
Reports 

Tertiary Climatic Change in the 

Marginal Northeastern Pacific Ocean 

Abstract. Analysis of distributional patterns of shallow-water molluscan faunas 
of the middle latitudes of the marginal northeastern Pacific Ocean discloses a 

sharp reversal during the Miocene of the progressive climatic deterioration. A 
low point in the Tertiary cooling trend during the Oligocene was followed by 
climatic warming that culminated during the middle Miocene, as illustrated by 
a series of zoogeographic profiles. 

Definitive studies of the Tertiary ma- 
rine climate of the Pacific coast (1), 
based on investigations of larger ma- 
rine invertebrates, revealed that tropi- 
cal conditions occurred as far north as 
western Washington during the early 
Eocene. They further inferred a pro- 
gressive cooling of the marine climate 

following the early Eocene until, dur- 

ing the Pliocene, temperatures ap- 
proached those of modern times. A 
clue to the previously unrecognized 
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climatic reversal during the middle 

Tertiary lies in the relative ease of cor- 
relation between the middle Miocene 
molluscan faunas of California and 
those of the Pacific Northwest; corre- 
lation between earlier or later Neo- 

gene faunas of both areas is much 
more difficult (2). The fauna of the 
Astoria Formation and coeval strata 
in coastal Oregon and Washington (3, 
4), for example, may be readily cor- 
related with middle Miocene faunas of 
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southern California. These middle- 
latitude faunas are characterized by the 

persistent appearance of shallow-water 
mollusks of tropical or subtropical as- 

pect far north of their most northern 
occurrence in both lower and upper 
Miocene strata. The relationship of the 
middle Miocene faunas in the Pacific 
Northwest to those in southern Cali- 
fornia is evidenced by the occurrence 
of similar genera, such as Anadara s.s., 
Dosinia, Trochita, Catilon, Euclia, An- 
tillophos, and Ficus. These genera are 
now restricted to the Panamic or 
Surian molluscan provinces, the cli- 
mates of which are generally consid- 
ered tropical and subtropical. 

By tracing the northernmost occur- 
rences of certain warm-water genera 
during successive stages of the Terti- 

ary, a distinct pattern emerges. Occur- 
rences of these genera in low latitudes 
during the Oligocene are followed by 
higher-latitude occurrences during the 
Miocene, after which there is a more 
or less steady southward retreat, 
through time, to the present northern- 
most limits within tropical or subtrop- 
ical latitudes of the west coast of Mex- 
ico. This pattern is well illustrated by 
the pelecypod Dosinia and the gastro- 
pod Ficus (Fig. 1). This qualitative 
analysis, however, is suited only for 

widespread and abundant taxa, and 
even these have incomplete geologic 
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Fig. 1. Tertiary latitudinal advance and retreat of a warm-water pelecypod (Dosinia) and a warm-water gastropod (Ficus) 
along the west coast of North America. Scale (in million years) is based on available potassium-argon dates (26, 27). Latitudinal 
occurrences of fossiliferous shallow-water rocks of Pacific coast megafaunal "stages" are shown by broken vertical .lines. 
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records because of inadequate collec- 
tion and poor preservation of speci- 
mens, and the widely scattered occur- 
rence of marine Tertiary embayments 
along the Pacific coast. 

Because previous studies of Tertiary 
faunas of the Pacific coast failed to 
idcentify distributional trends associated 
with the Miocene climatic reversal, an 
objective analysis of all faunal data 
was needed in order to determine the 
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Fig. 2. Index map showing modern warm- 
water molluscan provinces and location 
of Tertiary sequences and faunas. 

climatic relationships of late Paleogene 
and Neogene faunas. Accordingly, I 
have devised a simple means of zoo- 
geographic analysis of warm-water 
faunas of the middle latitudes. In each 

Tertiary fauna component living genera 
are classified according to the modern 
molluscan province in which their north- 
ernmost modern occurrence is recorded 

(5). From these data, the percentage 
of living genera restricted to warm- 
water molluscan provinces (Fig. 2)-- 
Panamic (6?S to 23?N), Surian (23?N 
to 28?N), and Californian (28?N to 
34.5?N)-can be calculated. These 
percentages can then be used to con- 
struct objective zoogeographic profiles 
for warm-water Tertiary faunas. Suc- 
cessive post-Eocene molluscan fauntas 
of shallow-water aspect from the prin- 
cipal depositional basins along the Pa- 
cific coast (Fig. 2) have been analyzed 
in this manner. 

The most complete sequence of Ter- 
tiary molluscan faunas of shallow- 
water aspect occurs in the San Joaquin 
basin (latitude 35?N), a large interior 
basin roughly coincident with the 
southern third of the Great Valley of 

30'1 

'420, 

IL 

5 LINCOL N S EMBL:O 

D WESTER N E E ON 2 4 

Coiiforn e _ \\{ 
Surian 

Panamic 

25 E NORTI WESTERN WASHINGTON 

S\rion 

30 20 10 0 
TIME (M.Y) 

California. Warm-water genera now re- 
stricted to the Surian and Panamic 
molluscan provinces increase from a 
low point in the middle Oligocene to 
a peak in the middle Miocene, but de- 
cline sharply during the late Miocene 
(Fig. 3A). 

The zoogeographic profile for the 

adjacent southern Coast Ranges west 
of the San Andreas fault (Fig. 3B) is 
remarkably similar to that of the San 
Joaquin basin. Cumulative percentages 
of tropical, subtropical, and warm- 
temperate genera show an even sharp- 
er decline in the late Tertiary from 
the middle Miocene peak. 

Profiles constructed for the Santa 
Cruz basin (latitude 37?N) in the cen- 
tral part of the California Coast 
Ranges west of the San Andreas fault 
(Fig. 3C), although less well controlled, 
are similar to those from other Cali- 
fornia Tertiary basins. The principal 
difference between these profiles is the 
apparent replacement of tropical 
(Panamic) genera by subtropical (Suri- 
an) genera. 

Zoogeographic profiles for western 

Oregon and Washington are similar 
to those for California, but the zoogeo- 
graphic values (Fig. 3, D and E) are 

markedly lower than those from Cali- 
fornia basins. Unlike California basins, 

Fig. 3. Cumulative percentages of warm, 
shallow-water molluscan genera placed ac- 
cording to Pacific coast megafaunal se- 
quence (28) for San Joaquin basin (A), 
southern Coast Ranges (B), Santa Cruz 
basin (C), western Oregon (D), and north- 
western Washington (E). Time scale (in 
million years) is based on available potas- 
sium-argon dates (26, 27). 1, "Lincoln 
stage" (29); 2, so-called Phacoides sand- 
stone (20); 3, 4, "Vaqueros" and "Temblor 
stages" (20, 30, 31); 5, 6, Santa. Margarita 
Formation (32, 33); 7, Jacalitos Formation 
(34); 8, Etchegoin Formation, Siphonalia 
zone (35); 9, San Joaquin Formation, 
Pecten-Tiachycardilum zone (35); 10, Ga- 
viota Formation, middle member (36); 11, 
Gaviota Formation, upper member (36); 
12, Vaqueros Formation (30, 37); 13, 
Temblor Formation (30, 38); 14, Santa 
Margarita Formation (39); 15, Pancho 
Rico Formation (40); 16, Careaga sand- 
stone (41); 17, San Juan Bautista For- 
mation (42); 18, Vaqueros Formation (20, 
27, 30, 42, 43); 19, "Temblor stage" (27, 
44): 20, Purisima Formation, lower part 
(45): 21, Merced(?) Formation (45); 
22, Eugene Formation (46); 23, Yaquina 
Formation (20, 47); 24, Astoria Forma- 
tion (48); 25, Durham's (1944) Quimper 
sandstone (6, 49); 26, Durham's (1944) 
Lincoln Formation (6); 27, "Blakeley 
stage' (6, 50); 28, Sooke Formation (51); 
29, Clallam Formation (3, 6, 20, 52); 30, 
so-called Montesano Formation (53); 31, 
Quillayute Formation (54). 
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there is little change in the combined 
Panamic-Surian curves from the middle 
Oligocene to the early Miocene, prior 
to the middle Miocene peak. The dif- 
ferent configuration of this segment 
of the curves may result from the 
small number of warm-water genera 
represented in the northern faunas. 
Many Oligocene faunas of the Pacific 
Northwest, including such middle to 
outer sublittoral genera as Aforia, 
Bathybembix, Irenosyrinx, Ancistro- 
lepis, and Cuspidaria (6), cannot be 
analyzed this way because they repre- 
sent much deeper-water, and therefore 
cooler, environments. 

A similar warming trend during the 
Miocene seems evident from the re- 
ported abundance and diversity of 
planktonic Foraminifera during suc- 
cessive Oligocene and Miocene stages 
of deposition in California. During 
the Oligocene and early Miocene [Ref- 
ugian, Zemorrian, and lower part of 
the Saucesian benthonic foraminiferal 
stages of Kleinpell (7)], planktonic 
foraminifers are characterized by a low 
level of diversity of species and by 
relatively rare occurrence. In the mid- 
dle Miocene, however, they become 
diverse and relatively abundant, per- 
mitting firm correlation with the trop- 
ical sequence of the Caribbean (8). 

Late Miocene planktonic foramin- 
ifers are less diverse than earlier 
Miocene faunas and include the cool- 
est-water planktonic faunas of the 
California Miocene (8, 9). A simple 
diversity curve based on these observa- 
tions would have a peak generally co- 
inciding with the peaks on the mollus- 
can curves. Moreover, such a curve 
would seem to have similar significance 
in terms of climate in light of the re- 
ported relation between diversity and 
abundance of species and latitude (10). 
Bandy (11) initially held that there 
were no major northward expansions 
of tropical foraminifers in the North 
Pacific after the Eocene, but a later 
study revealed a slight northward ex- 
pansion during the Miocene (12), pre- 
sumably in the northwestern Pacific. 

Recent studies of post-middle Mio- 
cene planktonic foraminifers suggest 
paleoclimatic inferences which differ 
from the molluscan evidence. Periods 
of very cool surface-water tempera- 
tures during the late Miocene and the 
middle Pliocene alternating with peri- 
ods of greatly expanded tropical iso- 
therms have been inferred from re- 
versals in the coiling direction of 
Globigerina pachyderma (12). How- 
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ever, the conclusion that sinistral coil- 
ing populations of this foraminifer in 
the late Miocene of California (upper 
Mohnian stage) are indicative of ma- 
rine surface-water temperatures as 
cold as 5?C (12) conflicts with evi- 
dence of coeval warm-water molluscan 
faunas in which as many as one-third 
of the genera are now restricted to sub- 
tropical or warmer waters. The critical 
Foraminifera live at considerable 
depths in the water column (13) and 
are, therefore, normally not present in 
sublittoral or shelf sediments. Still, the 
apparent coexistence, during the late 
Miocene, of planktonic foraminiferal 
assemblages of such cool-water aspect 
with shallow-water mollusks of very 
warm-water aspect poses a perplexing 
problem. These relationships seem to 
require much stronger vertical temper- 
ature gradients than now exist off- 
shore. 

Paleoclimatic trends of mollusks of 
the northeastern Pacific generally agree 
with the sequence of Tertiary marine 
climates in the northwestern Pacific 
(14) and particularly with those in the 
southwestern Pacific (see 15, 16). A 
marked rise in shallow-water tempera- 
tures in New Zealand began during the 
Oligocene and persisted through the 
middle Miocene (16). The climatic 
peak may have occurred in Australia 
during the early part of the Miocene 
(15), although Devereux (16) maintains 
that the new Zealand and Australian 
peaks, based on studies of oxygen iso- 
topes, are congruent. 

Terrestrial climatic curves for the 
middle latitudes of the northwestern 
Pacific Ocean (17) and the western 
United States (18), based on paleo- 
botanical evidence, parallel the zooge- 
ographic profiles based on mollusks 
from the northeastern Pacific. Tertiary 
floras from Alaska, and particularly 
those from the northwestern United 
States (19), provide a climatic interpre- 
tation similar to that provided by the 
molluscan trends of California. 

Middle Miocene molluscan assem- 
blages from the western part of the 
Gulf of Alaska (20, 21) and the Alaska 
Peninsula (22) reflect the trends seen 
elsewhere in the marginal North Pa- 
cific. An early Miocene fauna from 
near Kodiak Island, for example, in- 
cludes no warm-water elements, where- 
as the middle Miocene fauna from 
Kodiak and the Alaska Peninsula in- 
cludes such warm-water genera as 
Dosinia, Crassostrea, and Neverita, 
which presumably are related to west- 

ern Pacific stocks. In the northeastern 
Gulf of Alaska, an entirely different 
climate prevailed. The middle Miocene 
fauna of the lower part of the Yaka- 

taga Formation (20, 23) includes no 
warm-water genera comparable to 
those from Kodiak Island and the 
Alaska Peninsula. This fauna is, in fact, 
of a cooler aspect than the early Mio- 
cene fauna of the underlying Poul 
Creek Formation. The suggested cli- 
matic deterioration may be the result 
of local cooling directly related to the 
onset of glaciation (24, 25) during dep- 
osition of the lower part of the Yaka- 
taga Formation. The cooling which oc- 
curred in the northeastern Gulf of 
Alaska during the middle Miocene may 
have served as a local barrier to the 
distribution around the Gulf of warm- 
water faunal elements found in the 
middle Miocene of the Alaska Penin- 
sula, to the west, and of British Colum- 
bia and Washington, to the south. 

W. 0. ADDICOTT 
U.S. Geological Survey, 
Menlo Park, California 94025 
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Modified Spinel, Beta-Manganous Orthogermanate: 

Stability and Crystal Structure 

Abstract. A new high-pressure polymorph with a modified spinel structure, 
P-Mn2GeOi, is stable in a pressure range intermediate between the field of the 
polymorph with the olivine structeture and that of another high-pressture polymorph. 
Oxygen atoms are located approximately in cubic close packing with manganese 
and germanium atoms in octahedral and tetrahedral inter.stices, respectively, as in 
the spinel structure; however, germaniumn atoms form Ge207 groups instead of 
isolated GeOQ groups. 
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inls in Phase relations of Mn2GeO4 were 
portant studied from 790? to 1240?C in the 
pid in- pressure range 31 to 70 kb with the 
certain tetrahedral anvil type of high-pressure 
olivine- apparatus (5). The high-pressure poly- 
4 cona- morph Pf-Mn,GeO4 is stable in the 
2GeO.t, pressure range intermediate between 

. Ring- the fields of the olivine-type polymorph. 
anctubic a-Mn.,GeO4, and another high-pressure 
storted" polymorph, 8-Mn,GeO4 (Fig. 1) (6). 
natiolns In all experiments, a-Mn2GeO4 was 

[g,SiO.. used as the starting material. The cell 
,h-pres- dimensions, space groups, and densities 
is pro- of the three polymorphs are given in 
n pres- Table 1. A true spinel type, y-phase, 
gwood's has not been observed in Mn2GeO4; 
elations the densest polymorph, 8-Mn2GeO4, 
at high has the Sr.PbO4-type structure in which 
?hase is Ge atoms are located in the octahedral 
ts syn- interstices of oxygen atoms (7). The in- 
4) dem- creases of density from a-Mn.GeO4 to 
iich is /3-Mn,GeO4 and from f-Mn.GeO4 to 
able in 8-Mn,GeO4 are 7.1 and 10.7 percent, 
3etween respectively. 

The structure of fl-Mn.,GeO4 has 
elations been determined from single crystals 
-as ob- synthesized at 1240?C and 64 kb. The 
impor- orthorhombic cell dimensions of ,/- 

sfornla- Mn.,GeO4 are comparable to those of 
e stabil- P-Mg.SiO4 and P-Co2SiO4 (Table 2). 
ure of The calculated density is 5.13 g cm-" 
ated. with eight formula units per cell. The 

diffraction pattern is I--a, which sug- 
gests the possible space groups Imma, 
12ma, and Im2a. A nearly spherical 
crysta:l, 0.1 mm in diameter, was used 
for collecting the intensity data. Three- 
dimensional intensities for 521 sym- 
metrically independent reflections were 
measured on an automatic four-circle 
diffractometer; molybdenum radiation 
was used out to a maximum diffraction 

angle of 20 = 60? by the o - 20 scan 
method. The intensities were corrected 
for Lorentz and polarization factors. 

1J-~0Q No absorption correction was made. 
Because the unit cells of /3-Mg2SiO4 

and f-Co9SiO4 are obtained by the 
ie high- transformation matrix 
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