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The areal distribution of certain miner- 
al components such as quartz and illite in 
the sediments of the North Pacific sug- 
gests that wind may be the primary 
transport mechanism for these materials 
from the continents. The greatest con- 
centrations of these minerals are found 
in Pacific sediments at mid-latitudes 
(30?N to 40?N) beneath the prevailing 
westerly winds. A continental origin for 
the quartz fraction of both North Pacific 
sediments and Hawaiian soils is also in- 
ferred from oxygen isotope studies (1). 
The source for this eolian (wind-borne) 
material has been assumed to be the arid 
regions of central and eastern Asia-the 
Takla Makan, Gobi, and Ordos deserts 
and the regions where loess is deposited 
south of the Gobi and Ordos deserts. 

There are few data on dust in the at- 
mosphere over the North Pacific. High 
concentrations (up to 60 ,tg m-3) of dust 
have been measured over Japan (2). This 
material, generally yellowish, light 
brown, or red in color, and called Kosa 
in Japan, is observed most frequently in 
the spring, when large-scale dust storms 
occur in northern China and Mongolia. A 
mean atmospheric dust concentration of 
0.16 ,tg m-3 was reported for the equa- 
torial mid-Pacific from filter samples col- 
lected aboard the D.V. Glomar Chal- 
lenger in November and December 1973 
(3). In another ship-sampling program, a 
mean dust concentration of 2.1 /tg m-3 
was measured in the South China and 
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the sampling period, as would be ex- 
pected since its source is the ocean. 
However, the atmospheric Al concentra- 
tion decreased quite regularly by a factor 
of - 100 from mid-April to early August. 
From 5.1 to 8.2 percent of the mass of 
loess from China is Al (2). If the Al con- 
tent of the Enewetak dust is similar, that 
is, - 6.5 percent, the near-surface 
Enewetak dust loadings range from as 
high as - 2.3 beg m-3 in April down to 
- 0.02 blg m-3 in August. 

The observed mass median radii 
(MMR) for the continental dust (Al) in 
four impactor samples collected at 
Enewetak ranged from 0.7 to 1.0 bm. 
The MMR for Al in a sample collected 
during a Kosa event in Japan was - 2 
,um (2), somewhat higher than that found 
in Enewetak, which would be expected 
since Japan is much closer to the source 
of the Asian dust. At Enewetak, 80 to 85 
percent of the mass of the dust was 
found in particles with radii between 
- 0.2 and 2 bem. 

We collected one rain sample during 
May 1979 at Enewetak. The Al concen- 
tration was 14 ,ug kg-', which corre- 
sponds to - 220 ,ug of dust per kilogram 
of rain. If this concentration is typical for 
May, which has a mean rainfall of - 12 
cm, the wet flux of dust to the ocean sur- 
face that month at Enewetak would have 
been - 2.6 ,ug cm-2. We collected one 
dry deposition sample over a 30-hour pe- 
riod in late April, using a flat polyethyl- 
ene plate 60 cm in diameter. The dry 
deposition rate of Al during this period 
was 0.06 gg cm-2 month-', yielding a to- 
tal dust dry deposition rate of - 1 /ig 
cm-2 month-1. The total (wet plus dry) 
flux from the atmosphere to the ocean is 
thus - 4 ,ug cm-2 month-'. With an aver- 
age atmospheric dust concentration of 
- 1.4 ,tg m-3 during this period, the total 
deposition velocity for the dust is - 1 cm 
sec-, very similar to the value observed 
for the total deposition of 'Be to the 
ocean in the tropics (5). 

The dramatic decrease (two orders of 
magnitude) in dust concentration at 
Enewetak during the 5 months of the ex- 
periment can be rationalized on the basis 
of our knowledge of the seasonality of 
dust storm activity in China and of the 
seasonal changes in the large-scale wind 
fields over the Pacific. The evidence gar- 
nered from the literature (6) and from 
knowledgeable observers suggests that 
in China dust storm activity is greatest in 
the spring because of the combined ef- 
fects of low rainfall, the increased occur- 
rence of high surface winds which are as- 
sociated with cold fronts, and soil fresh- 
ly plowed for planting. Statistical com- 
pilations of meteorological observations 
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Fig. 2. The idealized trajectory 
of the air reaching Enewetak 
about 12 May 1979 is shown 
by the outer line, progressing 
from a 3-km elevation to the 
surface between 5 and 12 May. 
The center position of the anti- 
cyclone is shown by the dot 
for each day in the period. 

(6, 7) show that dust storm activity is 
widespread, especially in central China 
where there are extensive loess deposits, 
and in the arid and desert regions of 
western China. Indeed, the Takla Makan 
Desert appears to be one of the dustiest 
places in the world. 

Because the mineral dust produces 
dense hazes, additional information on 
the transport of Asian dust to the North 
Pacific can be inferred from data on the 
frequency of occurrence of haze at sea as 
presented in marine atlases (7). In gener- 
al, these data suggest that there is a sig- 
nificant transport of continental aerosols 
out of Asia north of 20?N during the 
spring and extending into the summer. 

The observation of such large amounts 
of Asian dust during April and May at 
Enewetak was unexpected, as this site 
lies well within the easterly (trade) wind 
regime. Indeed, our wind records show 
that, during April and May 1979, the sur- 
face wind stayed within the sector 040? 
to 160? over 99.9 percent of the time. 
However, the transport of dust from 
Asia to Enewetak and the seasonal varia- 
bility in this transport can be understood 
on the basis of the large-scale wind field 
climatology and of the synoptic condi- 
tions during the time of the experiment. 

The mean surface wind field (8) during 
the period from March through May 
shows strong easterlies over the western 
North Pacific between 30?N and the 
equator; north of 30?N, the surface 
winds are weak with a tendency toward 
westerly winds. However, at 700 mbar 
(about 3000 m) there is very strong west- 
erly flow north of about 20?N extending 
from well within Asia to the central 
North Pacific. Thus, dust raised over 
China could easily be transported by the 
mean winds at this level to the region 
north of Enewetak. During June through 
August, conditions are not favorable for 
the transport of dust to the central Pacif- 
ic. Surface winds are easterly from 
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Enewetak northward to about 40?N. At 
700 mbar, the northern boundary of the 
easterlies is located at about 30?N. Per- 
sistent westerlies appear at 700 mbar on- 
ly north of 40?N, and they are very weak. 

The analysis of daily synoptic charts 
for one period (5 to 18 May) during the 
experiment illustrates how dust trans- 
port might take place during the dry sea- 
son. A moving anticyclonic circulation 
traveled from the vicinity of Japan to an 
area about 600 km north of Enewetak 
during the period from 5 to 12 May (Fig. 
2). The center moved eastward until 10 
May and southwestward thereafter. It is 
known that a generalized sinking motion 
(subsidence) is associated with circula- 
tions of this type. Thus, air that had been 
at an upper level over Asia would be 
brought down into the trade winds east 
of Enewetak. An idealized trajectory 
was derived from synoptic charts for an 
air parcel at an altitude of 3 km over Ja- 
pan on 5 May. The horizontal trajectory 
shows the air parcel arriving at Enewe- 
tak on 11 or 12 May (Fig. 2). The rate of 
subsidence required to bring the trajec- 
tory down to the surface over this period 
of time is consistent with the synoptic 
characteristics of the circulation system 
(that is, with the depth and strength of 
the anticyclone and the distribution of 
potential temperature). Such a mode of 
transport would not appear to be pos- 
sible during the period from June 
through August (wet season). 

The results of this study suggest that 
atmospheric deposition of Asian dust 
can contribute significantly to marine 
sedimentation rates in the Enewetak 
area. The Enewetak measurements in 
late April and May yielded a total dust 
flux to the ocean surface of about 4 ,ug 
cm-2 month-'. On the basis of the fre- 
quency of occurrence of dust storms in 
China and of haze over the western 
North Pacific and in view of the large- 
scale meteorology of this region, it 
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would appear that conditions are favor- 
able for the transport of significant 
amounts of dust to the Enewetak region 
for 3 or 4 months of the year, beginning 
perhaps in February or March. If our 
measured atmospheric deposition rate of 
4 /g cm-2 month-' applies over a 3- to 4- 
month period, it would result in an accu- 
mulation rate of about 0.3 mm of wet 
sediment per 1000 years. This assumes 
an in situ sediment density (the ratio of 
the dry weight of sediment to the in situ 
volume occupied by the sediment) of 0.5 
g cm-3 (9). The actual nonbiogenic sedi- 
mentation rates to the ocean floor in this 
region of the North Pacific are not well 
known but are probably about 1 mm per 
1000 years (9, 10). We would expect that 
the atmospheric contribution of dust to 
Pacific deep-sea sediments would be 
even greater in the higher latitudes 
where transport conditions from Asia are 
more favorable. 
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Foraminifera and Chlorophyll Maximum: Vertical Distribution, 
Seasonal Succession, and Paleoceanographic Significance 

Abstract. Many planktonic foraminiferal species deposit their shells at the chlo- 
rophyll maximum zone, and it is the temperature range here that is relevant to ocean- 
ographic models which use ratios of oxygen-18 to oxygen-16 in fossil foraminifera 
and foraminiferal fossil assemblages to ascertain past climates. During periods of 
stratification of the upper water column, the temperature at the chlorophyll maxi- 
mum may differ from the sea surface temperature by 10?C in the western North 
Atlantic. 
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Culture experiments on planktonic 
foraminifera (1) show that shell growth 
rate, size, and productivity are positively 
correlated with feeding frequency. The 
first step in assessing the possible signifi- 
cance of this relationship in nature is to 
examine the association of planktonic 
foraminifera and phytoplankton in the 
water column. During the months in 
which the upper water column remains 
well stratified in slope water, Sargasso 
Sea, and Gulf Stream cold core rings in 
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the North Atlantic, plant chlorophyll de- 
velops a maximum at the bottom of the 
euphotic zone. This feature is known as 
the deep chlorophyll maximum (DCM) 
(2). Numerous investigators have sug- 
gested that particular zooplankton spe- 
cies are associated with the DCM (3-7). 

Ortner and Wiebe (5) obtained verti- 
cally stratified samples of macrozoo- 
plankton and microzooplankton at DCM 
depths in these regions. Based upon re- 
sults from cruises Chain 125 and Knorr 
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