, hd:;½¾¥ª����

!"dt7�ô�JK§¨[29], [��"#��, $%@p_����!"	&¸���B

Cb6, ùÍÆÇñxqÐ'(K, $%�Í)*�@��tp_�+,uk. G�I÷Ç;

-./����������0E123d456:;.

3 ��

Prentice U Raynaud[30]Þ7�w8: “9��H:‘¯¦�#;K<(Paleobiogeo-chemistry),

[r=>5Ûç?��, Ä���?: BMqr@A�:;BC, `��DE��0�G��

+F#;kl5ÂGHIJ��K�LJM[rkl�ÎNO�BC”, #��PQt���

I�R. �������:;��@¯¦�#;K<:;<�qrsn�S. �ËG� ¡

¢£¤( C-3�8�������:;!5Í�5��ÏÐLT:

(1) � ¡¢£¤( C-3�8��δ 
13C�IU(cM−21.7‰ ~ −30.0‰, "< 93%�Á9

IU�−24.0‰ ~ −29.0‰VW�, &3�M−26.7‰.

(2) £¤�o<-XýY(� C-3�8���δ 
13C��<, �−24.4‰ ~ −28.5‰bc, &

3�M−27.5‰. "< 90%���δ 
13C �IU�−26.0‰ ~ −28.5‰bc. �£¤�oZ-�X

[ -[ 
�(� C-3��δ 
13C�JKVW�−21.7‰ ~ −30.0‰, &3�M−26.2‰.

(3) C-3 ���δ 
13C ��£¤�o<-�XýY
�(±£¤�oZ-\]X[ -[ 


�(��¹^. 0���@_�[�ª`�mno�, C-3 ����������M0��

�����Js. �� ¡¢£¤(0���¶·¸ 100 mm, C-3�¬δ 
13C&3��¹�º

0.49‰»¼.

�� ��������	
��
������
����, ����������

 !"#$%&'()*+ ,-&'(.��, /0�1234567#829:;0<,

=>?@.

� � � �

1 ���, ���, ���, 	. 
��
� 6 Ma������������.����, D�, 2001, 31(10): 816 ~ 822

2  !", #$%, &'(, 	. )�� 3.5*+�,�-./01�234567589. ����, D�, 2001, 31(8):

691 ~ 696

3 :;<, =>?, &@A, 	. BC89�)DEFGH H1��I0JKL. ����, D�, 2002, 32(3): 227 ~ 233

4 M;N, OPQ, M�R, 	. C-3, C-4S5TUVWX�YZ[\���2]. ��^_, 45(9): 978 ~ 982

5 Cerling T E. The stable isotopic composition of modern soil carbonate and its relationship to climate. Earth Planet Sci Let,



556 � � � � (D �) � 33 �

1984, 71: 229~240

6 Cerling T E, Eleringer J R, Harris J M. Carbon diocide starvation, the development of C4 ecosystems, and mammalian

evolution. Proc R Soc London, 1998, 353: 159~171

7 Elheringer J R, Cerling T E. Photosynthetic pathways and climate. In: Schulze E-D, Heinmann M, Holland E, et al, ed. Global

Biogeochemiscal Cycles in the Climate System. San Diego: Academic Press, 2001. 267~277

8 Wickman F E. Variations in the relative abundance of the carbon isotopes in plants. Geochim Cosmochim Acta, 1952, 2:

243~254

9 Craig H. Carbon-13 in plants and the relationship between carbon-13 and carbon-14 variations in nature. J Geol, 1954, 62:

115~149

10 Stuiver M, Deevey E S. Yale natural radiocarbon measurements, `. Radiocarbon, 1962, 4: 250~262

11 Smith B N, Epstein S. Two categories of 13C/12C ratios for higher plants. Plant Physiol, 1971, 47:380~384

12 Deines P. The isotopic composition of reduced organic carbon. In: Fritz P, Fontes J C, ed. Handbook of Environmental Isotope

Geochemistry I, The Terrestrial Environment. Amsterdam: Elsevier, 1980. 329~406

13 Körner C, Farquhar G D, Wong S C. Carbon isotope discrimination by plants follows latitudinal and altitudinal trends.

Oecologia, 1991, 88: 30~40

14 abc, M d. ��)�efS5�� C-3T C-4ghijkl. 4m�_, 1997, 17(2): 113~123

15 nop , qrs , tu� , 	. vwxf ()�
) UVS5\���y�KLz{GH|}. ~��_ , 1999, 17:

325~329

16 &��, ���, R�4, 	. �WxfUVWXT,WX��\����S����. ����, D�, 2002, 32(10):

830 ~ 836

17 ���. �W-,WX��\Z����y��,GH01. ��^_, 1991, 36(10): 767 ~ 770

18 ���, R�4, &��. �� 60*+���WxfEF0���������. �: &)4, R�4,��. �W��

� �¡�¢£01(3). �¤: ��¥¦§, 1991. 51 ~ 54

19 Frakes L A, Sun J Z. A carbon isotope record of the upper Chinese loess sequence: estimates of plant types during stadials and

interstadials. Palaeogeography, Palaeoclimatology, Palaeoecology. 1994, 108: 183 ~ 189

20 Han J M, Keppens E, Liu T S, et al. Stable isotope composition of the carbonate concretion in loess and climate change.

Quaternary International. 1996, 37: 37 ~ 43

21 Smith B N, Oliver J, McMillan C. Influence of carbon source, oxygen concentration, light intensity and temperature on
13C/12C ratios in plant tissues. Botanical Gazette, 1976, 137: 99∼ 104

22 Francey R J, Farquhar G D. An explanation of 13C/12C variations in tree rings. Nature, 1982, 297: 28~31.

23 M�R, ¨©ª, «¬u.���­ C-3S5\���y��+®¯°±². ���¡, 2002, 29(1): 55~57.

24 M�R, ¨©ª. ��³� C-3S5�\���y��+´µ¶±²·¸. �¡��, 2001, 36(4): 494 ~ 499

25 Farquhar G D, O’Leary M H, Berry J A. On the relationship between carbon isotope discrimination and the intercellular

carbon dioxide concentration in leaves. Aust J Plant physiology, 1982, 9: 121~137

26 Winter K, Holtum J A M, Edwards G E, et al. Effect of low relative humidity on δ 13C value in two C-3 grasses and in

Panicum milioides, a C3-C4 intermediates species. Journal of Experimental Botany, 1982, 1982, 32: 88 ~ 91

27 Stuiver M, Braziunas T F. Tree cellulose 13C/12C isotope ratios and climatic change. Nature, 1987, 328: 58-60.

28 M�R, ¨©ª. C-3S5\���¹ºETµE��01. �-�¡��� �¡, 2001, 21(4): 43 ~ 47

29 » ¼, ¨½�, n¾¿, 	. ��)�ÀÁefÂS5�
13C ÃzÄ2ÅjÆÇ�./È°��� . S54m�_,

2000, 24: 648~655

30 Prentice I C, Raynaud D. Paleogeochemistry. In: Schulze E-D, Heinmann M, Holland E, et al, eds. Global Biogeochemiscal

Cycles in the Climate System. San Diego: Academic Press, 2001. 87~94


