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ABSTRACT 

Krassilov, V. A., 1975. Climatic changes in Eastern Asia as indicated by fossil floras. II. 
Late Cretaceous and Danian. Palaeogeogr., Palaeoclimatol.,  Palaeoecol., 17 :157- -172 .  

Four  Late Cretaceous phytocl imatic  zones --  subtropical,  warm--temperate,  temperate 
and boreal --  are recognized in the Northern Hemisphere. Warm--temperate vegetation 
terminates at North Sakhalin and Vancouver Island. Floras  of various phytocl imatic  zones 
display parallel evolution in response to climatic changes, i.e., a temperature rise up to the 
Campanian interrupted by minor Coniacian cooling, and subsequent deteriorat ion of cli- 
mate culminating in the Late Danian. Cooling episodes were accompanied by expansions 
of dicotyledons with platanoid leaves, whereas the entire-margined leaf proport ion increased 
during climatic optima. The floristic succession was also influenced by tectonic events, 
such as orogenic and volcanic activity which commenced in Late Cenomanian--Turonian 
times. Major replacements of ecological dominants occurred at the Maastrichtian/Danian 
and Early/Late Danian boundaries. 

INTRODUCTION 

T h e  p r i n c i p a l  a p p r o a c h e s  t o  t h e  c l i m a t i c  i n t e r p r e t a t i o n  o f  foss i l  f l o r a s  have  
b e e n  o u t l i n e d  in  m y  p r e c e d i n g  p a p e r  ( K r a s s i l o v ,  1 9 7 3 a ) .  So  fa r  as L a t e  Cre t a -  
c e o u s  f l o r a s  a re  c o n c e r n e d ,  e x t r a p o l a t i o n  (i .e.  i n f e r e n c e s  f r o m  t o l e r a n c e  r anges  
o f  a l l i ed  m o d e r n  t a x a )  is g a i n i n g  in i m p o r t a n c e  a n d  t h e  e n t i r e / n o n - e n t i r e  l e a f  
t y p e  r a t i o  is n o  less  e x p r e s s i v e  t h a n  i t  is in  T e r t i a r y  f lo ras .  S i n c e  t h e  c l i m a t i c  
i n d i c a t i o n s  o f  a f l o r a  d e p e n d  o n  i t s  p o s i t i o n  r e l a t i v e  t o  l a t i t u d i n a l  c l i m a t i c  
z o n e s ,  t h e  p h y t o g e o g r a p h i c a l  z o n a t i o n  is c o n s i d e r e d  f i r s t .  

PHYTOGEOGRAPHY 

Severa l  p h y t o g e o g r a p h i c  c l a s s i f i c a t i o n s  a re  b a s e d  on  m e g a f o s s i l  as we l l  as 
m i c r o f o s s i l  r e c o r d s  o f  L a t e  C r e t a c e o u s  p l a n t s  (see  V a c h r a m e e v  e t  al . ,  1 9 7 0 ;  
S t a n l e y ,  1 9 7 0 ;  e t c . ) .  S o m e  o f  t h e m  r e f l e c t  p h y t o c l i m a t i c  z o n a t i o n  w h i c h  is, 
h o w e v e r ,  d i s g u i s e d  b y  a h i e r a r c h i c a l  s y s t e m  o f  " f l o r i s t i c  p r o v i n c e s " .  M e r e  
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floristic approach is biased by the unstable taxonomy of Cretaceous angio- 
sperm leaves. The present author prefers a combined floristic--phytoclimatic 
approach (e.g. Krassilov, 1972) when the principal divisions -- geofloras -- 
are delimited by a few widespread and easily recognized morphological types 
(or life forms) with restricted climatic tolerances. For the Late Cretaceous 
these are: 

(1) Phoenicopsis; the dominant  plant of  "Phoenicopsis-forests", i.e., meso- 
phytic deciduous forests which thrived in northern Asia from the Late Triassic 
up to the Early Cretaceous and then declined through the Late Cretaceous. 

(2) Ginkgo (or Ginkgoites); this is most  abundant  in the Phoenicopsis zone, 
but spread farther south. Cenozoic representatives of the genus are restricted 
to the temperate zone. 

(3) Nilssonia; the latitudinal range of this form largely overlaps that  of 
Ginkgo but its opt imum development is outside the Phoenicopsis zone. 

(4) Debeya (Dewalquea); this peculiar Late Cretaceous leaf type resembles 
some modern Proteaceae. It is found mostly to the south of  the Phoenicopsis 
zone and associates with: 

(5) Palmae. 
Diagramatically the geographic distribution of these types can be expressed 

th us: 

PhoenicoRsis 

Ginkgo 

Nilssonia 

Debeya 

Palmae 

S N 

Four phytoclimatic units can be distinguished: 
(1) Subtropical; dicotyledons of the Debeya-Dewalquea group are wide- 

spread and Ginkgo mostly absent. This zone differs from the modern tropics 
in the presence of taxodiaceous conifers and the smaller dimensions of  pre- 
vailing angiosperm leaves, It comprises plant localities of the United States 
and Europe. The Dakota flora of Kansas and Nebraska (Lesquereux, 1974) 
grades into the next zone: 

(2) Warm--temperate; Debeya leaves constantly present as well as Ginkgo 
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and Nilssonia. Cretaceous  Palmae reached  Central  Japan  and Vancouver  Island 
whilst  Debeya is k n o w n  f rom Nor th  Sakhalin,  the  Zajsan depression,  western  
Greenland and Vancouver  Island (Fig . l ) .  

' 

Fig. 1., Records of Debeya from the warm--temperate ecotone: I = Sakhalin; 2 = Zajsan; 
3 = Ireland (this record is from Paleogene); 4 = western Greenland; 5 = Vancouver Island. 

(3) Tempera t e ;  Debeya absent ,  Ginkgo c o m m o n ,  NiIssonia and Phoenicop- 
sis occur  occasional ly.  The  pr incipal  localit ies are s i tuated in Yakut ia ,  western  
Siberia, western  Canada, Alaska and Y u k o n  province.  

(4) Boreal;  Phoenicopsis and Ginkgo present ,  bu t  Nilssonia usually absent.  
This zone  covers  n o r t h e r n  Alaska and Chuko tka .  

Several plant  groups occur  in all zones bu t  show quant i ta t ive  corre la t ions  
with cl imate:  among  the  t axod iaceous  conifers ,  Sequoia prevails in 1 and 
especially in 2, whereas  dec iduous  Parataxodium ("Cephalotaxopsis") dom-  
inates c o n i f e r - - h a r d w o o d  forests  of  3 and 4. Laure l - type  leaves are c o m m o n  
in 1 and ra ther  i n f r equen t  in o the r  zones,  whereas  p la tanoid  leaf- types  (i.e., 
Platanus, Credneria, Paracredneria, Protophyllum, Pseudoprotophyllum, 
Aspidiophyllum and Pseudoaspidiophyllum) at ta in  the i r  m a x i m u m  diversi ty 
and numer ica l  r ep resen ta t ion  in 3 and 4. 

This scheme shows some points  o f  resemblance  to  tha t  o f  S tan ley  (1970) ,  
who  used the  Triprojectus pol len- type  as an ind ica tor  o f  a t r op i ca l - - t empera t e  
eco tone .  However ,  Triprojectus (Aquillapollenites) was con t ro l l ed ,  no t  on ly  
by t e mpe ra tu r e  condi t ions  bu t  also by humid i ty .  According to  Rouse  et al. 
(1971) ,  this po l len- type  was less f r equen t  in coastal  than  in in ter ior  regions 
of  western  Nor th  America.  Thus ,  its uneven rep resen ta t ion  in Europe  and Asia 
may  be at least part ial ly related to  unequa l  land--sea d i s t r ibu t ion  (Krassilov, 
1971).  

FLORISTIC PALAEOSUCCESSION AND CLIMATIC CHANGES 

A. Cenomanian--Senonian 

In eastern Asia, floras of  this  age (Fig.2) fall into th ree  phy toc l ima t i c  zones: 
w a r m - - t e m p e r a t e  (Pr imorye ,  Japan  and Sakhalin) ,  t e m p e r a t e  (Okho t sk  Sea 
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coastal region, Kolyma River, Anadyr River, Kamchatka and Anadyr Bay) 
and boreal (Chukotka).  Their American equivalents are known from Canada 
and Alaska. 

Primorye, Sakhalin and Japan: warm--temperate 
The Albian flora of  Primorye is composed mostly of  ferns, cycadophytes  

and conifers in association with a few angiosperms (Krassilov, 1973a). Greenish. 
gray Albian strata are overlain by red beds of  presumably Cenomanian age. 
They yielded a few fragments of ferns (Onychiopsis), cycadophytes  (Otoza- 
mites) and Ginkgoites. Above the red beds there are thick series of eruptives 
distributed along the Sikhote-Alin Mountains and the Inner Belt of Central 
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Fig.2. Principle localities o f  Cretaceous  plants  in the Far East  o f  the U.S.S.R.:  1 = Sikhote-  
Alin, Part isanian;  2 = Sakhalin, Augustovian and Boshniakovian;  3 = Sakhalin, Ajnussian, 
Gyliakian and Jonkiaer ian;  4 = Amur  Province,  Tsagajan; 5 = Okho t sk  coast,  Ulja River; 
6 = Okho t sk  coast,  Armanian;  7 --- Ko lyma  basin, Arkagalian; 8 = Nor th  Kamchatka ,  Vali- 
jgenian and Bystr inskian;  9 = Anadyr  basin, Grebjonka;  10 = Anadyr  Basin, Rary tk in  
Range;  11 = Anadyr  Bay, Barykovskian;  12 = Anadyr  Bay, Koriakian;  13 = Chukotka ,  
Koekwoon ian .  

Japan. Lower  members of the volcanic series in Japan contain Asuwa and 
Omichidani floras assigned to Late Turonian--Early Coniacian (Matsuo, 1962, 
1970). These floras consist of  ferns (including Onoclea cf. sensibilis L.), Nils- 
sonia spp., Ginkgoites, pinaceous and taxodiaceous conifers, rather sparse 
small-leafed terrestrial angiosperms and aquatic Quereuxia ("Trapa") angulata. 
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The Partisan flora of Sikhote-Alin (Kryshtofovich, 1939) occupies a similar 
stratigraphic position. Ferns and conifers associate here with small-leafed 
Viburnum and Quereuxia. 

In Sakhalin, plant remains occur in a paralic sequence overlying marine 
Turonian shales and grading southward into marine beds. Several successive 
plant assemblages have been recognized by Kryshtofovich (1918, etc.) and 
revised by Vachrameev (1966) and Krassilov (1973b): 

(~1) Ajnussian; Gleichenites sachalinensis Krysht., Sequoia reichenbachii 
(Gein.) Heer, and platanoid leaves (mostly Protophyllum ex gr. sternbergii 
Lesq. and P. ignatianum Krysht.  et Balk.) predominate. Records of Inocera- 
mus uwajimensis in marine interbeds indicate a Coniacian age (Vereshagin, 
1970). 

(:2) Gyliakian; Sequoia reichenbachii predominate. The gymnosperms 
Cycas and Araucarites are locally abundant. Platanoid leaves play a subord- 
inate role. Troehodendroides saehalinensis (Krysht.) Krysht., Laurophyllum 
sakhalinense Krassil., Araliaephyllum polevoi (Krysht.) Krassil., Bauhinites 
cretacea (Newb.) Sew., and Debeya tikhonovichii with small to medium-sized 
ovate, lanceolate, trilobate, and trifoliate leaves are the principal angiosperm 
elements (see Krassilov, 1973c). Numerical representations have been calcu- 
lated for the Mgachi locality, which is locus classicus for the Gyliakian flora 
(Table I). Upper horizons with Gyliakian plants contain the Late San ton ian -  
Early Campanian ammonite Annapachydiscus naumanni Yok. Thus, the most 
probable age for the Gyliakian is Santonian. It is worth mentioning that Jap- 
anese geologists use Kryshtofovich'  term "Gyliakian" for marine Cenomanian-- 
Turonian strata from its original (now amended) age assignment in Sakhalin. 

(3) Jonkiaerian; Sequoia reichenbachii retains its dominant  position. Nils- 
sonia and ferns occur abundantly. Among them SaceoIoma gardneri (Lesq.) 
Knowlt. makes its first appearance. Characteristic angiosperms are Magnoli- 
aephyllurn magnificum (Dawson) Krassil., Myriciphyllum yokoyamae (Krysht.) 
Krassil., and "Rulac" q uercifolium Hollick (the affinities of the latter are with 
Koelreuteria or Cupanites rather than with Rulac or Acer). Plant-bearing strata 
are intercalated with marine beds which yielded Inoceramus sehmidti Mich., 
I. orientalis Sok. and other invertebrate fossils of Campanian age. 

(4) Augustovian; differs from older assemblages by the presence of Osmunda, 
Elatoeladus (Parataxodium) intermedius (Holl.) Bell, Macclintockia and espe- 
cially Trochodendroicles arctica (Heer) Berry. Platanoid leaves and Ginkgoites 
are more frequent than in the Gyliakian and Jonkiaerian. This assemblage 
occurs in paralic beds resting on marine stata with Pachydiscus aff. golleuillensis 
Orb. and P. subcompressus Mat. of Late Maastrichtian age. 

(5) Boshniakovian; is described below with the Danian assemblages. 
In Japan, the Kamogata flora with platanoid leaves presumably corresponds 

to the Ajnussian. The Izumi flora (Campanian according to Matsuo, 1970) is 
of Jonkiaerian aspect and the Omichidani flora with Cladophlebis frigida, 
Asplenium dicksonianum, Nilssonia spp., GIossozamites, "Sequoia hetero- 
phylla" (? Parataxodium ), Protophyllum, and Trochodendroides arctica 
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(Endo ,  1925)  is s imi lar  to  the  Augus tov i an  assemblage .  
The  f lor is t ic  c o m p o s i t i o n  as a who le  unde rgoes  ins ign i f ican t  changes  t h rough  

the  La t e  Cre taceous .  However ,  some  var ia t ions  are o f  s t r a t ig raph ic  as well as 
o f  c l ima to log i c  i m p o r t a n c e :  

(1) The  f r e q u e n c y  of  Nilssonia increases  in coas ta l  e n v i r o n m e n t s ,  i.e. in 

TABLE I 

Numerical representation of vascular plant species per 500 rock slabs in Mgachi locality, 
North Sakhalin 

Number % 
of 
specimens 

Filicales 

Gleichenites sachalinensis (Krysht.) Krassil. 
Anemia ("Asplenium ") dicksoniana (Heer) 
Cladophlebis frigida (Heer) Sew. 
Cladophlebis oerstedii (Heer) Sew. 
Saehalinia sachalinensis Vakhr. 

Caytoniales 

Sagenopteris variabilis (Velen.) 

Cycadales 

Nilssonia serotina Heer 

Ginkgoales 

Ginkgoites ex gr. adiantoMes (Unger) 

Coniferales 

Araucarites pilosistomus Krassil. 
Sequoia reichendachii (Gein.) Heer 
Cupressinocladus cretaceus (Heer) Sew. 
Protophyllocladus polymorphus (Lesq.) Berry 

Angiospermae 

Araliaephyllum polevoi (Krysht.) Krassil. 
Debeya tikhonovichii (Krysht.) Krassil. 
Trochodendroides sachalinensis (Krysht.) 
Trochodendrocarpus sp. 
Protophyllum ignatianum Krysht. et Baik. 
Bauhinites cretaceus (Newb.) 

10 0.6 
32 2.8 
40 2.4 

4 0.2 
25 1.5 

20 1.2 

31 1.8 

25 1.5 

308 17.7 
605 34.7 

87 4.9 
244 14.0 

127 7.2 
60 3.5 
77 4.4 

2 0.1 
42 2.4 

2 0.1 

Total 1741 100 
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Japan and Sakhalin localities in relation to Primorye, and in Jonkiaerian and 
Augustovian assemblages in relation to the Ajnussian and Gylikian. 

(21 The frequency of Ginkgoites leaves increases in the Ajnussian and Augus- 
tovian assemblages. Since Ginkgoites is a temperate element, its frequency is 
believed to be negatively correlated with temperature trends. Deeply dissected 
Ginkgoites of "Jurassic" aspect makes its last appearance in the Turonian. 

(3) The platanoid element is at maximum in the Ajnussian; it decreases 
through the Gyliakian and Jonkiaerian, and begins to rise again in the August- 
ovian. As this element achieves its opt imum development in northern regions, 
the negative correlation with temperature is to be expected. However, this 
correlation can probably be influenced by changes of local topography. Plants 
with platanoid leaves dominated a flood-plain vegetation and their numerical 
representation therefore depended on the development of flood-plains. The 
Turonian Partisan and Asuwa assemblages in Primorye and Japan mostly accu- 
mulated in lakes bordered by volcanoes, hence an extreme reduction of the 
platanoid element. 

(4) The percentage of angiosperm leaves with entire margins in Sakhalin 
floras is at its maximum in the Jonkiaerian and drops in the Augustovian (Fig. 
3). 

All these criteria suggest a temperature opt imum in the Campanian and 
cooling in the Coniacian and Maastrichtian. 

~o 
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ed 
3o 

2 0  

q o  
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Coniacian Santoni~ ~m Campa~liau~ Maastr J cht iarl Danian 

Fig.3. Percentages of entire-margined angiosperm leaves in the Late Cretaceous floras of 

Sakhalin. 

Northern regions : temperate and boreal 
The Albian floras of Kolyma are much like those of Primorye. They are 

replaced by impoverished assemblages with characteristic Late Cretaceous 
conifers (Sequoia reichenbachii) and platanoid leaves. These assemblages, ex- 
emplified by the Toptan flora of Kolyma (Samylina, 1962, 1974, etc.) have 
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no equivalents in the Primorye--Sakhalin area and correspond to the latest 
Albian--Early Cenomanian Nulato flora of  Alaska (see below). They reflect 
the first stage of  the Late Cretaceous floristic succession. 

The second stage is represented by  assemblages of various conifers (Sequoia, 
Parataxodium, Cupressinocladus, Pinaceae) which dominate small-leafed angio- 
sperms (Trochodendroides, Celastrophyllum, Menispermites, Quereuxia), 
ferns, Ginkgoites with both entire and deeply divided leaf blades, Spheno- 
baiera, Czekanowskia and Phoenicopsis. These assemblages occur in the lower 
horizons of  the volcanic series, e.g. the Ulja locality on the Okhotsk coast 
(Kryshtofovich, 1937), the Arkagalian Formation of  Kolyma (Samylina, 
1962), and the Koekwoonian Formation of Chukotka (Vachrameev, 1966, 
Filippova, 1972a, b). They agree with Turonian floras of  Primorye and Japan 
in general aspect and in a depositional environment of pyroclastic sedimenta- 
tion in lakes. 

The third stage is marked by the expansion of  platanoid types which dom- 
inate, e.g. in the Valijgenian flora of  North Kamchatka. Other angiosperms 
are Magnolia, Macclintockia, Menispermites, Trochodendroides, Cissites and 
Viburnum (Vachrameev, 1966). This flora is assigned to the Turonian-- 
Coniacian on the marine invertebrate evidence. The Grebjonka flora of  Anad- 
yr has a similar composit ion although its age is in dispute. It comprises Pseudo- 
cycas hyperborea Krysht. in addition to minor Cretaceous gymnosperms 
(Kryshtofovich, 1958a,b). Both Valijgenian and Grebjonka assemblages agree 
with the Ajnussian flora of  Sakhalin. 

The next  stages are characterized by a decline of platanoid types, which 
are subordinate to Macclintockia, Trochodendroides, "Rulac" quercifolium, 
Vitis and Viburnum. In Kamchatka, the Valijgenian is overlain by the Bystrin- 
skaya Formation of  Santonian age, yielding plant assemblages of Gyliakian 
aspect (Vachrameev, 1966). A similar assemblage was recorded recently by 
Filippova (in press) from the Armenian locality north of Magadan. The younger 
Barykovskian flora of  Anadyr  Bay (Campanian) is enriched by Onoclea, Ptero- 
phyllum validum and Magnoliaephyllum (Vassilevskaya, 1962; Vachrameev, 
1966) and corresponds to the Jonkiaerian flora of Sakhalin. 

Thus, the palaeofloristic succession in the northern regions is parallel to 
that of  Primorye, Sakhalin and Japan but  supplements the latter by the initial 
stage of the impoverished assemblages with platanoid leaves suggesting Early 
Cenomanian cooling. 

Alaska and Canada 
In northern Alaska, Smiley (1969, 1972, etc.) recognized several floristic 

zones. Arborial angiosperm fossils started in zone III (Late Albian--Early 
Cenomanian). Zone IV (Early Cenomanian) contained ill-preserved platanoid 
leaves. The sequence is interrupted by  a Late Cenomanian interval of  non- 
deposition. Zone V (Turonian) is characterized by the presence of  Celastro- 
phyllum and Laurophyllum, together with platanoid leaves and the last rec- 
ords of the Mesozoic conifer Podozamites. Platanoid leaves are abundant  in 
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zone VI (Coniacian--Campanian) which is marked also by the first appear- 
ance of Parataxodium and Trochodendroides; these achieved dominant  status 
in zone VII (Late Campanian--Maastrichtian). The percentage of angiosperm 
leaves with entire margins, and other climatic criteria, suggest a temperature 
optimum in Campanian times (zone VI), and cooling in the Coniacian (the 
beginning of zone VI) and Maastrichtian (zone VII), which agrees well with 
Asiatic data. 

In the Yukon Province, Hollick (1930) described fossil plants from the 
Melozi, Kaltag and Nulato Formations. Marine fossils probably of Albian age 
came from the Nulato, which was placed between the paralic Melozi and the 
Kaltag. Correspondingly, the age of the Melozi was believed to be Albian. 
This age assignment influenced the stratigraphy of Cretaceous continental 
deposits, not  only in North America but also in Asia. Recently the Melozi 
was proved to be the equivalent of the Kaltag, i.e. above the Nulato, Which 
yielded not  only Albian but also Cenomanian invertebrate fossils (Patton, 
197"~). Thus, the Nulato flora is Late Albian--Early Cenomanian. It contains 
only a few platanoid leaves and differs considerably from the essentially plat- 
anoid Melozi--Kaltag flora with Parataxodium ("Cephalotaxopsis"), Proto- 
phyllum, Trochodendroides, Macclintockia, Araliaephyllum ("Sassafras"), 
etc. It has little in common with the Cenomanian or Turonian floras of East- 
ern Asia and much resembles the younger Ajnussian flora of North Sakhalin, 
as well as the zone VI assemblage of Smiley. A sudden change in floristic com- 
position between the Nulato and the Melozi--Kaltag may point to a discon- 
forn~ity, probably equivalent to the Late Cenomanian disconformity of north- 
ern Alaska. This suggestion allows a post-Cenomanian age for the Melozi--Kaltag. 

Senonian floras are known from the middle and upper parts of the Chignik 
Formation (Hollick, 1930). Platanoid leaves only play a subordinate role in 
the Chignik flora. The middle Chignik with Trochodendroides and "R ulac" 
quercifolium may correspond to the Gyliakian of North Sakhalin (Santonian). 
Magnolia and Lauraceae occur mostly in the upper Chignik, suggesting a cor- 
relation with the Jonkiaerian. 

In western Canada the platanoid Dunvegan flora (Bell, 1963) is equivalent 
to the Kaltag--Melozi. Younger Bad Heart (Santonian) and Milk River (Early 
Campanian) floras are lacking in platanoid leaves. The Milk River contains 
Magnolia and Saccoloma gardneri which are known also from the Jonkiaerian 
of North Sakhalian. Termophilous ferns (Anemia fremontii, Saccoloma, etc.) 
and angiosperms ( Geonomites, Artocarpus, Liriodendron, Cinnamomum, etc.) 
are even more prominent  in the Nanaimo flora of Vancouver Island (Campan- 
ian according to Bell, 1957). Various Cupanites and Koelreuteria described 
from Nanaimo by Bell are probably conspeciflc with "Rulac"quercifolium 
from the Chignik of Alaska and Jonkiaerian of Sakhalin. 

The Augustovian flora of Sakhalin has its counterpart in the lower Edmon- 
ton flora of Alberta, with Nilssonia serotina, Sequoiites artus, Elatocladus 
intermedius, Trochodendroides arctica, Dombeyopsis nebrascensis, Vitis 
stantoni, etc. (Bell, 1949). 
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Thus, the floristic evolution in Alaska and Canada is parallel to that of  
Eastern Asia, indicating similar climatic changes and almost synchronous 
tectonic events. The most  important  among the latter are the Turonian oro- 
geny and volcanism in Eastern Asia and Late Cenomanian (? also Turonian) 
diastrophism in Alaska. Tectonic and igneous activity coupled with sea-floor 
spreading is widespread in the western Pacific (see, e.g., McDougal and Van 
der Lingen, 1974) in Cenomanian--Turonian time. 

B. Danian 

A consensus of  opinion now indicates that Danian biota have a Paleogene 
aspect. In freshwater and paralic deposits the Danian is no longer recognized 
as a separate unit, but  merges into the Paleocene. However, taking into ac- 
count  the great importance of Danian evolutionary events, it seems expedient 
to retain the Danian as a separate stage of  the Paleogene. There are better  
grounds for delimiting the Danian in nonmarine sequences than any other  
stage unit. 

The Danian of  Denmark falls into two natural divisions -- the Early--Middle 
Danian (Fish clay, Cerithiurn limestone, Fakse coral limestone, etc.) and the 
Upper Danian which corresponds, at least partially, to the Montian of  Belgium 
(see Hansen, 1970, for discussion). The lowermost  "Ter t iary"  plant-bearing 
beds of  Spitsbergen, as well as the Agatdal Formation of western Greenland, 
have been assigned recently to the Upper  Danian (Hansen, 1970; Rosenkrantz, 
1970; Vonderbank,  1970). Rich fossil floras from these beds consti tuted the 
main part of Oswald Heer's Flora fossilis arctica and have been revised by 
Nathorst (1910--1911),  Schloemer-J/iger (1958), Manure (1962) and Koch 
(1963, 1972). 

In western North America rich plant localities are known from the Lance 
Formation and Fort  Union Group. The Cannonball Member of  the lower Fort  
Union in North Dakota  yielded foraminifera of Early Danian age (Fox and 
Olsson, 1969). Plant megafossils occur abundantly in the Cannonball and its 
lateral equivalents (Brown, 1962). Thus, there are reference floras of  both 
Early and Late Danian. 

Plant microfossils have been described from the Danian of  Oiching (Ked- 
ves, 1970), from the type Montian (Roche, 1969) and its equivalents in the 
Crimea {Rotman, 1971), Ukraine (Korallova, 1966), etc. Nonmarine Danian 
deposits of  Spitsbergen, Greenland and western North America have been 
extensively studied by palynologists (Manum, 1962; Stanley, 1965; Hall and 
Norton, 1967; Norton and Hall, 1969; Leffingwell, 1971). They revealed a 
floristic turnover between the Maastrichtian and the Danian, separated by a 
transitional zone embracing the uppermost  Lance and the lowermost  Fort  
Union. Fine palynological work has been done by Srivastava (1969, 1970, 
etc.) on the Edmonton  Formation of  Alberta. The upper Edmonton,  resting 
on the Kneehills Tuff, contains both dinosaurian and mammalian faunas. The 
radiometric age of the Kneehill Tuff  is 66 m.y. (Folinsbee et al., 1961). The 
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lower part of the upper Edmonton ,  up to the Nevis coal seam, is referred to 
the Wodehousea spicata zone, traceable also in the Hell Creek Format ion 
(latest Maastrichtian) of  South Dakota and Montana. Above the Nevis seam, 
dinosaur records are extremely rare. This part of the upper Edmonton  section 
(also assigned to Maastrichtian) contains the Ardley coal seam, with a radio- 
metric age of 63 m.y. (within the limits of  the Danian) and microfossils of 
the Wodehousea fimbriata zone. The index pollen type  of this zone is record- 
ed also from the lower For t  Union (Ludlow Format ion of South Dakota, 
Tullock Format ion of  Montana, etc.). I doubt  whether  this evidence of the 
Early Danian age should be abandoned for the sake of few dinosaur bones. 

Bell (1949) described, from the upper Edmonton ,  Platanus raynoldsii, 
Anona rob usta, Fraxinus leii and other plant megafossils indicative, in his 
opinion, of a Lancian (Maastrichtian) age. However, these species are also 
known from "Paleocene"  strata. Platanus raynoldsii can be seen as one of  
the few guide plant megafossils of the Danian, since it occurs chiefly in post- 
Lancian floras of North America (Fort  Union, Paskapoo, etc.) and their equi- 
valents in Asia (see below). Others with similar ranges are Taxodiurn olriki 
(Heer) Brown (the Danian of  Spitsbergen, western Greenland, western U.S.A., 
eastern Asia) and Ginkgo spitsbergensis Manum (together with presumably 
conspecific G. wyomingensis Manum and G. tsagajanica Samylina). 

It is worth mentioning that  NiIssonia occurs only in the lower Edmonton ,  
but; not  in the top layers. This cycadophyte  was reported mainly from Lan- 
cian and older floras. However, it was identified also from the Sifton Forma- 
tion of British Columbia in association with Metasequoia occiden tails, Troc- 
hodendroides arctica, Celastrinites wardii and the essentially Paleogene pollen 
type Pistillipollenites. Rouse (1967) admitted the possibility of a Danian age 
for the Sifton beds. 

![n Sakhalin, the Maastrichtian paralic beds with an Augustovian flora (see 
above) are overlain by the tuffaceous Boshniakovian Format ion which yielded 
abundant  plant remains. No marine fossils have been found hi ther to  in the 
Boshniakovian Format ion,  though its lateral equivalents contain a monoto-  
nous fauna of small bivalves of Danian aspect, replacing diverse Maastrichtian 
assemblages with Pachydiscus. The Boshniakovian flora resembles those of 
the upper Edmonton ,  Sifton, etc. The principal species are Anemia sp., Wood- 
wardia sp., Cladophlebis eolumbiana Dawson, C. frigida (Heer) Sew., Nilssonia 
gibbsii Newb., Ginkgoites adiantoides (Unger), Metasequoia occidentalis 
Newb.) Chancy, Nymphaei tes  sp., Maeclintoekia kanei (Heer) Sew. et Conw., 
Troehodenclroides aretica (Heer) Berry, Platanus heeri Lesq., Co13,1ites insignis 
Heer, Celastrinites sp., Bauhinites eretaceus (Newb.) and some other  angio- 
sperms. 

Of the above species, Cladophlebis l¥igida, Nilssonia gibbsii, Ginkgoites 
adiantoides and Bauhinites cretaceus occur throughout  the Senonian sequence, 
whereas Macclintockia kanei and Trochodendroides arctiea pass up from the 
preceding Augustovian flora. However, these species occur in small numbers. 
More significant is the disappearance of  the major Senonian dominants  Se- 
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quoia reichenbachii (Gein.) Heer and Protophyllum ignatianum Krysht. et Baik., 
which are replaced by Metasequoia and Platanus. Also there is the appearance 
in abundance of a new dominant  type, Corylites insignis Heer, completely 
alien to the Senonian floras. These events increased proport ions of both decid- 
uous trees and non-entire-margined leaves, thus pointing to considerable 
cooling. Similar changes are displayed by the latest Maastrichtian--Early 
Danian Koriakian flora of Anadyr Bay (Vassilevskaya, 1962) when compared 
with the Campanian Barykowskian flora of the same area (see above). The 
Koriakian flora shares with the Boshniakovian the genera Woodwardia, Meta- 
sequoia, Trochodendroides, Platanus and Corylites. It includes also various 
Cissites, which are lacking in the Sakhalin floras. 

Being older than the Agatdal and Fort  Union floras, the Boshniakovian 
flora and its equivalents in eastern Asia are therefore restricted to the Early 
Danian. The Boshniakovian sequence is truncated unconformably  by Paleo- 
gene conglomerates. A more complete Danian sequence is known from the 
Amur Province, where the plant-bearing Tsagajan Formation rests on Seno- 
nian beds with dinosaur remains. Lower horizons of the Tsagajan Formation 
yielded only microfossils of allegedly Maastrichtian age (Bratzeva, 1969, etc.), 
whereas plant megafossils came from: (1) clay lenses and fine sandstones of  
the uppermost  middle Tsagajan, and (2) clay and sandstone interbeds of the 
upper Tsagajan pebblebeds. 

A small collection from (2) was described by Heer (1878), who assigned it 
to the Miocene. Konstantow (1914), Pojarkova (1939) and especially Krysh- 
tofovich and Baikovskaya (1966) carried out  a more comprehensive study 
and unanimously claimed the "Laramie" affinities of  the Tsagajan 
flora. 

The "Laramie" of  classical authors includes both the Lance and the Fort  
Union of  the Rocky Mountains. Now it is evident that the Tsagajan flora 
agrees with the Fort  Union and has little in common with the Lance flora. 
Taxonomic revision undertaken recently by the present author (Krassilov, 
1970, 1973c, 1974) has revealed a number  of species shared with the Fort  
Union: Onoclea hebridica (Forbes) Johnson, Dryopteris lakesii (Lesq.)Knowlt . ,  
Ginkgo spitsbergensis Manum (probably conspecific to G. wyomingensis 
Manum), Taxodium olrikii (Heer) Brown, Androvettia catenulata Bell, Cupres- 
sinocladus interruptus (Newb.) Krassil., Limnobiophyllum scutatum (Daw- 
son) Krassil., Trochodendroides arctica (Heer) Berry, Platanus raynoldsii 
Newb., Viburniphyllurn finale (Ward) Krassil., "Credneria" cf. daturaefolia 
Ward, and Quereuxia angulata (Newb.) Krysht. This makes about  1/4 of  all 
the (47) Tsagajan species. The uppermost  middle Tsagajan beds with Gleiche- 
nites and Protophyllum of Senonian aspect is believed to be the equivalent 
of the lowermost  Fort  Union, whereas the upper Tsagajan corresponds to its 
higher horizons. 

The revision resulted in the exclusion from the Tsagajan flora of genera 
with predominantly tropical--subtropical modem equivalents, e.g. Ficus, 
Celastrus, Zizyphus, Pterosperrnites, etc. 
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The general aspect of the Tsagajan vegetation was temperate and it was 
evidently dominated by deciduous trees. Species with entire-margined leaves 
or leaflets amount  to less than 30% of the total number of dicotyledon spe- 
cies. The Tsagajan localities usually yield countless leaves of two or three dom- 
inant species, together with their reproductive organs and occasional remains 
of other species. The number of species per locality varies from one to eigh- 
teen, but localities with three or four species are most common. Schmidt col- 
lected four species from the locus classicus in 1862 and only one species was 
added as a result of repeated visits of various workers in 1912, 1914, 1939, 
19613 and 1970. Several plant communities have been recognized: (1) an 
aquatic communi ty  with Potamogeton, Hydrocharis, Nuphar, Nymphaeites, 
Limnobiophyllum and Quereuxia; (2) a reed-sedge communi ty  with Phrag- 
mites ex gr. alaskana and Carex spp.; (3) a Taxodium--Nyssa swamp forest; 
(4) a Trochodendroides--Platanus riparian forest with Myrica and Viburni- 
phyllum shrubs; (5) an upland forest with Metasequoia, Pinus, Araucarites, 
Podocarpus, Tiliaephyllum tsagajanicum (Krysht. et Bail.) Krassil., Celtis, 
Cyclocarya, Menispermaceae, Leguminosae, etc. 

An increase in the numerical representation of Pinus, Araucarites and espe- 
cially Tiliaephyllum in the upper Tsagajan localities indicates upland--low- 
land migrations induced by cooling. Serrate Tiliaephyllum leaves, arising in 
abundance, add to the overwhelming preponderance of non-entire leaf types. 
Thus, the middle--upper Tsagajan boundary is marked by a notable change 
in the composition of the lowland forests as well as the elimination of such 
Senonian relics as Protophyllum. 

In the northeast, similar changes are displayed by the Rarytkin flora of the 
Anadyr basin, compared with the Early Danian Koriakian flora of adjacent 
territory. According to Kryshtofovich (1958b, with some recent emendations), 
the Rarytkin flora is dominated by Taxodium olrikii, Metasequoia disticha, 
Platanus raynoldsii (= Grewiopsis orientalis Krysht.),  and Trochodenclroides 
arctica, which agree with the Tsagajan population in leaf polymorphism. The 
record of Potamogeton from Rarytkin by V. N. Vassilevskaya (personal com- 
munication) reinforces the resemblance to the Late Danian floras of Tsagajan 
and Spitsbergen. 

It appears that  the climatic deterioration which commenced in the Maast- 
richtian had progressed in Early Danian time and culminated in the Late Dan- 
ian, bringing about a major replacement of dominant  genera at the Maastrich- 
tian--Danian boundary and subordinate replacement as well as extinction of 
Senonian relics at the Early--Late Danian boundary.  This conclusion is cons- 
istent with that  of Srivastava (1970, etc.), who claimed a cooling trend in the 
Late Maastrichtian, Dorf (1942), Hall and Norton (1967) and other authors 
who demonstrated a temperature fall at the Lance (or Hell Creek)--Fort Un- 
ion transition. Late Danian floras may be viewed as ancestral to the Arcto- 
Tertiary geoflora. Some communities (especially the aquatic) passed into the 
Arcto-Tertiary vegetation essentially unchanged. Others underwent both seg- 
regation (especially in respect to conifers, since in the Danian forests, pines 
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a n d  p o d o c a r p s  g r e w  s ide  b y  s ide ) .  T h e r e  was  a l so  i n t e g r a t i o n  o f  f l o r i s t i c  ele-  
m e n t s  f r o m  v a r i o u s  f l o r o g e n i c  s o u r c e s .  
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