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Long, continuous, marine sediment records from the subpolar North Atlantic 
document the glacial modulation of regional climate instability throughout the 
past 0.5 million years. Whenever ice sheet size surpasses a critical threshold 
indicated by the benthic oxygen isotope (6180) value of 3.5 per mil during each 
of the past five glaciation cycles, indicators of iceberg discharge and sea-surface 
temperature display dramatically larger amplitudes of millennial-scale vari- 
ability than when ice sheets are small. Sea-surface temperature oscillations of 
1" to Z°C increase in size to approximately 4" to 6"C, and catastrophic iceberg 
discharges begin alternating repeatedly with brief quiescent intervals. The 
glacial growth associated with this amplification threshold represents a rela- 
tively small departure from the modern ice sheet configuration and sea level. 
Instability characterizes nearly all observed climate states, with the exception 

conditions: the relative abundance of ice-raft- 
ed debris (IRD), and the 8180 of the pla~lktic 
(surface-dwelling) foraminifera l\Teoglobo- 
qzruiliii7a paci~j~devmrr, dextral-coili~lg (N. 
pucl~j~derrna cl.). The glacial occurrence of 
IRD throughout much of the region is long- 
established ( 9 )  and episodic pulses of IRD 
(10, 11) were anlong the first clues for sub- 
orbital variability in the glacial North Atlan- 
tic. Planktic foraminifera1 8'" is influenced 
by the temperature and 6180 of ambient sea- 
water (7) ,  and is therefore a useful indicator 
of sea-surface hydrography. We also exam- 
ined benthic 813C, a proxy for cha~lges in 
deep ocean circulation. 

Ice-rafting at Site 980 (Fig. 2) is episodic 
throughout, with repeated peaks of IRD con- 
centrations surpassing 500 lithics per gram. 
None of these peaks lasts for more than a few 
thousand years, and the abundance always 
returns to very low baseline values before 
rising again. even during times of large con- 
tinental ice sheets. The size and frequency of 
the IRD events increases, however, aiong 

of a limited range of baseline conditions that includes the current Holocene with the size of the ice sheets during each 
interglacial. 100-ky cycle. Within the you~lgest portio~l of 

the Site 980 record, the largest peaks include 
Clilnatic instability on suborbital time scales global glaciation falls within a narrow range, the well-docume~lted "Heinrich eve~lts," cat- 
( lo3 to 10" years) characterized the Nolth includillg that of the current Holocene inter- astrophic iceberg discharges that punctuated 
Atlantic region during the last glacial period. glacial. Climatic instability is more typical, the last glacial (10, 11). More than 50 com- 
Rapid oscillations of 5" to 10°C in the at~no- occur-ring during fully developed glacials, parable IRD peaks occur throughout the en- 
spheric temperature over Greenland (1) and transitional i~ltervals of ice-sheet growth and tire record, indicating that such episodic be- 
faunal shifts equivalent to more than 4°C in decay, and even during stadial portions of havior is a f~~ndamental aspect of Pleistocene 
sea-surface temperature (SST) in the subpolar interglacials, when limited ice-sheet growth glacial cycles. Ice-rafting is generally dimin- 
ocean (2 ,  3) occul-red repeatedly throughout occurs. The threshold separating stable and ished during interglacials. This is most likely 
the 100,000 years following the peak interval unstable climatic regimes represents a rela- related to the simple requirenlent of sufficient 
of the last interglacial. Millennial-scale pac- tively small departure from the mode111 ice continental ice near the North Atlantic prior 
ing of climate variability has continued into sheet configuration, whereas sufficiently ex- to catastrophic discharge, although even the 
the current Holoce~le i~lterglacial (4), but its treme glaciations may also establish less vari- modest ice growth within stadial substages of 
amplihlde has usually been limited to 2' to able climate states. MIS 5, 7, and 9, the last three i~lterglacials, 
3°C over Greenland (1, 5 )  and to less than The sediments for this shldy were recov- has associated IRD eve~lts. The concentration 
2°C in the North Atlantic (4), implying that ered at Site 980 (Fig. 1) on the Feni abyssal of the largest IRD peaks within the glacial 
rapid climate change may be amplified dur- drift during Leg 162 of the Ocean Drilling half of each 100-ky cycle yields a repeat time 
ing glacial intelvals and diminished during Progranl (ODP). Previous sh~dies of the last of approximately 6 ky (40 events in 250 ky). 
i~lterglacial intervals. Records of rapid cli- climate cycle (2 ,  6) confirmed that regional Although this might suggest that a lower 
mate oscillatiolls during previous glacial and climate variations are faithfully recorded i11 frequency of r ecu~~ence  prevails during inter- 
i~lterglacial intervals of valying intensity may the rapidly accumulating sediments on Feni glacial i~ltervals, it is also possible that the 
help to establish whether such a link exists (13 cm.'ky in the sediments studied here). A frequency of the events themselves remains 
between ice sheet size and regional and glob- chronostratigraphy for Site 980 was estab- the same (4), and that amplitude modulation 
a1 climate instability. We present continuous lished using the oxygen isotope ratio (8'") 
high-resolution climate records from deep- 
sea sediments encompassing the last 0.5 mil- 
lion years (My) in the subpolar Not-th Atlan- 
tic. These records cover a wide range of 
global ice volume, from solnewhat less than 
the modern total of 80 m sea-level equivalent 
to well over 200 m sea-level equivalent and 
indicate that climatic stability on millen~lial 
time scales prevails o111y when the extent of 

of calcite shells secreted by the protozoan 
Cibicidoid~s ~r.zreller~sto?fi, an epifaunal 
benthic (bottom-dwelling) foraminifera (Fig. 
2). The conventio~lal glacial (even) and inter- 
glacial (odd) ~narine isotope stages (MIS) (7) 
were easily identified in the benthic 8180 
record, and an orbitally tuned age model was 
derived by graphical correlation with existing 
deep-sea chronologies (8) .  The 65-m section 
we examined re-Dresents 0.5 Mv of deposition 
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renders the size of the events more promi- benthic S1'O to values exceeding 3.5 per mil. 
nent, and thus easily identifiable, during gla- Likewise, a large IRD event accompanies each 
cia1 intervals. of the rapid deglaciations, or "terminations" 

The relationship between benthic S1'O and (12), from values greater than 4.0 per mil, 
both the initial and final IRD pulses of each through 3.5 per mil, to less than 3.0 per mil. The 
100-ky cycle is noteworthy. During each cycle, close association of the onset and cessation of 
an IRD event follows the first increase in ice-rafting events with a particular value in the 

Fig. 2. Time series of IRD and isotopic measurements from Site 980 (sample resolution varies from 
300 to 1200 years). IRD is plotted as the number of detrital sediment grains (lithics). larger than 
150 pm, per bulk sample weight. Benthic (C. wuellerstorfi, red) and planktic (N. pachyderma d.. 
green) foraminifera 6"0 values are plotted relative to the Pee Dee belemnite (Belemnitella) (PDB) 
standard (7). Isotope measurements were made at the Woods Hole Oceanographic Institution on 
a Finnigan MAT252 coupled to an automated carbonate preparation device consisting of 46 
single-reaction chambers, with 23 chambers on each of two lines. Acid temperature was -70°C. 
The standard deviation of the isotope values of National Bureau of Standards (NBS) carbonate 
standard NBS19 is 0.08 per mil and 0.04 per mil for 6180 and 613C, respectively. Calibration to PDB 
was via NBS19 (S180 = -2.2 VPDB, S13C = 1.95 VPDB). Data points at 0 ky are S1'O 
measurements on modern N. pachyderma d. from Atlantic sediment traps at 4PN (x) and 6S0N 
(+), demonstrating an isotopic range surpassing that of our sedimentary data. The modern data 
from 65"N are adjusted by 1.0 per mil, a minimum estimate of past mean ocean changes (28), for 
comparison to glacial data. Interglacial MIS and the last peak interglacial substage 5e are indicated 
for reference. 

Fig. 3. Time series of SST and seawater 6180 from Site 980. Seawater S180, the ice volume 
component of benthic 6180, was obtained by adjusting benthic Sq80 for a 3°C interglacial warming 
of the deep ocean. SST was calculated by subtracting changes in the ice volume signal from planktic 
S180 and scaling the isotopic residual as a departure from modern temperature (75). The scaling 
factor varies from -0.21 to -0.23 per milI0C, in accord with a paleotemperature equation, T = 
15.18 - 4.79(Sc - Sw) + 0.08(6c - 6w)*, derived from recent measurements ( 7  7) of the equilibrium 
oxygen isotopic fractionation (S1'O) between calcite (Sc) and water (Sw). Filter output results are 
derived from interpolation of SST data at 500-year increments and application of a zero phase, 
128-order, Hamming window with cutoff frequencies of 111 and 1/12 ky. Glacial MIS are indicated 
for reference. 

benthic S1'O proxy for ice volume suggests that 
this value represents an important threshold in 
ice sheet roowth. - 

Neogloboquadrina pachyderma d. is abun- 
dant in subpolar regions and constitutes > 10% 
of the coretop fossil assemblage underlying 
nearly all North Atlantic surface waters with 
summer SST of 10" to 20°C (13). Despite the 
dramatic and repeated changes in the planktic 
foraminifera1 assemblage that occurred near 
Site 980 during the last 0.5 My (14), N. pachy- 
derma d. was present throughout, yielding a 
continuous S1'O record (Fig. 2) containing sev- 
eral large-amplitude (3.0 per mil) 100-ky G-IG 
cycles. Rapid 1.0-per mil oscillations occur 
within the glacial portion of each large cycle, 
while variability is limited to 0.1 to 0.3 per mil 
during peak interglacials. 

Previous studies indicate that N. pachy- 
derma d. 6"0 is usel l  as a proxy for SST 
during the Late Pleistocene in the subpolar 
North Atlantic (15). Before considering the cli- 
matic implications of the Site 980 N. pachy- 
derma d. S1'O record, we therefore converted 
the values to estimates of SST by removing the 
global signature of ice volume, as captured by 
the normalized benthic C. wuellerstorji S180 
(16). The resulting isotopic paleothermometer 
has several distinct benefits for assessing vari- 
ability throughout the record. First, the large 
dynamic range is not subject to signal saturation 
at warm or cold extremes, which might limit 
other methods, such as those based on faunal 
percentages. Second, the S180-temperature re- 
lationship (7, 17) allows a direct comparison of 
the amplitude of climate changes at different 
times in the past. Third, any diminished inter- 
glacial variability at Site 980 is unlikely to be a 
result of faunal saturation through seasonal or 
depth migration of the foraminifera, because 
peak SSTs are well within the range tolerated 
by N pachyderma d. in the modem ocean (13). 

The temperature estimates (Fig. 3) con- 
firm that SST varied throughout the last 0.5 
My, reaching 13" to 15°C during each inter- 
glacial and falling to 5" to 7°C within each 
glacial. During each G-IG cycle, ASST was 
8" to 9OC, comparable to faunally derived 
estimates (18) from studies of each of the last 
two G-IG cycles near Site 980. Although the 
SST minima, maxima, and therefore the over- 
all ASST are all in close agreement with 
previous estimates, the character of the Site 
980 record is distinctive. Each of the glacial 
intervals is interrupted repeatedly by rapid 3" 
to 6°C oscillations. Only within MIS 12 (and 
possibly MIS 2) is there any extended glacial 
interval with SST variability of less than 4°C. 
Interglacial SSTs are generally less variable, 
although excursions of 3" to 5°C occur within 
stadia1 substages of MIS 5 and MIS 9. 

The Site 980 records c d i  the fundamen- 
tally dynamic nature of the Pleistocene ice ages. 
Harsh conditions prevailed repeatedly in the 
North Atlantic, yet never for more than a few 
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thousand years. Variability on millennia1 time 
scales has thus been the rule, rather than the 
exception. This characteristic may help explain 
the current failure of coupled ocean-atmosphere 
global climate models to achieve a stable equi- 
librium glacial climate. As indicated by benthic 
6180, ice volume was instrumental in setting 
the degree of climate stability. No large oscil- 
lations occur when the benthic S180 is at min- 
imum values and few occur when it is less than 
3.5 per mil (Fig. 2). The longest relatively 
ice-free interval occurred during interglacial 
MIS 1 1, which also has the longest interval (30 
to 40 ky) without amplified millennial-scale 
SST (and IRD) variability. MIS 11 has long 
been held to be an especially mild interglacial 
in many respects (19), and such a particularly 
IRD-free interval may indicate diminished calv- 
ing or size of the Greenland ice sheet, or both, 
in addition to the absence of other circum- 
North Atlantic ice sheets. Briefer intervals of 
relative climate stability occurred during the 
portions of MIS 5,7,9, and 13 with the least ice 
volume. During these peak interglacials, SST 
variations were limited to lo to 2OC. Following 
the last crossing of the 3.5-per mil threshold, at 
the time of the Younger Dryas climatic rever- 
sal, diminished amplitudes also characterized 
the variability in MIS 1 (4, 5). Such times of 
diminished ice volume appear to be respites 
from the prevailing instability of the last 0.5 
MY. 

The persistence of climatic variability is 
unequivocal, but its cause remains obscure. The 
millennia1 time scale of the observed changes, 
the apparently heightened sensitivity of the 
North Atlantic region (20), and the theoretical 
existence of multiple quasi-stable modes (24, 
all suggest that changes in the ocean's thermo- 
haline circulation (22, 23) may play a role. In 
order to assess this possibility, we have also 
evaluated the relative vigor of the northern - 
component of the deep circulation by examin- 
ing the carbon isotopic ratio (8I3C) of C. wuel- 
lerstorj at Site 980. Although multiple factors 
may affect the 8I3C of benthic calcite, to first 

. approximation, the signal at Site 980 can be 
attributed to the varying influence of competing 
water masses below 2 krn water depth in the 
subpolar North Atlantic (22, 23). Northern 
source water (North Atlantic deep water, or 
NADW, and glacial North Atlantic intermedi- 
ate water, or GNAIW) is nutrient-depleted, 
with high 613C values, and southern source 
water is nutrient-rich, with low 613C values. 
Throughout the last 0.5 My, the benthic 8I3C at 
Site 980 has varied repeatedly (Fig. 4) on sim- 
ilar time scales as the SST and IRD signals, 
with stronger influence of northern source wa- 
ter associated with warmer temperatures and 
minimal ice-rafting. It is tempting to link these 
observations, considering the poleward heat 
transport associated with vigorous deepwater 
production; however, variability in the 6°C 
signal continues throughout the record, without 

a threshold at the 3.5- per mil benthic 
value. Significant oscillations (>0.4 per mil) 
occur even during the peak interglacials at MIS 
1,5e, and 1 1, when benthic S1*O dropped to 2.5 
per mil, SST variations were minimal, and IRD 
input was negligible. The persistence of vari- 
ability during relatively ice-free intewals makes 
it unlikely that the oscillations in thermohaline 
circulation are driven by temperature or salinity 
perturbations associated with catastrophic ice- 
berg discharge events. It is more likely that each 
diminuition of NADW production and associ- 
ated poleward oceanic heat transport, whether 
caused by ocean-atmosphere interactions or in- 
ternal oscillations, contributes to lowered SST 
and increased ice-rafhng. When ice sheets are 
of sufficient size to produce abundant icebergs, 
their meltwater would then serve as a positive 
feedback, stabilizing the upper water column 
and further diminishing NADW (6, 10, 11). 
This interpretation is supported by the fact that 
many of the 6I3C minima associated with the 
largest IRD events are particularly prominent, 
including those that accompany each glacial 
termination. The lack of a clear correspondence 
between subtle SST changes and 6I3C during 
peak interglacials may indicate the limited in- 
fluence of circulation changes on SST in the 
absence of such feedbacks. 

Site 980 is at a sensitive depth to monitor 
changes in the thermohaline circulation because 
it is bathed by deep water just below the hinge 
line of glacial partitioning of the water column 
(23). The proximity to this important boundary 
also lends caution to our interpretation of the 
benthic 813C. Small shifts in water masses 
across a steep gradient may be recorded as large 
amplitude changes in physical and chemical 
properties at a single location. The interpreta- 
tion of the 8I3C record will need to be refined 
as comparable high-resolution records at addi- 

tional depths and locations become available. 
Nevertheless, Site 980 appears to capture per- 
sistent, significant variability in the deep cir- 
culation. The largest interglacial (>0.4 per 
mil) and glacial (>1.0 per mil) amplitudes 
are comparable to the entire range of values 
found in the modem (24) and glacial (22, 23) 
North Atlantic. Many smaller amplitude os- 
cillations occur as well, suggesting that the 
Site 980 SI3C record does not exhibit a 
square wave alternation between the charac- 
teristic values of two different water masses, 
but rather approximates the relative influence 
of those water masses at the site, as set by the 
basin-wide state of circulation. 

The occurrence of circulation changes dur- 
ing interglacial intervals suggests that neither a 
glacial salt-oscillator (25) nor a binge-purge 
iceberg discharge mechanism (26) can fully 
account for the persistent variability. One alter- 
native, an extension of the oscillator concept 
(22), may be that the thermohaline circulation 
does not operate at an equilibrium level of salt 
and freshwater tmnsport, but alternates between 
modes that export an excess of one or the other. 
Such an oscillator would operate regardless of 
glacial state, while remaining sensitive to the 
same glacial influence that is evident in the 
surface climate proxies. 

That the presence and size of ice sheets 
should influence climate is not surprising, given 
their affect on the atmospheric circulation and 
hydrologic balance (27). It is nonetheless in- 
structive to note the small ice volume change 
associated with the onset of a dramatic shift in 
the climate response. A rise in benthic 6180 
from the peak interglacial minimum of 2.5 per 
mil to the 3.5 per mil level constitutes half of 
the range for each 100-ky G-IG cycle, yet it 
represents proportionately little growth in ice or 
fall in sea level, because much of the 6180 rise 

Fig. 4. Time series of IRD and benthic carbon isotopic (613C, per mil) measurements from >Ire YOU. 

IRD is plotted as the percentage of sediment grains larger than 150 F m  that are detrital. This 
particular IRD index is not sensitive to changes in mean sedimentation rate, which may be 
influenced by variations in abyssal currents associated with the strength of thermohaline circula- 
tion. Benthic S13C values are plotted relative to the PDB standard. Interglacial MIS and the last peak 
interglacial substage 5e are indicated for reference. 
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over that interval reflects cooling of the deep 
ocean (28. 29). The 3.5-per mil threshold thus 
corresponds to glacial ice growth that lowers 
sea level as little as 30 m below the modein (2.5 
per mil) level. Although this change is not 
negligible, it represents no more than 25% of 
the total 120-m difference behveen modem sea 
level and that of the last glacial maximum (28). 
It is also significantly less than the existing 
80-m sea level depression which is due to mod- 
em ice volume (30). 

The sharp contrast invariability at benthic 
6 l W  values above and below approximately 
3.5 per mil suggests that the extent of glaci- 
ation corresponding to this value constitutes 
an impoitant and persistent physical thresh- 
old. Indeed, a similar relationship between 
benthic 6'" and IRD events was document- 
ed between 1.2 and 1.4 million years ago 
(31), and major ice-rafting in the subpolar 
North Atlantic did not begin prior to the 
attainment of comparable benthic 6180 val- 
ues 2.5 to 2.7 million years ago (32). 

Although the physical significance of the 
3.5-per mil threshold is difficult to establish, 
there are several possibilities. It represents a 
total amount of global ice (approximately 
equivalent to 105 to 110 m of sea level), which 
may itself be important, as the distribution of 
water between solid and liquid phase has im- 
plications for the hydrologic cycle. Alteinative- 
ly. the location of ice may be the crucial factor, 
influenced in turn by the amount. The 3.5-per 
mil threshold may represent ice growth across a 
key strait such as North Greenland-Canada, or 
the establishmeilt of grounding and export of 
ice from marginal-sea nucleation sites (33). The 
key factor may be sea ice advance associated 
with glacial ice gowith. Extensive sea ice 
gowith in the Labrador and IGordic seas, and in 
the Noith Atlantic. would all increase the re- 
gional sensitivity to changes in ocean heat 
transport. Yet another possibility is the impor- 
tance of the shape and height of ice sheets. The 
growing Laurentide ice sheet would eventually 
interact with the jet stream, deflecting it south- 
ward and cooling the North Atlantic (21). The 
associated steepening of ineiidional SST gradi- 
ents would also sensitize the subpolar North 

More ? 

Last loom More stable Glacial 
Maximum - - - - - 

Global ice I Less stable 

interglacial More stable 

Less 

Fig. 5. Schematic representation of possible 
climatic stability regimes. 

Atlantic to vai-iations in poleward ocean heat 
transport. Although such a steepening of gradi- 
ents has almost certainly occurred (14, 18), it is 
less well established whether this was due to a 
particular ice sheet size or geometry. The 3.5- 
per mil threshold may also result from a com- 
bination of the factors mentioned here. 

The possibility of another. less dramatic 
threshold at larger ice volumes is suggested by 
the relative diminuition of SST variability dur- 
ing MIS 12, the most severe glaciation of the 
last 0.5 My (29). As was previously docurnent- 
ed in the North Atlantic region (I, 2), variability 
at Site 980 was also diminished during MIS 2, 
although not in the comparable MIS 6, so these 
glaciations of 4.5 to 4.6 per mil in benthic 6180 - 
may just achieve a second, glacial. threshold. 
The evidence from MIS 12 suggests that suffi- 
ciently large ice sheets might be associated with 
climate regimes of diminished variabilitv. It is - 
also possible that the peak interglacial and gla- 
cial intervals of the past 0.5 My are not climatic 
end members. but lie within zones of relative 
stability. beyond which variability might in- 
crease again (Fig. 5). This possibility is support- 
ed by model results predicting enhanced insta- 
bility due to changes in the hydrologic cycle 
associated with both wamler (34) and colder 
(35) departures from modein interglacial con- 
ditions. Because the range of climate states 
examined in this study covers nearly the entire 
range of those found in the Quaternary, subse- 
quent attempts to evaluate this possibility may 
need to reach farther back in the geologic 
record, or rely at least partially on mathematical 
models. 
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Anomalous conceiltratioils of methane (to 
11 nmollkg) and inailganese (to 170 nmoll 

Sulfide Deposit in a Submarine kg) in the water columil about 300 in above 
the caldera floor implied that hydrothermal 
fluids were being emitted locally (7). A 

Silicic Caldera manned submersible program. begun in 
199 1, has so far involved 23 dives into the 

K. lizasa,' R. S. Fiske,'* 0. lshizuka,' M. Yuasa,' J. ~ a s h i m o t o , ~  caldera. 

J. ~shibashi,~ J. ~ a k a , ~  Y. HoriL5 Y. F ~ j i w a r a , ~  A. Imai? S. Koyama3 The deposit extends from the flat caldera 
floor at 1360mto adepthofabout 1210mon 

Manned submersible studies have delineated a large and actively growing the sloping talus at the foot of the eastern 
Kuroko-type volcanogenic massive sulfide deposit 400 kilometers south of caldera wall (Fig. 2). The deposit lies above 
Tokyo in Myojin Knoll submarine caldera. The sulfide body is located on the the interpreted trace of the caldera boundaiy 
caldera floor at a depth of 1210 to 1360 meters, has an area of 400 by 400 by fault, and its underlying hydrotheimal system 
30 meters, and is notably rich in gold and silver. The discovery of a large is probably coiltailled largely within the de- 
Kuroko-type polymetallic sulfide deposit in this arc-front caldera raises the bris-filled caldera collapse conduit. The 
possibility th.at the numerous unexplored submarine silicic calderas elsewhere caldera-related nlagma reservoir at depth pro- 
might have similar deposits. vides the heat that drives the system, and the 

collapse conduit conilecting this reservoir 
Kuroko-tqpe polymetallic sulfide deposits. as The age of the caldera is not yet kno\vn. The with the caldera provides a pathway for as- 
described from the Miocene rocks of the Hob- steep caldera wall exposes a vaiiety of unal- cending hydrotheimal fluids. The deposit 
r o k ~  district in noithem Honshu, Japan. are tered deposits, including rhyolite lava flows and bears no obvious relationship to the post- 
formed on the sea floor and genetically related domes, breccias, and thick sequences of bedded caldera rhyolite dome, \vhose center lies 
to silicic submarine volcanoes ( I ) .  Heat from and ilonbedded pumice containing 71 to 74 inore than 2 km to the west. 
magma reservoirs beneath these volcanoes weight % SiO, and <1 weight % K20.  A The exposed part of the sulfide mass, 
forrns convecting hydrothem~al systems that postcaldera rhyolite dome rises 300 in above which we call the Sunrise deposit, is at least 
leach heavy metals from shallow cmstal rocks, the caldera floor (5 ) .  400 by 400 m in plan view. Submersible- 
As they iise through fissures or volcanic con- Box and gravity cores collected in based souildiilg profiles along the 1350-m 
duits, hot aqueous fluids cany these metals to 1986-1989 provided the first indication of contour and three traverses crossing this con- 
the sea floor. where they precipitate polymetal- hydrothermal sulfide miileralization ( 6 ) .  tour (Fig. 2) indicate that it rises an average 
lic sulfide deposits as they encounter cold sea- 
water. K~voko-type deposits in ancient rock 
sequences are ilnpoltant sources of cu. Zn, pb. Table 1. Selected minerals ident i f ied i n  t h e  Sunrise deposit. 

Ag, and Au that have been exploited econom- 
ically in many countries (2, 3). Act ive Inactive Mounds, massive Disseminated 

Here, we desciibe a major Kuroko-type de- chimneys chimneys and layered in  t u f f  breccia 

posit in Myojin Knoll Caldera, which is located Anhydrite 
400 km south of Tokyo (Fig. 1). This is one of Barite 
nine Quatenlaiy submarine silicic calderas ly- Cerussite 

lllg 011 the front of the Inl-Ogasawara Arc (4). Chalcopyrite *,? *,? 
The caldera rim. 520 to 880 m below sea level, 

* 
Galena * * A. * * 

is about 7 km in diameter; its floor is 4 by 3 km Jordanite * 
and it ranges in depth from 1350 to 1400 m. Marcasite * * * * 
The caldera's collapse volume is about 18 lun3. Nat ive  arsenic 

Nat ive  sulfur 
Orp iment  

'Geological Survey of japan 1-3, Higashi-I, Tsukuba, Pearceite * 
lbaraki 305-8567, japan. 'Smithsonian Institution Pyrargyrite * 
MRC-119, Washington, DC 20560-01 19, USA. 3japan *,$ * '$  *,$ * '. - 
Marine Science & Technology Center 2-15, Natsu- 

Pyrite 3 I ,& 

shima-cho, Yokosuka 237-0061, Japan. 4University o f  Realgar * 
*,$,ii *,S!li 

Tokyo 3-1, Hongo-7, Tokyo 133-0033, japan, 5Tokyo 'phalerite * 

Metropolitan Fisheries Station, 4222 Mitsune, Hachi- 
* * 
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* * 
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