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ABSTRACT 

Wilde, P. and Ben'y, W. B. N., 1984. Destabilization of the oceanic density structure and 
its significance to marine "extinction" events. Palaeogeogr., Palaeoclimatol., Palaeo- 
ecol., 48: 143--162. 

Areally extensive overturn of deep toxic or biologically unconditioned water, at the 
beginning of climatic change, is suggested as a possible contributing factor to mass extinc- 
tion events in the oceans. The overturn and transfer to the photic zone of such waters is 
due to disruption of the stable stratification of the oceans as the source of oceanic deep 
water shifts from middle to high latitudes during climatic cooling. In such a weakly strati- 
fied ocean, normal geophysical phenomena such as internal tides, heat flow, etc., could 
provide the uplift. Comparison of extinction events, climate, sulfur-isotope data, pyrite 
burial rates, sea-level changes, with times of potential overturn since the Late Precambrian 
suggest that overturn was a contributing factor in extinction events reported for the Late 
Ordovician, Late Devonian, Late Triassic, and Late Cretaceous; and for marine faunal 
change in the Late Precambrian and Middle Silurian. 

INTRODUCTION 

Lipps  (1970) ,  R a u p  and  S e p k o s k i  (1982) ,  S e p k o s k i  (1982) ,  B o u c o t  
(1983) ,  and McLaren  (1983)  have d iscussed  e x t i n c t i o n s  in the  mar ine  rea lm.  
In pa r t i cu l a r ,  S e p k o s k i  ( 1982 )  r e cogn i zed  th ree  t y p e s  of  e x t i n c t i o n s :  one  
m a j o r  in t h e  La te  Pe rmian ;  f ou r  i n t e r m e d i a t e  in La te  Ordov ic ian ,  La te  
Devonian ,  La t e  Triassic and La te  Cre t aceous ;  and  several  lesser e x t i n c t i o n s  
as r e p o r t e d  in the  C a m b r i a n  (Pa lmer ,  1965;  T a y l o r ,  1968;  S t r i t t ,  1971) ,  La te  
Jurass ic  and  ear ly  La t e  Cre t aceous  (F i sche r  and A r t h u r ,  1977)  and La te  
Eocene  (Tappan  and  L o e b l i c h ,  1971) .  

The  causes  of  n o t a b l e  e x t i n c t i o n s  are  ac t ive  areas of  d e b a t e ,  wi th  pro-  
p o n e n t s  ranging  f r o m  n e o - c a t a s t r o p h i s t s  to  s t r ic t  u n i f o r m i t a r i a n s  (see Ha l l am,  
1981b ,  p. 36; Hsfi and Drake ,  1982;  Ke i th ,  1982) .  U n q u e s t i o n a b l y ,  such 
c o m p l e x  s i t ua t ions  as e x t i n c t i o n s  of  m a n y  t y p e s  o f  o rgan isms  at  d i f f e r e n t  
t imes  w o u l d  have n u m e r o u s  c o n t r i b u t i n g  causes.  Each  cause w o u l d  have 
in f luence  on b o t h  e x t i n c t i o n  and d ive rs i ty  as a f u n c t i o n  o f  the  living condi -  
t ions  of  the  organisms,  the  i n t e n s i t y  and d u r a t i o n  of  the  cause,  the  p e n c h a n t  
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or  p r e a d a p t i v e  ab i l i t y  o f  o r g a n i s m s  t o  e x p l o i t  t h e  e f f e c t s  o f  t h e  cause ,  e tc .  

O u r  p u r p o s e  h e r e  is n o t  to  r e v i e w  or  e v a l u a t e  t h e  va r i ous  a r g u m e n t s  o n  t h e  

cause  o r  causes  o f  m a r i n e  e x t i n c t i o n  even t s ,  b u t  t o  sugges t  c o n t r i b u t i n g  

f a c t o r s  ba sed  o n  c o n s i d e r a t i o n  o f  p o t e n t i a l  p a l e o - o c e a n o g r a p h i c  c o n d i t i o n s .  

OCEANOGRAPHIC FACTORS 

Importance of stratification 

T h e  p r e s e n t  w o r l d  o c e a n  is s t r o n g l y  d e n s i t y - s t r a t i f i e d  b e l o w  t h e  s u r f a c e  

m i x e d  l aye r  ( S v e r d r u p  e t  al., 1 9 4 2 ) .  Th is  s t r a t i f i c a t i o n  in m i d d l e  and  l o w  

l a t i t u d e s  supp re s se s  v e r t i c a l  m o t i o n  so t h a t  s ign i f i can t  u p w e l l i n g  is l i m i t e d  
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Fig.1. Temperature--salinity--density in the non-glacial ocean. Stipple pattern is mixing 
among water masses as a function of climate integrated over time. EQW = equatorial water 
-- low-salinity high-temperature water formed at equator; STW = subtropical water formed 
as mixture between EQW and SMW; SMW = salinity maximum water -- high-salinity water 
formed at mid-latitudes in winter (modern analog: 18°C Water; Worthington, 1959); SSW 
= shelf-sea water - -h igh salinity water (modern analog: MW = Mediterranean Water);HLW 
= high-latitude water --  low-salinity water, HLWa for temperatures greater than 5°C and 
no sea ice formation at 33.5°/°°, HLWb for temperatures less than 5°C and greater than sea 
ice freezing point, climatic boundary near 5°C (modern analog: Antarctic Intermediate 
Water): TW = transitional water - - m i x t u r e  of HLW and SMW (modern analog: Central 
Water): HLDW = high-latitude deep water (modified fromWilde and Berry, 1982, p. 213). 
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to the surface wind-mixed layer and generally to the upper 50 m. Accord- 
ingly, convective overturn common in lakes (Hutchinson, 1957, pp. 437-- 
440) is absent in the modern open ocean. 

During glacial--interglacial climates of today,  the consequence of having 
the bulk of deep oceanic water produced by sinking of cold water from high 
latitudes, overlain by warmer tropical and subtropical surface water produces 
the present stable density stratification of the world's ocean (Hesselberg and 
Sverdrup, 1915; Montgomery, 1958). However, through most of the geologic 
time, the climate has been mild and non-glacial (Frakes, 1979). The Wilde 
and Berry (1982) model indicates how the oceanic stratification could be 
destroyed and overturn made possible. Hypothetical  water masses for non- 
glacial times are plotted on a temperature--salinity--density diagram (Fig.l) .  
Figure 1 shows that the oceans lose their stratification when high-latitude 
water, forming at about 5°C, has the same density as middle-latitude higher- 
salinity water. This potential for neutral stability could occur both at the 
beginning and end of  a glacial episode. 

Thus, if oceanic stratification was modified so that  overturn could occur, 
then surface conditions would change as a function of the properties of 
deeper sea water brought to the surface. These changes would offer evolu- 
tionary opportunities to some taxa and disadvantages to others, creating a 
potential for significant extinctions. In particular, changes would be greatest 
when the difference between surface waters and deep waters is at a maxi- 
mum. 

Present vertical motions 

In modern oceanic upwellings, relatively colder, nutrient-rich waters are 
brought into the surface layers, enhancing productivity and causing plankton 
blooms. Occasionally blooms become toxic and other organisms (fish) are 
killed (Dugdale, 1979). Inhibited productivity has been observed during the 
initial stages of upwelling even with increased nutrients. Barber et al. (1971) 
attributed this to lack of "condi t ioning" of the upwelled water, whereby the 
increased nutrients and trace metals from depth are not biologically available 
to the primary producers without  some chemical modification. Aquaculture 
experiments using deep nutrient-rich water also show initial inhibition of 
productivity (Menzel et al., 1963; Barber et al., 1971) indicating that  
modern deep water is not conditioned. Upwelling in modern anoxic fjords 
has produced mass mortalities. There, sulphide-bearing water from a sub- 
surface anoxic layer was upwelled into the surface (Richards, 1965, p. 615). 
Brongersma-Sanders (1957) discussed this toxic effect of sulphides on 
aerobic marine organisms. In the open ocean, potentially toxic waters were 
discovered off  Peru during a red-tide condition called "Aquaje"  (Dugdale et 
al., 1977). Denitrification (undetectable nitrate-nitrite), hydrogen sulphide 
and ammonia were discovered below the mixed layer at 150--250 m. Such 
waters are likely to be toxic if introduced rapidly into the photic zone. 
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We suggest that red tides, toxic fish-killing blooms, and anoxic upwellings 
found in modern oceans may be small-scale analogs of marine extinction 
events in which certain populations expand rapidly while others are killed. 
Extension of this type of upwelling to a larger areal scale and from deeper 
source depths, as would be the case in an oceanic overturn, might contribute 
to mass extinctions. 

Comparison with other paleo-oceanographic models 

Berry and Wilde (1978) proposed a model for the progressive ventilation 
of the ocean from an initial anoxic to the present well-aerated state. This 
model assumes a surface-aerated oceanic layer underlain by a residual anoxic 
layer which was ventilated by glacially driven pulses of cold oxygen-rich 
deep water. The ventilation of the deep residual anoxic layer occurred pre- 
sumably by the end of the Paleozoic. A return to anoxicity in deep waters 
in the post-Paleozoic is indicated if climates remained warm, prohibiting or 
inhibiting deep ventilation. In particular, in the Cretaceous, the occurrence 
of deep-oceanic anoxic sediments has been explained by intermit tent  
expansion of the oxygen minimum zone (Schlanger and Jenkyns,  1976; 
Jenkyns,  1980) or as a result of wide-spread stagnation (Ryan and Cita, 
1977). Wilde and Berry (1982), using the Cretaceous as an example, refined 
their ventilation model to show that  variations in climate, with the concomi- 
tant shift in the sites of water mass formation, can produce fluctuations be- 
tween oxic and anoxic conditions. 

The "stagnant ocean" model used by Keith (1982, p. 2623) in his expla- 
nation of  marine extinctions is similar in form to the Wilde and Berry (1982) 
model used here, with both models generating anoxic conditions below the 
wind-mixed layer. The "stagnant ocean" implies a strong density stratifica- 
tion in non-glacial times similar to that  seen today in the Cariaco trench, 
Black Sea, and anoxic fjords. In contrast,  the Wilde and Berry (1982) model 
indicates weaker stratification in non-glacial times. Undoubtedly "stagnant 
ocean" conditions occur locally and could occur locally in the past. The 
Wilde and Berry "open ocean" concept with conventional water mass for- 
mation and mixing (Fig.l)  is more applicable to models of global oceanic 
events. It avoids the biological and mass-balance problems associated with 
the excess salinity required for strong stratification during mild climates; 
and provides a mechanism for upweUing toxic water into the photic zone, 
which is crucial to the extinction arguments. This model also provides a 
mechanism supporting Lipp's (1970) hypothesis that plankton extinctions 
are accelerated when thermal stratification is weak. 

Conditions for oceanic overturn 

Overturn in the oceans could result when vertical motion or buoyancy 
exceeds and is in the opposite direction to gravity. Thus, review of the 



147 

s tabi l i ty  s t ruc tu re  o f  the  oceans  and the  fac to r s  tha t  could  p r o d u c e  ver t ical ly  
u p w a r d  m o t i o n  are p e r t i n e n t  to  assess the  pa l eo -oceanograph ic  p o t e n t i a l  fo r  
over tu rn .  

Stat ic  s tabi l i ty  in the  oceans  has been  charac te r ized  by  Hesse lberg  and 
Sverdrup  (1915)  as: 

~ z  
E = (~z) (11 

g 

where :  E = s tabi l i ty ;  az = ver t ical  acce le ra t ion ;  g = acce lera t ion  due to  gravi ty;  
and z = ver t ical  length.  Otherwise  expressed  as: 

l d p  
E - (2) 

p dz 

where :  p = densi ty .  For  posi t ive  E,  the  wa te r  c o l u m n  is stable.  Fo r  negat ive 
E,  the  co lumn  is uns tab le  and ove r tu rn  is possible.  For  E = 0 the  c o l u m n  is 
neut ra l ly  b u o y a n t .  Sverdrup  et  al. (1942 ,  p. 418)  used the  fo l lowing  approx i -  
ma t ions .  

(1) A b o v e  100 m:  

E = 10 -3 dot (3) 
dz 

where  ot = (p - -  1) 1000.  
(2) Be low 100 m,  i f E  by eqn.  3 is less t han  40 X 10 -s then :  

dO] 
E 3S dz 3t dz  dz (4) 

where :  S = sal ini ty;  t = t e m p e r a t u r e  at a m b i e n t  pressure ;  and 0 = p o t e n t i a l  
t e m p e r a t u r e .  

As the  values o f  E are on the  o rder  of  10 -8 m -1, a m o r e  conven i en t  way  to  
express  s tabi l i ty  is in t e rms  of  the  b u o y a n c y  f r e q u e n c y  (N) (see Gill, 1982,  
pp .  51 - -52)  where :  

N 2 = g . E  (5) 

N can also be used  to  e x a m i n e  d y n a m i c  s tabi l i ty  via the  R icha rdson  n u m b e r :  

R i = N 2 / p  2 

where:  
2 

P =  L3zJ  ' 

the  vert ical  shear;  and vz = vert ical  ve loc i ty .  Fo r  R i grea ter  t han  0.25,  tu rbu-  
lence will occur  (see Munk ,  1966,  p. 710).  

Table  I shows stat ic  and d y n a m i c  s tabi l i ty  values o f  p y c n o c l i n e  cond i t i ons  
for  non-glacial  to  glacial cond i t ions  based on the  Wilde and Berry  (1982)  
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TABLE I 

Stability conditions in main pycnocline 

Unit Non-glacial Climate (Modern) 
pre- or glacial 
postglacial 

10BE (m -1) 43 84 523 
104N/2 ~ (Hz) 3 4.5 11 
2 n / N  × 60 (min) 51 36.8 14.8 
104 u vertical (s-) 6 8.9 21 

mode l  (Fig.2). The low values of  stabili ty (E and N)  and vertical shear (p) in 
non-glacial t imes indicate tha t  s t rat i f icat ion,  a l though stable, is weak. Conse- 
quent ly ,  vertical mo t ions  and tu rbu lence  are easier to initiate than in the 
s t rongly stratif ied glacial ocean.  

Unstable water  mus t  rise into the phot ic  zone to affect  p r imary  p roduc-  
t ivity and the living condi t ions  of  the major i ty  of  marine organisms. The 
poten t ia l  energy per uni t  vo lume required would  be:  

P e  = p g d z  = p ~  (7) 

where:  p = di f ference in densi ty  be tween  rising water  and sur rounding  water ;  
z = vertical rise; and ¢ = geopoten t ia l  (Gill, 1982,  p. 80). 

As the cl imate cools,  the densi ty  of  high-lat i tude water  (HLWa) approaches  
tha t  of  middle- la t i tude water  (SMW) (see F ig . l )  and the energy per  gram for  
lift decreases drastically. Figure 3 shows the energy per  gram con tou r s  as a 
func t ion  of  climatic cool ing at the high-lat i tude water  source and the  rise to  
the  phot ic  zone.  Thus,  geophysica l  p h e n o m e n a  such as tidal shear, p lane ta ry  
waves, internal  tides, heat  f low,  or even micro-seisms might  provide  suff icient  
energy to initiate vertical mixing or over turn .  These p h e n o m e n a  are of  small 
or local significance in the m o d e r n  stratified ocean  (Munk, 1966).  Such 
forces,  however ,  could  be major  fac tors  in the  over turn  of  a poor ly  stratif ied 
ocean  in advance of  actual  neutra l  s t ra t i f icat ion during cl imatic transit ions.  

Fig.2. Density structure of oceans as function of climate. Values in ~t. E = evaporation; 
P = precipitation; High p r o d  = high primary productivity; L o w  p r o d  = low primary produc- 
tivity. Shaded areas are zones of potential anoxicity based in part by analogy with the 
modern North Pacific (see Reid, 1965, p. 52). 
Case A (non-glacial). High-latitude water (HLWa) temperature greater than 5°C. Deep 
water formed at mid-latitudes. No water mass formation from freezing of sea ice (after 
Wilde and Berry, 1982, p. 214). 
Case B (pre-postglacial). High-latitude water (HLWb) temperature less than 5°C but greater 
than freezing point. Deep water formed at high latitudes. No significant water mass forma- 
tion from freezing of sea ice (after Wilde and Berry, 1982, p. 216). 
Case C (glacial) (modern Pacific Ocean). Major water mass formation at high latitudes from 
freezing of sea ice (after Monin et al., 1977, p. 38). 
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Fig.3. Potent ia l  energy required for d i sp lacement  of  water  masses. Contours  in ergs per  
gram assuming 1 cm 3 weighs 1 g (see eqn.  7). HLW = high-lat i tude water ;  SMW = salinity 
m a x i m u m  water  (see F ig . l ) .  

Heat is transferred faster than salt in the oceans, as the thermal diffusivity 
is about 100 times the haline diffusivity (Munk, 1966). Consequently, during 
the time of weak stability at the end of a warm climatic interval, vertical 
motion might be initiated at the boundary between warmer, saline, bot tom 
water and overlying cooler, fresher, high-latitude water (Fig.l).  This situation 
has been observed in modern oceans as layers in the thermocline above the 
Mediterranean outflow into the Atlantic (Gregg and Cox, 1972) and in both 
the Arctic (Neshyba et al., 1971) and the Antarctic (Foster and Carmack, 
1976). By analogy with the experiments of Turner (1965) and Griffiths 
(1979), the water above will separate and rise due to the warming of the 
fresher layer, producing less dense water. The positive buoyancy of this layer 
would tend to be maintained or even increased if the separation occurred 
during the shift in the source of bot tom waters from middle-latitude to high- 
latitude sources. In this manner, the middle-latitude water would further 
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warm the rising boundary layer, increasing its buoyancy.  If the oxygen mini- 
mum or anoxic water was initially at the boundary,  a vertical rise would 
upwell layers of  anoxic or, at least, uncondi t ioned water. 

As noted by Riley (1951) and elaborated on by Wyrtki (1962, p. 13), the 
present rate of oxygen consumption decreases with depth by: 

R = Roe - ~  (8) 

where: R = rate of oxygen consumption;  R0 = R at the surface; a = proper ty  
of  oxidizable substrates; and z = depth. For  the modern ocean R0 = 1 × 
10 -s ml 1-1/s -1 and a = --3.5 × 10 -s cm -1 gives a reasonable fit (Wyrtki, 1962, 
p. 13). Wyrtki (1962) suggested that  most  oxidizable material is consumed in 
the upper layer and ~ decreases with depth.  This relationship would hold 
if the waters in the ancient pycnocline were oxic. Deep material would 
be refractory and uncondi t ioned and there would be little immediate effect 
by contac t  with surface-ventilated waters during overturn. 

However,  if anoxic conditions existed below the surface, the value of 
would not  decrease in the anoxic layer as reduced dissolved species would 
maintain an oxygen demand. In present anoxic fjords, the ratio of H2S to 
NH3 is 3.3 to 1 (Richards, 1965, p. 626). To oxidize the equivalent of one 
mole of NH3 to NO~ and 3.3 moles of  H2S to SO~-, 8.6 moles of  O2 are 
required. Thermodynamical ly ,  the sequence of  oxidation would be: (1) nitri- 
fication (NH3 to NO~); (2) sulfide oxidation (S ~- to SO~-); and (3) aerobic 
respiration (organic mat ter  to CO2) (Stumm and Morgan, 1970, pp. 336--  
337). The actual oxygen consumption,  as the deep-water layer rises, would 
be a funct ion of the oxidat ion--reduct ion potential  in the layer and the mix- 
ing or diffusion at any depth with the ambient  oxygen. This can be translated 
to a redox buffer capacity (Thorstenson,  1970). Brewer and Murray (1973, 
p. 814) have applied this concept  to the oxic/anoxic mixing zone in the 
Black Sea. Their calculations show that  chemosynthet ic  bacteria use the 
reduced ionic species. "Bacterial populations at the interface act as a fairly 
effective lid on the anoxic basin" (Brewer and Murray, 1973, p. 817), pre- 
venting the toxic anoxic water f rom reaching the surface layer. This barrier 
effect  may be the explanation for the existence of anoxic subsurface waters 
in the Paleozoic, Early Jurassic, and Cretaceous (Wilde and Berry, 1982) 
without  any dramatic evolutionary consequences. Also, modern examples, 
noted above, of  denitrification and the presence of  hydrogen sulfide in near- 
surface waters (Dugdale et al., 1977) suggest oxidation would not  occur if 
the rise is faster than the modern  average vertical rise of 1.2 cm per second 
(Munk, 1966, p. 719). 

Below the mixed layer, reduced conditions would be expected to increase 
with continued non-glacial climates and more sluggish circulation. Accord- 
ingly, an overturn during a climatic transition (Figs.1 and 2, Case A to Case B) 
after a long non-glacial interval would tend to be more " t ox i c "  to aerobic 
organisms. At such times both anoxic and uncondi t ioned water would be 
upwelled. 
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Geographic sequence for overturn 

By analogy with the Wilde and Berry (1982) model for the cause of Creta- 
ceous anoxic oceanic events (Arthur, 1979), potential for overturn would 
begin at middle latitudes. The middle-latitude water (SMW), instead of form- 
ing deep water, would either merge with like-density high-latitude water 
(HLW at 5°C) or seek a neutral density above the higher-density high-latitude 
water (HLW below 5°C). This would propagate an overturn advancing to- 
wards the equator. The anoxicity in the near-surface (see Dugdale et al., 
1977), and presumably the toxicity of the water in the overturn, would 
increase equatorward under areas of increased productivity. Conceivably, 
after a long non-glacial period, the lack of ventilation at the equator may be 
sufficient to produce anaerobic conditions there first, prior to overturn. The 
consequences of overturn at the end of a glacial episode, due to the increased 
ventilation and circulation during glacial times, would not be as drastic. 
Overturn would be most toxic in equatorial regions as a consequence of the 
higher productivity and increased oxygen demand at the equatorial diver- 
gence. 

Timing sequence for overturn 

The duration of the rise is important.  Too rapid a rise will produce turbu- 
lence and mixing, destroying the positive buoyancy before the deeper water 
reaches the photic zone. During a slow rise, the non-refractory toxic or in- 
hibitory components  might be oxidized or modified by interaction with the 
surface-ventilated waters. 

The sequence of events during an overturn has an influence on the amount  
of evolutionary opportuni ty  or stress generated by a given climatic event. 
For a relatively slow rate of climatic change, water from depth may be intro- 
duced to the photic zone periodically on a seasonal, or other longer-term 
intervals. Such pulsations would apply pressure to taxa with limited toler- 
ances while permitting adaptable groups to take advantage of the increase in 
nutrients. Such intermit tent  anoxicity introduced in the surface layer has 
been recorded on a small scale for Norwegian fjords, where sulfide-bearing 
water has produced mass mortali ty (Richards, 1965, p. 615). If the rate of 
rise is slow or the stratification is weak so that  mixing can produce condi- 
t ioned nutrient-rich water, overall surface productivity is enhanced. More- 
over, the increased productivity would secondarily create an oxygen demand 
such that  anoxicity beneath the surface-ventilated layer could be maintained. 
Stress on organisms could be prolonged by conventional periodic upwelling 
from the anoxic layer. 

A rapid rate of climatic change causing a single-event overturn may pro- 
duce mass mortalities in some groups without  evolutionary significance, 
similar to the situation observed in modern fjords. In this case, survivors can 
recolonize from sanctuaries without  having to face continued anoxicity. 
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Accordingly, overturn during a relatively slow rate of climatic change com- 
bined with periodic upwellings from a persistent anoxic zone would produce 
the evolutionary stress needed to explain the extinction of susceptible 
organisms. 

Consequences o f  overturn on organisms 

The Raup and Sepkoski (1982) (Fig.4) curves show that  representatives of 
most families survive extinction events. Thus, any extinction mechanism must 
allow for survival of, or sanctuaries for, most taxa. The effects on organisms 
of the overturn described above would be of two types: (1) deprivation or 
reduction of nutrients or food supplies through inhibition of productivity by 
aerated but unconditioned waters; followed by (2) direct toxicity of anoxic 
waters to aerobic organisms. Deleterious conditions must persist at least over 
the time-span of the maximum breeding/reproductive cycle to insure that 
surviving life-stages cannot repopulate the threatened environment. 

Upwelled anoxic waters not only affect near-surface planktonic and nek- 
tonic organisms, but also benthic shelf species. The habitable area required 
by aerobic bot tom dwellers would diminish as anoxic water spread shoreward 
across the shelf. Benthic species on the outer shelf, would be more likely to 
experience anoxic or uncondit ioned waters than inner shelf species, where 
ventilation to the bot tom is assured by wave action and wind mixing. Poten- 
tially, inner shelf-sea benthic organisms might suffer fewer extinctions than 
those on the outer shelves. 

The marine groups most adversely affected by an overturn would be those 
with: (1) a limited inhabited area; (2) small population; (3) sessile habit on 
outer shelf; (4) a benthic life stage, particularly if outer shelf; (5) limited 
warm temperature tolerance (mainly planktonic); (6) short life-span or 
reproductive cycle. The marine groups best able to survive an overturn would 
be those with: (1) widely distributed inhabited area; (2) large population 
size; (3) tolerance (by encysting, etc.) to anoxic or low-oxygen conditions; 
(4) high mobili ty or avoidance behavior; (5) long life or long-term fecundity.  

The habitats of extinct  organisms and the origin of their replacements as 
well as the characteristics of survivors would be clues to the efficacy of over- 
turn to contribute to significant extinctions. That examination of the pale- 
ontologic record is beyond the scope of this paper. 

CORRELATION OF EXTINCTION EVENTS WITH TIMES OF POTENTIAL 
OVERTURN 

Figure 4 shows comparisons among the extinction curves of Raup and 
Sepkoski (1982) and various phenomena which may reflect oceanic stability 
and toxicity conditions such as climate, sea-level changes, black-shale epi- 
sodes, and pyrite burial rates. 



154 

600  

E ¢o 
LL 

" 3 0 0  

o (9 

LU'~ 

l O  

¢n 20  

3O 

.~ 0 .25  

~; 0.50 
oo 

o 0.75 

300  

o 
03 

-= o (D 
(D 

J~ 
CO 

300  

e, .~ . 

1 La te  Ordov ic ian  1-12%)  
- 2 La te  Devonian ( - 1 4 % )  ~ 

3 Late  Permian ( - 52%)  =llii;liill 
4 La te  Tr iass ic  ( - 1 2 % )  A~/I,~;I,i. 

5 La te  C r e t a c e o u s  ( - 1 1 % ) ~ 2  j ~ I ~ . ~ ~ 1 1  ~iilqqlIIBIIIBBBBI'IBIINIB~IBBIQI 

I I I I I I I ] 1  l l l l l l l i i I  l l l l l l l l l i  I l l l l l ] l l l l l  I 3 l l l l l l l l i l l  I I  4 I I l l i l l l i l l l  I I  I11111111111 I l l  I l l l ~ l l l l i ~ l l  I l l  I l l l l l l l l f l l ~  I l t l  I I I I I I I I I I 1 1 1 1  I I I I  I I I I I I I I I 1 [ 1 1 1  I l l l l  ( l l l l l l l l l l l l l r  L IN I I I  I I I N I I I N I I I I I I I  I I I I I I I  I I I I I I I I I I I I I I I I  I l l l l l l l  I I I I I I I I I I I I I I I I  l l l i l l l l l  I I I I I I I I I I I I I I I I I  
llllllllllllllllllIllllll~ll~ IIIIIIllIIIIIIIIIIltIIIIIIill 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
lIIIIIIIIIIIIIIlIIIIIIIIIIIIII IIIIIIIIIiIIIiIIIIIIItIllIIIIII / ~ ' j  , i , [ , I i!iil,itllllllllJll,l,llllI,i]I,I*I,',Illlllli 

_ Evapor i t ic  Su l fa te  

Pyr i te Sulfur Burial Rates  

" / O  O Of f  shelf 
ee , I f .  ~r~"+"+'~ r ~  ~:R:'4 ~ r < - -  ' ~ ' + 1 " - - ~ ¢ 1 = l  r.l . 

~ .  "~+++++÷ ~+÷+4 ÷÷+~ ~ + t  ~ ? t r .  ~÷÷÷~ H "1: 
- ~'es ~ + + ÷ ÷  ~+++4  ~ ÷ ÷ 4  ++~'. " " " ~ + l .  - ~ ÷ + r ~ H  "ll: 

- -  - ~ : '  ~,,,I.4, ,1"4"-1"4"1 ~ , 4 . + 4  4. .~:  . . . .  ~41.4,'4, ~ 1  - -  -, 

* . : ~ - ~ . ~  ' .+  + + + + +  t "4 + t ~ . "  .--: " ' :  ; : . \k  . ':1"4,,I,'1 "" :~| 
- " i ' " ' ~ ' ~  + " ~ + + ~  I "" "~ I ~ . ' ~ - .  -.:.~...':r~ ~ . : , + ~  ~J 

• : .  i ,::~i~ ": " ' ~ ' ~  ~ ~ - ~ k  - ~ ~ . . : . ~ . . ~  ~ . )  H . .  ~.: 

• i !:: : ;!!k : :  i ,, : 
- Sea Level  Changes' ""a" " ' ~ L a n  i ::':'~ "~ ":'" 

L I I L I 1 I I J 1 

Present  va lue ~ - ~  Absolute edge of shelf 

Glacial  in terval  I B lack  Shale interval 
f ~ : . ~  Cool ing in terval  ~ Potential  anoxic  w a t e r  be low 100 M 

:t 
o 

L _ r r  

I 

II 

III 

IV 

V 



155 

Influence of  climate and climate-related events 

F r o m  t h e  f o r e g o i n g  d i s c u s s i o n ,  p o t e n t i a l  fo r  w i d e s p r e a d  o v e r t u r n  w o u l d  
o c c u r  w h e n  t h e  s o u r c e  o f  d e e p  w a t e r  s h i f t e d  f r o m  m i d d l e  t o  h igh  l a t i t u d e s  
( c o o l i n g )  o r  f r o m  h i g h  t o  m i d d l e  l a t i t u d e s  ( w a r m i n g ) .  S u c h  c o n d i t i o n s  a l w a y s  
w o u l d  o c c u r  in a c l i m a t i c  t r a n s i t i o n  b e t w e e n  n o n - g l a c i a l  a n d  t r u e  g lac ia l  
( m a j o r  sea- ice  f o r m a t i o n  a n d  ice  o n  t h e  c o n t i n e n t s )  c o n d i t i o n s .  G l a c i a t i o n  
is n o t  n e c e s s a r y  fo r  t h e  d e n s i t y  s h i f t ,  as n e u t r a l  o r  n e a r - n e u t r a l  s t r a t i f i c a t i o n  
c o u l d  o c c u r  d u r i n g  f l u c t u a t i o n s  b e t w e e n  w a r m  a n d  c o o l  c l i m a t e s  w i t h o u t  
p a s s i n g  i n t o  o r  o u t  o f  a g l a c i a t i o n .  T h e  c o n d i t i o n s  f o r  o v e r t u r n  m u s t  h a p p e n  
t w i c e  p e r  g lac ia l  e p i s o d e  as t h e  H L W  pas se s  t h r o u g h  5°C ( F i g . l ) ;  f i r s t  d u r i n g  
a c o o l i n g ,  t h e n  d u r i n g  a r e w a r m i n g  a f t e r  g l a c i a t i o n .  A l s o ,  o v e r t u r n  c o u l d  
s i g n i f i c a n t l y  p r e c e d e  o r  lag b e h i n d  a g lac ia l  e v e n t  as  a f u n c t i o n  o f  t h e  r a t e  o f  
c o o l i n g  o r  w a r m i n g .  A c c o r d i n g l y ,  k n o w l e d g e  o f  t h e  c l i m a t e  a n d ,  in p a r t i c -  
u l a r ,  t h e  s e q u e n c e  o f  c l i m a t i c  e v e n t s  is r e q u i r e d  t o  e s t i m a t e  t h e  g e o l o g i c  
t i m i n g  o f  o v e r t u r n s .  

T h e  f o l l o w i n g  is a s u m m a r y  o f  c l i m a t i c  e v e n t s  b a s e d  c h i e f l y  o n  F r a k e s  
( 1 9 7 9 ) .  G l a c i a l  and  c o o l i n g  i n t e r v a l s  f r o m  his  s t u d i e s  a re  p l o t t e d  as ba r s  o n  
t h e  g e n e r a l  c o o l i n g - - w a r m i n g  ( e v a p o r i t e )  c u r v e  o f  M e y e r h o f f  ( 1 9 7 0 )  in 
F i g . 4 ,  r o w  II .  

G l o b a l  c l i m a t e s  a p p e a r  to  have  b e e n  r e l a t i v e l y  w a r m  d u r i n g  m o s t  o f  t h e  
C a m b r i a n  a n d  O r d o v i c i a n  a f t e r  e p i s o d i c  g l a c i a t i o n  in t h e  L a t e  P r e c a m b r i a n  
( F r a k e s ,  1 9 7 9 ,  p. 57) .  A s i g n i f i c a n t  g l a c i a t i o n  t o o k  p l a c e  in t h e  l a t e s t  O r d o -  
v i c i a n - - e a r h e s t  S i l u r i a n  ( B e r r y  a n d  B o u c o t ,  1 9 7 3 ) .  F r a k e s  ( 1 9 7 9 ,  p.  109)  
c o n c l u d e d  t h a t  an  E a r l y  S i l u r i a n  w a r m i n g  t r e n d  was  f o l l o w e d  b y  c o o l i n g  in 
t h e  L a t e  S i l u r i a n  i n t o  t h e  M i d d l e  D e v o n i a n ,  " f o l l o w e d  b y  a w a r m  L a t e  

Fig.4. Relationship among climatic, geochemical, and sedimentological events and evolu- 
t ionary progress since the Precambrian. 
Row I. Standing diversity for families of  marine vertebrates and invertebrates from the 
fossil record (after Raup and Sepkoski, 1982, p. 1502). 
Row II. Climatic history as a function of glacial (cold) and evaporite (warm) intervals. 
Curve after Meyerhoff (1970). Glacial and cooling episodes after Frakes (1979). 
Row III. Sulfur isotope fractionation in evaporites (after Holser, 1977). Enrichment im- 
plies warm climate and depletion with respect to present (dot ted line) implies colder 
climate. 
Row IV. Pyrite burial rates in 1018 moles per million years (after Berner and Raiswell, 
1983). Bars represent t ime-synchronous black-shale events: Paleozoic shelf from Berry 
and Wilde (1978), Jurassic shelf from Hallam (1977), and Cretaceous deep-sea from 
Arthur (1979) and Jenkyns (1980). 
Row V. Global sea level and shelf conditions. Stipple pattern = land; solid line = sea level 
through time; dashed line = projection of  present sea level (= 0 m); dot ted  line = 100 m 
below sea level, the minimum depth of ventilation of shelf waters or the top of any poten- 
tial anoxic layer; d o t - d a s h  line = absolute seaward fimit of shelf (--200 m at present) 
assuming constant continental  freeboard (Hess, 1962; Wise, 1972). Vertical line (Geo- 
chron) from sea level to absolute edge of shelf indicates average width of shelf. Cross 
pattern = potent ial  anoxic waters on shelf; bar pattern = black-shale events on shelf (see 
row IV). Open pattern seaward of shoreline = aerated shelf. 
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Devonian". Boucot  (1975) noted marked brachiopod faunal provincialism 
in the late Ear ly lea r ly  Middle Devonian. The provincialism was influenced 
by a relatively cool interval in the early Middle Devonian. Frakes (1979, 
p. 129) pointed out  that "widespread glaciations of Gondwanaland charac- 
terize the Late Paleozoic interval", and that they range in age from "about  
Middle Carboniferous into the early Late Permian". Glaciation may have 
taken place in northeastern Siberia in the Middle and Late Permian (Frakes, 
1979). Frakes (1979) indicated that Early Mesozoic climates were cool, but  
that they warmed during the Triassic. Meyerhoff  (1970) (see Fig.4, row II) 
suggested a cooling trend in the Middle Jurassic. Most of the Jurassic and 
Cretaceous climates appear to have been warm. Climatic fluctuations have 
been indicated within the Cretaceous, and climates cooled late in the Creta- 
ceous (Frakes, 1979). Arthur (1979, p. 1478) noted a brief cooling in the 
Cenomanian--Turonian (about  Middle Cretaceous) followed by a brief 
warming. General cooling followed from the Santonian into the Cenozoic 
(Arthur, 1979). Cenozoic climates f luctuated markedly (Frakes, 1979). 
Significant cooling occurred in the Late Eocene into Oligocene and during 
the Pleistocene glaciations. 

Relatively warm intervals during which anoxic waters developed below the 
wind-aerated surface waters are indicated by widespread, t ime-synchronous,  
organic-rich, black shales (Fig.4, row IV). These shales formed during the 
Late Cambrian--Early Ordovician, Early Silurian, Late Devonian (Berry and 
Wilde, 1978), Toarcian (Early Jurassic) (Hallam, 1981a), and the Middle 
Cretaceous deep-sea anoxic events (Jenkyns, 1980). 

Brongersma-Sanders (1971) noted the cyclic relationship between evapo- 
rites and bituminous rocks. Thus, sulfate-isotope (Holser, 1977) and pyrite- 
burial (Berner and Raiswell, 1983) curves (Fig.4, rows III and IV)a lso  may 
be indicators of  general climatic and oceanic ventilation conditions. Sulfate- 
reducing bacteria fractionate sulfur, producing isotopically light sulfides and 
residual heavy sulfates (see Hoefs, 1980). Accordingly, during times of high 
pyrite burial (high sulfide production),  the sulfate in sea water would be 
enriched in 34S, which is reflected geologically in high 34S values in evaporites. 
An increasing rate or high values of  pyrite burial with high 34S sulfate values 
(high evaporation) suggest warming and the potential for widespread devel- 
opment  of  an anoxic oceanic layer. Decreasing rates or low pyrite burial with 
lower 34S sulfate values suggest cooling and ventilation of the ocean. 

Potent ia l  overturns  

The evidence for glaciations and for significant climatic cooling or warm- 
ing trends summarized in Fig.4 indicates that overturn preceding glaciation 
could have taken place in the Late Precambrian, Late Ordovician, Middle 
Carboniferous, and Plio-Pleistocene. If surface water temperatures at high 
latitudes approached 5°C during cooling trends, then opportuni ty  for over- 
turn existed in the Middle Silurian, Late Triassic, Late Cretaceous, and Late 
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Eocene.  Potent ia l ly ,  over tu rn  could  take  place during warming af ter  a glacia- 
t ion,  as surface waters  warm above 5°C in the high lati tudes.  Such condi t ions  
could  have occur red  in the Lates t  Precambr ian ,  Middle to  Late  Devonian,  
La te  Permian,  and latest  P le i s tocene- -Recen t .  If a residual oceanic  anoxic  
layer,  as p roposed  by Berry  and Wilde (1978) ,  survived the  glacial vent i la t ion,  
a postglacial over tu rn  may  be as de le ter ious  as a preglacial over turn .  This 
po ten t i a l  p robab ly  vanished with the vent i la t ion of  the oceans during the 
great Pe rmo-Carbon i fe rous  glaciation. Since then ,  with increased vent i la t ion  
and oceanic  c i rcula t ion during cold or coo le r  periods,  the  e f fec t  on b io ta  of  
an over tu rn  af ter  the  cold  per iod  would  be less. In any case, the  po ten t i a l  fo r  
mass ex t inc t ions  would  be greatest  during over turn  af ter  a p ro longed  warm 
per iod  because of  the inherent  increased anoxic i ty  due  to  sluggish oceanic  
c i rculat ion.  

Influence of  sea level and shelf area fluctuations 

Hallam (1981b)  n o t e d  that  living area as well as cl imatic change m a y  have 
an e f fec t  on specia t ion and ex t inc t ion  rates among  marine  organisms. Newell  
(1967) ,  Schopf  (1974)  and S imber lo f f  (1974)  have discussed the  effects  of  
r educ t ion  of  habi table  space on mar ine  benth ic  organisms cit ing especially 
the  Late  Permian when mar ine  inver tebra te  ex t inc t ions  increased as habi table  
area on the shelf decreased.  In general ,  transgressions to  higher  sea levels im- 
plies increased shelf seas, whereas  regressions to  lower  sea levels would  reduce  
mar ine  shelf areas. Sea-level changes with t ime (Shanmugan  and Moila, 1982)  
are shown in Fig.4, row V. However ,  compar i son  of  the sea-level curve with 
the  Raup and Sepkostd  (1982)  da ta  (Fig.4) reveals t ha t  sea-level changes and 
glaciations alone had  seemingly lit t le e f fec t  on  marine  life. For  example ,  
major  regressions associated with Carboni fe rous  and Ple is tocene glaciations 
are no t  re f lec ted  as t imes of  major  mar ine  ext inc t ions .  Certain ex t inc t ions  
might  be re la ted to  transgressions.  In such cases the  area of  inhabi table  shelf 
could  be r educed  during transgressions,  even though  the area of  the shelf sea 
would be increased,  by the  spread of  anoxic  waters  f r o m  the oceanic  anoxic  
layer  o n t o  the shelf (Hallam, 1981a,  p. 225).  This would  appear  as a zone 
be low the  surface  wind-mixed  layer  app rox ima te ly  100 m below the absolute  
sea level (see Berry  and Wilde, 1978).  The  po ten t ia l  anoxic  zone  is shown on 
Fig.4, row V as be tween  the  absolu te  dep th  o f  the edge o f  the  shelf  ( - -200 m) 
and within 100 m of  the sea surface.  Whether  anoxic  b o t t o m  water  is in this 
zone  is a func t ion  of  the vent i la t ion  of the ocean  at tha t  t ime.  Potent ia l ly ,  
the m os t  dele ter ious  s i tua t ion for  shelf organisms m ay  occur  at high stands 
of  sea level when broad  expanses  of  the shelf  f loor  are covered  with anoxic  
water .  At  such times, episodic i n t r o d u c t i o n  of  anoxic  waters into the near- 
shore and surface-vent i la ted waters  is more  likely. The  c o m b i n e d  fac tors  of  
r educed  living space, widespread cl imatic change,  and spread of  tox ic  waters  
in to  shallow mar ine  env i ronment s  appear  to  have inf luenced  ex t inc t ions  or 
c o n t r i b u t e d  to  significant  changes among  mar ine  organisms.  
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SUMMARY AND CONCLUSIONS 

The potential for oceanic overturn may occur when the source for deep 
water shifts from middle to high latitudes (a cooling trend) or from high to 
middle latitudes (a warming trend) (see Figs.l,  2). If anoxic waters had 
developed widely throughout  the oceans prior to overturn, then the possi- 
bilities existed for widespread marine extinctions. 

Overturn may occur as oceanic middle waters become relatively neutrally 
buoyant  in relation to deep waters. Under near-neutral buoyancy,  a number 
of influences, which include heat flow and internal waves, that  today are 
relatively insignificant to present water~olumn stability, may induce over- 
turn. If overturn is either relatively rapid or very slow, then a rise of toxic 
waters may have little effect on organisms. Under appropriate rates of up- 
welling, toxic waters may reach the surface or near-surface and spread across 
the normally ventilated parts of continental shelves. As toxic waters spread, 
potential for extinctions and rapid faunal turnover is enhanced. 

The lack of correlation among major marine extinctions (see Fig.4, rows I 
and V) with sea level fall and onset of cold climates, such as those of the 
Middle Carboniferous, Middle Tertiary, and Pleistocene, indicates that  these 
factors alone do not result in extinctions. This may be the result of insuf- 

TABLE II 

Coincidence o f  potential oceanic upwelling with faunal change 

T i m e  of  o v e r t u r n  T y p e  Prior  b l ack  shale A n o x i c  shelf  E x t i n c t i o n  events  Ove r tu rn  as 
(Fig.4,  r o w  I I )  (Fig.4,  r ow  IV)  (Fig.4,  r ow  V) (Fig.4,  r o w  I) f a c t o r  

L a t e  Pre c a m b r i a n  preglacial  ? l ikely 
postglaeia l  ? l ikely 

La te  Ordovic ian  preglacial  yes l ikely 

Middle Silurian postglacial  l ikely 

Mid-Late  Devon ian  cool ing  yes l ikely 

Middle Carbon i f e rous  preglacial  n o  possible 

L a t e  Pe rm i an  postglacial  no  unl ikely  

L a t e  Triassic cool ing no  possible 

L a t e  Cre taceous  cool ing  deep-sea  possible 
y e s  

L a t e  Eocene  cool ing  no  unl ikely 

Plio-Pleist ocene  preglacial  n o  unl ike ly  

n o t  r e p o r t e d  ? 
Ven d i an  faunal  change yes 
(Raaben ,  1981)  

R a u p  an d  Sepkoski  ( 1 9 8 2 )  yes  
(event  1) 

Fauna l  change,  grapto l i tes  yes 
(Rickards  et  al . ,  1977) ;  
b e n t h i c  ( M c K e r r o w  1 9 7 9 )  

Raup  and Sepkoski  (1982)  yes 
(event  2) 

n o t  r e p o r t e d  

R a u p  and  Sepkoski  (1982)  u n c o n d i t i o n e d  
( even t  3) wa t e r  only  

H a n a m  ( 1 9 8 1 b )  y e s  
R a u p  and  Sepkoski  ( 1 9 8 2 )  
(event  4)  

Fischer  an d  Ar thu r  ( 1 9 7 7 )  yes  
Raup  an d  Sepkoski  ( 1 9 8 2 )  
(event  5) 

T a p p a n  and  Loebl ich  u n c o n d i t i o n e d  
(1971 ) w a t e r  only  

n o t  r e p o r t e d  
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ficient  t ime since the last cool ing to  develop toxic  or  uncond i t i oned  water  to 
be upwel led  during an overturn.  

Certain o the r  faunal  changes no ted  in the mar ine  record  [ including 
Sepkoski ' s  (1982)  "lesser ex t inc t ions" ]  may  be reflective of  oceanic  over- 
turn.  For  example,  loss of  the Vendian faunal  e lements  (Raaben,  1981)  in 
the Late  Precambr ian  m a y  be related to over turn  fo l lowing cl imatic warming.  
An oceanic over turn  could  explain the rapid tu rnover  in bo th  early and late 
Middle Silurian graptoli tes (see Rickards et al., 1977)  and the tu rnover  in 
Early Silurian shelf mar ine  benthic  communi t i e s  (Boucot ,  1983).  Over turn  
coupled  with climatic cool ing and a reduced  area of  shelf seas could accoun t  
for  the Late  Triassic ext inc t ions  (Hallam, 1981b) .  

In certain marine ext inct ions ,  (such as the Late Ordovician,  Late  Creta- 
ceous, and possibly Late  Devonian)  a significant change occurs  a m o n g  plank- 
tonic  or nek ton ic  organisms living over ou te r  shelves and ba thya l  env i ronments  
as well as benthic  organisms living primari ly in outer-shelf  envi ronments .  In 
such cases, oceanic overturn,  in which toxic  waters are upwelled into these 
envi ronments ,  m ay  be a po ten t ia l  cause for  ext inc t ions  and rapid faunal  turn-  
overs. Table II  summarizes  our  views on which potent ia l  over turns  contr ib-  
u ted  to  ex t inc t ion  and faunal  changes. 
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