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Global chllngcs in marine gcochemislry. on seales bctween one Ihousand and one million yeaTS 
permit the dClaiied corre lation of sedirncnlary sequences in dirrcTen! ocean bas ins. The 
cond ition is thM the geochemical s ignais are al leas t approximalel)' dnted by bios lratigraphy 
(and magnclOs lratigraphy . whcre applicable). Through mUllIal reenforcement of chemostrat i· 
graphy and bioSlr3ligraphy unusually high s tra tigraphie resolutio n can he obtained. 

The integration of chemostratigraphy and bioslraligraph y opens new avenues for analyzi ng the 
record· producing system within the rramework of systemù: s/rlitiKraplry. This type of 
stratigraphy focuses on global change in sea level. d imate. and general geologic seuing. Il 
attempts to identify the underlying causes of g lobal s tratigraphie s ignai s by consider ing 
1) changes in input of matter ;Ind e nergy : 2) changes in spat ial distribution of sediments: llnd 
3) temporary changes in the partitioning of materials between acti ve geochemical reservoirs . 
Examples from Pleistocene and Neogene deep·sea records ilIustrate the concepts and tool5 of 
this type of analysis . 

Oeeaf/ol. A cta. 1981. Proceedings 26'~ International Geologieal Congress, Geology of oceans 
symposi um , Paris. Jul y 7·17 . 19KO, 11 5·127. 

La ch imiostratigraphie et les corrélations biostratigraphiques : essai sur la 
stratigraphie systémique. 

Les varimions observées dans la géochimie de l"océan mondilll à réchelle du millier ou million 
d'lInnées permettent d'étllblir des corrélations précises entre les séquences sédimentaires de~ 
différenls bassins océaniques. Pour cela, les s igrmux géochim iques doivent être datés, au 
moins approximll\ivement. par la biostratigraphie ct si possible par la m'lgnélos tratigraph ie. 
Lïnterclilibrfllioll entre s tTiltigraphie géochimique (chimios tratigmphie) et biostratigraphie 
permet ains i d 'obtenir une résolution s tratigraphique extrêmement fine . 

Celte intégnttion des deux méthodes ouvre de nouveaux ho rizons pour l'étude du sys tè me 
d 'enregistrement que représente nt les sédiments océllOiques et définit une $/ratiRro.plrie 
sy.J1émiqllt . Ce type de s tra tigraphie est ce ntré sur les variations globales du niveau de la mer. 
du dimat et du Clldre structural géologique. Son but est d ' identifier les fa cteurs responsables 
dcs changements s tra tigraphiques globa ux en tcnant compte 1) dcs variations dans la nature c t 
la quantité de matériaux et dans l'énergie reçues par rocéan ; 2) des changements dans III 
répartition des sédiments : e t 3) de révolution de la répartition des divers éléments entre 
réservoirs géochimiques actifs. L ' utilisation des concepts et outils mis en œuvre pour ce type 
d'analyse est i11us lrée à partir d "exemples pris d~lns certaines séries sédimentaires océ,lniqucs 
du Pléistocè ne et du Néogène . 

Oeta/lOI. Ac/o., 1981. Actes 2b'Congrès Inte rnational de Géologie , co lloq ue Géologie des 
océans. Paris, 7·17 juil. 1980, 11 5·127. 
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INTRODUCTION 

Correlat ion ba:.èJ o n fossils (biostratigraphy) generally is 
superior to correlation baseJ on lithologie properties (Iitho:.­
trat igraphy) whcn the goal is chronologie equivalence of 
rock .\Iequenccs. This commonplace concept Îs dcepl y 
ançhoreJ within stratigraphie tradi tion: il goc.\l back at !east 
to Charles Lyell anJ b expressed in the epoch names of the 
Ccnozoic from " Eoce ne " to " Plioccnc" and " Pleisto­
cc nc". namcs which denote the si milarity of fossils 10 living 
org.misms. Ai so as a mallcr of tradition, st ratigraphie units 
belonging to various intcrvals of geologic ti me have been 
assoc iated with " type localit ies". commonly the place:. 
whcrc roc k seque nces werc Jescri bcd in an carly phase of 
gcologic mapping. The concept tha t such a local sequcnce 
Jcfines li s tratignlphic unit on ,1 more th;m local sealc is 
pervasive throughout mosl o f the s tratigraphie nome ncla­
ture. from "Ca mbrian" to '· Flandrian'·. 

Notable exce ptions among s tratigraphie names are the 
labels "C .. rbonife rous" and "Crclaceoos". which express 
the observaI ion that global changes in geochemistry aceom­
pany the course of geologie time. Thi:> bas ic observation has 
become incrcas ingly s ign ifieant for shorler and shoner lime 
scales in rcce nt years. especially in deep-sèa sediment s. Jt 
opens up new possibili t ies for high-resolution stratignlphic 
correlation between widely ... eparated realms of deposition. 

The strdtigraphi c record mOly bc see n as the product of a 
gcochemical system eonsisting of geologic setti ng, climatc, 
and proce.\lse.\l of ~edime nt production. This " exogenic 
system " responds 10 tectonic and ast ronomie input signais. 
producing both lithologie and pa leontologie output signais 
:oome of which a re correla led on a global scale (e.g. Tapp:ln. 
1968). Wc ha ve recentl y addressed certai n aspecb of 
internai feed b,.1ck mechllnisms within the exogenic system . 
especiaJly as they rela te 10 step·like tr,lOsitions f rom one 
climatic s ta te to another (Berger el al.. 1981. sec Fig. 1). 
$ uch step-like transit ions have especially high potent ial fo r 
global correla tion . 
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Here wc summari ze basic propos itions about how the 
exogenic system generates ehemostratigraphic s ignal~ in the 
marine realm. We then examine the interaction bct .... een 
chemo.\l ITat igraphic and bio~tratigraphic correlation. and 
implications for high-resolut ion global stra ligraphy. On the 
assumption that certain chemoSlnuigraphic signaIs are 810-
bal. the comparison with biostratigraphy represents a test of 
synchroncity of first and 11I.\It appearance datum (FAD and 
LAO) informalion (rom various regions, Con versely, whcn 
well-cstablished chronostratigraphic paleontologie markerS 
arc al hand . the nature of the chernical signal can be 
explol·ed . 

C HEMOSTRATIG RA PHY VE RSUS BIOSTRATI GRA, 
PH y ; IlA SIC PRO POSITIONS 

T he rcason that the subdivisio n of geologic history is ba.\lcd 
on bio.\l tra tigraphy mthcr than lithostratigraphy is s imply 
this: evolut ionary change Is more nearly synchronous on a 
global sca le than is li thofacies change . and e volutionary 
changes arc not repellted. while lithologie changes 
commonl y arc. Howe ver , jus t as any givcn paieoniologiclii 
record ha~ both an evolutio nary (global) component and an 
ecologicaJ (regio nal or local) one. thus any given lithologie 
reçord m;IY he presumed to contain global signais in addition 
to region:tl ones. This is expeeted bccause lithology depcnds 
on sea le vel and c1imate, bath o f which can change on a 
global scale . The task is to extract the global s ignal from the 
lithologie record, fi record which is commonly swamped 
with resional and local information (proximity of moun­
I:lins. sizc of depo.\l it ional basin, circ ulat io n within thc 
ba:>in). Chemical s ignais within the lithologie record of 
marine sequences. wc think , a re prime candidatcs for 
discovering global effects. bccause they depe nd to sorne 
extent on the chcmical ,tale nf the wnrld nce"n . ;rncl nor 
onl y on that of the basin of deposition. 

There i5 one type o f chemical record which ha ... a minim um 
o f rc:gional În terference. namely that of the deep sea. It is 
here. therefore. that global geochemical .\I Îgnal s arc mnst 
easiJy dctected . The fundamenta! papers o n the subjecl lire 
rela ti velY recent : Arrhenius (1952) on the carbonate cycles 
in the equatorial Paci fi c (Fig. 2) and Emiliani (1 955) on the 
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o)l:ygen isotope cycles in the Atlantie (Fig. 3}. These papers, 
ami the approaeh 10 stra ligraphy whieh they introduced. 
now provide the framework for Pleis locene his tory. Il is to 
Ihese chemostralÎgraphic (i.e . li thostra ligmphic) sequences 
that the traditional subdivisions (Günz. M.indeJ. Riss. 
Würm : Nebraskan, Kansan , Illinoi.m. Wiscons in) musi bc 
correlated to hlwe more Ihan regional meaning. 

The shift of framt.: of reference from regional 10 slobal 
signais occurred despite the mixed success of the chemos­
tratigraphers in attempting 10 correlate Iheir sequences with 
the traditional schemes. and despÎle the initial reluclance of 
the land·based s tra ligraphers to recognize the superiorilY of 
the chemoslratigraphic s ignal over traditioN11 sc hemes of 
subdivision. 

The chemostratigraphic signais of Arrhenius and Emiliani 
resemble more or less irregular wave records. and show 
autocorrelation if shifted along the lime axis for a certain 
amount. Short sequences within such records . Iherefore . 
can not he uniquely idenliricd, and chronologie placement 
depends on appropriate du lins melhods . Obviously, bios tta · 
ligraphy plays a crucial role in such placement. 

Chemostra ligraphic s ignaIs suc h as curbonate cycles and 
isotope cycles appear close!y linked to sea level chltnges .lIt 
least in the Neogene. This link provides the main bridge 10 

the I,tnd record. On la nd Ihe stratigraph y of sed imentary 
rocks has evolved as a record of transgress ions and regres­
s ions . with control o n equi valence of strata provided mai ni y 
by fossils. To the extent Ihat Ihe regression/transgress ion 
hiSlories have a large global component (Grabau. 1940 : 
Fairbridge. 1961 : Hallam , 1977: Vilil et al .. 1977) they 
praduce changes in the chemistry o f the ocean whie h can he 
deteçled in deep-sell carbonates, as fluctuations of isotopie 
composition, carbonate content, and preservation state of 
fossils (Berger. Winterer, 1974 : van Andel , 1975 : Berger . 
1977: Fischer . Arthur , 1977 : Hay . Soulham. 1977 : van 
Andel l't al.. 1977 ; Derger . 1979: Thierstein . 1979 : van 
Andel, 1979 : Scholie . Arthur, 1980). ln addition. sea level 
changes bear on sedimentation rate cha nges (see Davies 
l't al .. 1977) and on the distribution o f hiatuses in the pelagie 
record (sec Moore , Heath. 1977). 

OEPTH IN CORE (m) 

Fisure 3 
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CHEMOSTAATIGRAPHY AND BIOSTAATIGRAPHIC CORRELATION 
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Sorne chemostratigraphic signais may nOI be related to 
global sea level chonse. and eOllsequenll y may not be 
strictly conlemporaneous in ail bas ins . Biostratigraphy can 
pui limits on the chronology of chemosltatigraphie e vents. 
especially in conjunelion with magnetostmligraphy. Once ,1 
chemostraligraphic s ignal is shown to he global it becomes a 
superior time-marker to whieh biostratigraphy musi dder. 
Il is then possible to extract regional cco losie effeets on the 
d iachronism of biostra tigraphic horizons (Fig. 4). 

Our basic proposition. the n, is Ihat chemOSlrutigraphy and 
biostraligraphy are equal partners in the reconstruction of 
global geologic hislory. They are fu sed in what may he 
ealled " sys temic s tratigraphy" , li concept which in principle 
goes b.1ck to geologic anliquity. 

Figure 4 
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SYSTEM IC STRATIGRAPHY 

We have made certain assertions regarding the rellilive 
effieac y of chemostratigraphy and bios ttlltigraphy in s itue­
turing Ihe geologic record : in parlicutar we have cllIimed 
that there lire global s tratigraphie signais which are produ­
ced by Ihe "exoge nic system " . These sigmds - whose 
nature we shall examine presently _ ure of the utmost 
s ignifieance for chronologie correlalion . They contain both 
chemical and biological information. They are best sl ud ied 
in lerms of a sys tems IIpproach , Ihat is . in lerms of signal 
input . modulatio n wilhin the system, ami signal output. We 
propose the te rm "systemic s tratigraphy" 10 characterize 
this approach . The princ ipal elemenls o f Ihis type of 
s tratigraphy are summarized in Figure 5. 

The various elements lis ted arc basic 10 ail of stratigraphy in 
one form or llnot her. They are, however , a l times buried 
below the masses of detailed inventory neeessary 10 esta­
bl ish correlations :lmong different stratigraphie sequences, 
including more ur less complele "Iype sections", 

Unlike "l ilhos lraligraphy". " bios lratigraphy". "magnelos­
tratigraphY" . and "ehemostmtigraphy", sys/l'mie Siratigra­
ph,. does nol prescribe the propcrties :lnd contents of the 
record which should be catalogued . Ins lead. il provides li 

focus on global change in sea level , climate . llnd general 
geologie setting. Operationally. il eonsis t5 of the extrac tion 
uf global s ignais from a given s lrll iigraphic sequence , ami 
the interpretation o f these signaIs in terms of regional 
modulation. 

Two sets of tools are neceSSltry for doing sys temic s tratigra­
phy. One is Hn understarKiing of the mechanisms by which 
sys temic signais are produced. This allows one 10 concen­
lrate on Ihe type of illformlltion which mll y have systemic 
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val ue. The other is a criterio n of globali ty, which allows the 
sepanll ion of regional :.ignllis llnd the reject ion of local ones 
(- "noise"). T he firsl sel of lools is provided by the General 
principles of physical. chemical. and biological occanogra· 
phy. The second is a malter of performing correlalion~ 
between s ignais of known and of unknown s ignificance. 

ln the present context we are inleresled in "ocean geoche· 
mical cycles" and their effects on the geologie record . 
Hence, the signais of systemie stratigraphy of interest here 
are mediated through changes in ocean chemistry. Wc 
briefly review the mechanisms which [ead to such change~. 
For general corre[alion~ belwecn geochemical s ignais wc 
rcfer to Fischer and Arthur (1977) and to van Andel er al. 
(1977). We shan return 10 specifie correlations when eX<1mi· 
ning Ihe Pleis toce ne. 

Ocean wa ter contains major ion~ ("'salt") and minor consli· 
tuents involved in biological cycling ("· nutrients··). Il also 
contains gases. notably OXYKen and carbon dioxide. Fur· 
thermore. a given parcel of water is characterized by a 
certain temperature. Ali of these properties have a certain 
chance of being recorded in sediments. especially in bioge· 
nous sediments which are chemical precipitates {rom sea 
water. 

The composition of calclueous malerial s in a stra tigraphie 
sequence. for example. reflecl" something ilbout the satura· 
tion of ~ca watcr with aragonite and calcite. which il> 11 
function of concentration of calcium. of COI content. and 
of pH . as weil as of temperature . As~emblages of phospha te 
minerais and of biogcnous siliea in a record bear messages 
about the (ertility of the ocean . Types and abundance~ of 
organic matter allow one to reach conclusions about the 
oxygenation of sea waler . 

There arc thrce ways tO change the stratigraphi e ~ignal by 
changing the chemistry of the ocean: 1) a change in input of 
matter and energy ; 2) li ch,lnge in spatial distributions: J) a 
ternporary change in the PlHIÎt ioning bctwecn ocean reser· 
voirs. Wc shall address each of the~e factors in IUrn . 
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IN PUT C HA NGES AND SPATIAL FRACTIONATION 

The input of salt. nutrienl~. carbon. etc. depends on the rate 
of erosion and the composition of the eroded materi,d. as 
weil as on hydrothermal proeel>ses on the seafloor and other 
volca nic activity . 

One would expcct . in general. that upliCt and regre ~l> ion 
Încrease rates of erosion on land. and hence cau~e an 
inuease in delivery of salt. nUlrients. and carbon 10 the 
ocea n. The reverse - Iransgres~ion - has been thought 10 
lead to nutrient starvation. This idea. first propo~ed by 
Bramlette (1965) to expia in plankton eltlinctions al the end 
of the Crelaeeous. is a clas:.ic example of syslemic s tratigni' 
phy. A change in climale would produce a concomitant 
ch,mge in the input of materials also. Ir lropic'll . type 
weathering is increa sed, for example. the silicii suppl y will 
increase . and j'ice l'erst. (LecJaire, 1974: Ha y. South'lm. 
1977) . 

The discovery of hydrothermal act ivilY in crestal regions of 
the Mid·Ocean Ridge, und the real izatÎon that this ,Ictivit y 
pl,lYs a large role in the ehemislry of sea water (Edmond 
el al .. 1979), opens up new source and s ink functions for the 
stTaligrapher (unfortun,l\el y poorly controlled ones). Would 

' a change in spreading r:tte change the input of calcium. or 
the availabililY of phosphorus '1 Il appears that this is so : 
about o ne· thi rd of the calcium budget of the occan nlay be 
delivered from ridge crest activity. whiJe substantial 
amounts of phosphorus nlay be eltlracted by precipi ta lio n of 
metalliferous sedimenlS. 

Input ch<1nges arc frequently invoked when st rat igraphers 
are faced with high abund:lnce signais: for example. 
accumulalio ns of cherI may be ascribed to volcanic aetivity 
(Sramlette. 1946 .: Gibson, Towe . 1971). On the olher hand, 
sp,uial diSlribulions ma)' bc jus i ilS important. A, C"lverl 
(1966) showed, voleanism is not necessary to explain the 
s ilica accumulation in the Gulf of California : it is li maller 
of internai redistribution within the ocean. T he Gulf lIct~ a~ 
a s il ica trap because of inlense seasonal upwelling . 

The redistribulion patterns are contingent upon bathyrnetry 
(basin and shelf morphologies) and circulation. which is in 
turn controlled by c1imate (temperature and prccipitlltion· 
evaporalion). BasiclIlIy. dis tributions reflect geogntphic 
fertiJity patterns which tran~l;;te into production· 
preservation patterns of biogenous materials (Berger. 1970). 

Basins wilh deep.waler inflow colleet nutrient·rich , 
CO:-rich waters and produce nutrient-rich sediments (C ..... 
Si. Il). Basins with deep·water out flow collect nutrient .poor 
waters and produee carbonu te·rÎch sediments (such 1I~ the 
Mediterranean for example). The sapropel layers in tht 
eaSlern Mediterranean Pleislocene record . sandwiched 
between carbonate~, must record reversab of waler 
exchange paucrns (Kullenbcrg. 1952; Olausson. 1961). To 
reverse the deep cin.:ulation of the Mediterranenn. the upper 
waters must freshen re1<it ive to the deep ones. The required 
freshen ing has recently been documentcd by s lable isotope 
analysis of foraminiferal shells take n from the sapropel 
la yers (Williams el (// .. 1978). The point is. according to the 
te nets of systemic stratigraphy. the reversai of the Mediter· 
ntnean cannot have been withoUl consequences for the re ~t 
of the world ocean. whose deep circul:tlion depcnds 10 some 
degree on the sally input from the Straits of Gibral tar(Reid. 
1979). 

Besides basin·ba~in fractionation (a nd perhaps even more 
important). there i~ basin·s helf fract ionation (Berger. Win· 
terer. 1974 : Hay. Southam. 1977) and also there is latitudi· 



nal fractionalion on the shel ves (Seibold . 1970, . The vanous 
fractionation processes are ull imately driven b y tempera· 
turc and salinity grad ients: when gradients are su ong they 
work weil and sepuralc "cvaporitc·IYpc" facie s (induding 
carbonate) from " nutrient-type" facies. but when they are 
weak. these two types of fac ies are intercala ted or mixed . 

The efliciency of the fraclionation processes depcnds o n 
the level of fertility of the ocean : s terile oceans do not 
precipitute and redissolve blogenous materials. The ques· 
tion of which fac tor or factors determine the overall 
productivity of the sea is crucial tO sys temic stratigraphy. 
Bramlette (1%5) Ihought it was the nutrient suppl Y to the 
sea. on a geologic time scale . In a discussion to Bramlette 's 
paper. Newell (1966) stressed the obvious fllc lor of internaI 
cycl ing. Broecker (1969), Berner (1973) and Piper and 
Codispot i (1975) emphasized the sink functions : if nutrients 
are more readily removed from the sys tem they will become 
less a vailable (ha ve a shorter residence time) in the o cean 
Imd hence fertili ty will drop. For example , if phosphorus is 
ttappcd in the metallifcrous sediments al the rldge crest as 
proposed by Berner (1973), an increase in ridge cre st 
ac ti vity will decrease the residcnce time o f phosphorus in 
sea water, so thllt a given phosphorus atom will he recycled 
fewer times than before. Or again . a rise in sea level and lt 
concomitant warming and decrease in oxygenation of the 
ocea n would increase the areas on which organic·ric h 
sedimellfs arc dcposited . Such lircas trap phosphorus. and 
they also are a s ite for denilrificalion where biologically 
available ni lrogen is converled 10 incrt Nz. Hence, certain 
nutrienl concenlratio ns would bc expec ted ta decrease on 
the whole . ShcJf seas with a deep waler infJow, of course . 
would not necessarily he impacted by a general decrease in 
ocean fertilit y : they act as nUlrienttraps and recycling can 
be inlense herc. 

Ho w can wc recognize " high fi: rlility" and " Iow fer ti lity" 
oceans in the geologic record ? Arguments based o n di ver­
s ity of organisms. length of food chain. and olher ecologic 
phe nomena (Tappan . 1968 ; Lipps. Mitc hell . 1976 ; Fisc her. 
Arthur. 1977). are somewhat invol ved allhough they are 
indeed crucilll 10 the unders tanding of the pltleontologic 
record and hence to bios tnttigraphy . A s lraightforward way 
\0 dis tinguish " Iow fcrtilit y" from " high fertilil Y" oceans is 
to consider the type of biogenous sediment produced in 
terms of dis /(mee from tlrermod)'lItlmic eqll ilibrilllll . 

An equilibrium OCeltn (" SiII!! n Ocean" ) and a biologically 
active disequilibrium ocean (" Harvey Ocean") produce 
differen t deposits in detail ahhough not necessarily in bulk 
(Berger . Roth . 1975: Berger. 1977). The chemical deposits 
of the Sillén Ocean refle ct the high degree of saturation of 
sea waler with biosubstances. For example . c ~lrbonat es 

appear as oolite ~ and aragonite is widel y preserved . Ifa 
deart h of avai lable nitrogen (or o f trace ele ments) is the 
ca use of low fertilit y, phosphate and s ilic <l le concentrat ionS 
can rise in shallow waters, so that widesprelld phosphati7 .. 1· 
tia n and s ilic ification of shelf carbonates become possible , 
Conversely. carbonates of the Harvey Ocean arc of the 
rcs iSlant kind : hea vy calcit ic shells of foraminife ra and 
molluses. Phosphllle and s ilicate concentrations are low 
because of biologic eXlraclion . hencc thc are:.s of accumula· 
tion of phosphalic and s iliccous deposits arc reSlric ted to 
regions of s trong upwelling. 

TRA NSIENT RES ERVOIRS 

We have briefl y (perhaps tao bricfly) ind icaled how circula· 
lion patterns. driven b, climatic gradients . can lead '0 
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spalial fractionation of biogenous deposits. implying that 
changes in these climatic gradienlS will then produce 
changes in the s tra tigraphie sequences of major oce<ln 
basins. Such sequences are correlated from one s ile to 
~Inother hecause cJimale and ocean circulation are global 
phenomena. We ha ve argued that strong cl imatic gradients 
and a high oceanic fertilil y produce disequilibrium. that i ~ . 11 
" Harvey Ocean " . in which fractionalion and henee separa· 
tion of different lypeS of chemical facie s are a t a mllXimum. 

Disequilibrium also can he produced through temporal 
SlOrage and re introduclion of materials 10 which ocean 
circulai ion a nd ocean fertilit y arc sensili ve. We have 
proposed Ihe term "transient reservoirs " 10 emphasize this 
concepl (Berger el al" 1981). which draws a nalogies 
bctween glacial ice ClipS, Arctic brackish Willers. ~ledilerra · 

nean brines. Aptian sal t deposits of the South AthlOlic. 
forest s and soil carbon . shelf carbonates, and surficial 
dcep-sea carbonates . The transient reservoirs arc part of the 
" geologic sening" within Ihe record. pro<.lucing system 
(Fig. l). 

The best·known transient reservoir is the glacial ice cap on 
the northern hemisphere. Il temporar il y Siorcs ubout 3 % of 
the ocean 's water. Storage and release pro<.luces the familiar 
sea level flu ctuations which are Ihe heartheat of Pleis tocene 
history (the Milankovitch mechanism provides Ihe " pace­
mllker" : "I ays et al .. 1976 : Pis ias, 1976). The oxygen 
isotope record is closel y tied to Ihis flu ctuation and can he 
uscd to moniior it within the deep-sea record (Fig. 6). 
T he record shows (Fig. 3) that release of water through 
melting of thc ice caps can he very fa st . producing on the 
order of one to len centimeters of sea level tisc per year for 
considerable periods of time . Suc h a rate is a substant ial 
fraction (1 to 10 % ) of the average annual e Vllpo­
precipitation rute pattern , which is closely tied to deep·sea 
circulation . The point 1s, the ra te of introduction of fre sh 
waler from the transient reservoir is large enough ta c hange 
the deosity p:'lIerns of Ihe ocean and affect deep·sea 
circulatio n o n a large scale . Il is a major source of instabilit y 
(Olaussoo. 1%5 : Worlhinglo n, 1968 : Berger et a/.. 1977). 
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Figure 6 
Main factors producing ('h IJII~s in ,he QXygitll /sulu/,e ,fl rllfiNt'aphiu 
of pt /agic r llrmma'U (disrtgot'ding diugellu is). A .' Ice tflect ill tire 
QUafernut'y /Keall . R : S urfllct lem/ler",,,,e rhllllgt:.f . C: Temfltm-
IIIre p,ofil t. C/WIIKU (culd uml "'1"''' Of.'eutls). D .' Et·o/IOfa/;m! . 
precipita/ion /wllerns. 
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The rapid merging of previously îsolated ocean basins may 
have effects somewhat analogous 10 the meh ing of an ice 
cap. That large basins werc isolated at sorne time in thei r 
evolution is apparent fro m the pre!>encc of salt deposits in 
their margins. The brcakup of Pangaea as conceived by 
Wegener (1915) gcncratcd many opportunities for the deve­
lopment of such transÎenl reservoir!>. Il is quite obvious Ihal 
sail deposits. such as in the Medilerranelln al the end of Ihe 
Miocene (Hsii et (l i,. 1973) or in Ihe Soulh Atlantic in the 
Aptian (Kumar et al .• 1977) imply the production and 
pOlential availabilily 10 the world ocean of heavy brine. 
Injection of 5uch brine would be a source of global 
chemostratigraphic change (ThierSlein . Berger, 1978). pre­
sumably Ihe bottom-covcring brine would acl as a trap for 
organic militer and nutricnts. In tum this organic mat 1er and 
Ihe nUlTicnts would cons tit ute transie nt rc:.ervoirs which 
upon dissipation of fi deep salt y liLyer would become 
available 10 cause eutrophication and associaled algal 
blooms. 

The salt dcposits in the spre;lding bas ins ha ve other implica­
tions as weil. The y indicate li potentir,l source of rapid 
sea-[e vel variat ion - as much lh 10 m for the ,\olediterra· 
nean and 50 rn for the South Atlanlic (Berger . Winlcrer, 
1974), ln the Jura~sic. the ear!y North /\tlant ic Basin ma y 
have provided a source of ins tllOtaneous transgress ion and 
regression. due 10 repealed emplying and filling. If so, the 
str;lligraphie sigo'lls associated with such floodings and 
dry-ups as recorded in Jura ssic shelf deposits shouJd be 
eorrelatable between ail conlinents. 

Less obviously. and paradoxically, salt deposits may also 
indicate a potential for a transient reservoir of fresh water. 
This seems 10 be Ihe case in the Mediterranean. judgÎng 
(rom diatom-rich layers of Jale Miocenc age ( H aj6~. 1973 : 
Schrader. Gersonde. 1978). The sal t merely shows Ihat a 
bas in W;IS surrieiently isol,lIed from the global ocean 10 
produce brine:. al lim es: it need nOI he Olled with brine ail 
the lime. 
Finally . as frIT ;,:. :.;111 dcposits, Ihey are themscl\'es li 

trans ienl reservoÎr and Jmly influence global carbona te 
s tra ligraphy Ihrough lock.up and release of calcium in 
sulfates as weil as through the sulfur cycle (d. Hober . 
1977), 

Wc ha ve referred to a potential transient reservoir of cartmn 
in connection wi\h temporary widespread aJlaerobî~m. 
l'eriods of increased anaerobic dcposition of varying length:. 
have been proposed for certain lime:. in the Cretaceous 
(Barremian to Turonian : Ryan. Cita, 1977 : Thiede. van 
Andel. 1977) l'Ind sorne have been thoughl 10 involve the 
entire ocean ("Anoxiç oceanic events". Schlanger. Jen­
kyn:., 1976: Jenkyn~. 1980). If :lIloxic cvent~ are real . Ihc 
as~ociated lock-up and release uf organic carbon must lead 
to changes in pCOl in the a tmosphere. whieh in turn 
produces di matie fluct uations wilh fecdb.'lck for the circula­
tion and chemistry of Ihe oceans. We bclieve tha! the 
dimalic cycles discovered in non-glaçiated periods, and yet 
apparently of Milankovitch.type dimensions (Dean ('/ al.. 
1978) may be lied 10 ~uch carbon·dominated feedback 
mcchanisms. If so. it should he po~sible to monitor such 
cycles in the carbon isotope record (Fig. 7). 

Of course, marine organic carbon Î<; nol the only transie nt 
re:.ervoir 10 be cons idered in thi:. context. There b tho:: 
biosphere (fore s t:. . swamps, bogs) and soil carbon . and 
therc arc shallow water ;Ind deep-sea ca rbonatc:. whieh are 
~ubject to buildup lInd erosion with redissolution. 

We o::mpha~ized stable isotopes a~ monitoring device~ for 
systemic stra tigraph y because we favor this particular 1001 
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Figure 7 
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M C/in fC/cfOrs producing cllanges in Jill' carhon isotope slratigrapllin' 
uf pâugi(' carh/mutes (disrl'gard;lIg diagene.l'is). A: RI'Sl'fl'u;r 
exc/i(lItlle (org(mit- carbo l! l'er .ŒS ('a rbOI/(lIe). B : ClilIImir' dUIII):" 

/IIJd efltcl 011 biospllere /lI/d mil ('(I,holl al1ll11dOl/Ct. C: CI//lI/~1' of 
oxygl'II pmfi/es ((md associall'd CO, deril'I'd /rOIll rl'spirM;all). D : 
EW'IIOrMiulI·prl'dpilurioll pCllums gOI't'fllIng (lPII(lretll ox)'gen utili· 
: (III(m (ADU) (.md 111'''''1' uhfl/rd(lIu't 0/ rt'spiratil'I' (llC_ricll) CO]' 
({)x)'~ell·ricll ('o"espot/ds lu COl-pa/Ir (wd vice versa). NOle Ihl' 
unC/l/lgifJ he/ .... u,1 l/ie sc ilemts ;11 F;gllre~' 6 and 7. 

over others in pursui ng global chemustratigraphy und hence 
systemiç s tratigraph y. The reason is Ihat the global signal. 
especially in oxygen isotopes, hlls a good chance of shining 
throush the rcgional and local oyerprint in marine sequen­
ces: the ocean dominates within the o)l;ygen reservoirs of 
the exogcnic system. Likewise, bul 10 a lesser extcn!. the 
ocean domina tes the lIssemblllge of active carbon reser­
voirs. Furthermore. Ihe factors pro\'iding for excur~ions in 
oxygen and CIITbon isotopes in the carbonate record a re a 
managea hie number : fractionalion between water masses 
(incJuding ice masses during cerl<lin periods), lempeTllture. 
cffect s of diagencsis for oxygen : fractionation between 
carbonate and org.mie c.lrOOn (including both marinc and 
lerrestrial carbon), vi tlll effects. und di:\gencsis fo r carbon . 
For detailed discussions of these vilriOU~ factors, sec 
Duplessy (1978), Savin (t977) and ShacklelOn (1977 b) on 
oxygen ' and KroopnÎek et (li, (1977), Shackleton (1977 a) 
and Scholie and Arthur (1980) on carbon. 

We shall next ilIustrate a number of the concepts di~cu~~ed, 
using examples from the deep-sea record of Ihe Quatermuy 
and Ihe laie Teniary. Jt should hecome clear, Il:' the~c 
examples are developed. thal the reasoning in eSlabli~hing 
the globality of a chcmostratigraphic signal i!> not cntirely 
eircular, although some biochronologic control is a~:.umed 
which is ill>elf in nced of verification, 

SYST EM IC STRAT IGR APHY OF THE QUATERNARY 

The ~landard chemostratigraphic s ignal of the Quaternary is 
Ihe o;>,ygen isotope record. It approaches the ideal s ignal : 
o ne which dc scribcs the fluc tuations of a s ingle cau~al 

factor and which is global <lnd closely relatcd to ba~ic 
driving functions of dimatic change. 
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T he OXYilcn isotope record is larilely a reflection of the 
buildup and decllY of çontÎnental ice. hence bOlh of climate 
and sell le vel (Shackleton. Opdyke, 1973). Global;ty is 
relldily demonslrated by correlating Atlantic and l'adfic 
signais (Emilian;, Shackleton. 1974; see Fig. 8). 
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Compori.mn of oxygtll iSOfIJpt rtrOMS from Padfk and Allunli" 
Oaans. Composiri(m is for tht btn/hic: !uramini!tr/l Rtnus.uvige. 
rilUl. off NW Afriea ("Mtttor" ) and III Iht eaSI equulOn'a/ Pacifir 
("Vt'lIIa"). Daia from Shack/tlOIl (f9nb). curn "'t/tor l1J91 
(2j7J m) (wd V19·19 (Jlj7 III) as p/mlt d ln Btr~r(1981). Nolt /he 
slriklnR uf.:rttmtni bt!t ... ·ttn Ilrt fI, 'u rtrOMs. 

One must assume that the excellent correllltion shown in 
Figure li is baseu on strictly synchronous changes in the 
chemi stry of the ocean (tempernture changes are of minor 
importance weil below the thermocline). Bascd on this 
assumption . the synchroneity of biostratigraphic markers 
CHn be tested . 5uc h a test was performed by Th ierstein el al. 
(1977). on late Qualernary coccoli th dlllum levels. These 
authors demonstrated the synchroneity of the extinctio n 
dat um of Ps~udo~miliania laclI/wsa throughoui the world 
ocean within the early pllrt of oxyge n isotope stage 12 
(fig. 9). Similarly they established the synchroneit;' on a 
global seule of the first appearance of Emiliani(j hluleyi in 
late oxygen isotope s tage 8. By the same mClhod of correla· 
lion of biostratigraphic events with oxygen isotope s tages. 
Thierstein l" al. (1977) were able to show (hat the replace­
ment of Gepll )'fUl;a/,.fa caribbewliclI by E. IlI/xleyi ;IS the 
dominan t c()(;colilh spccies occurred earlicr in the trupics 
than in high latitudes. The ecologic and ellolution.'lry s ignifi­
canee of this replaceme nt is as yet unknown . 
Thus. the sy~ temic nature of H chemostrntigr;;phic signal 
(e.g. oxygen isotope record) is eshtblished Ihrough ocean-

Figure 10 
Comparison of oxygel! j.MI(}/l~ .~lTlIliRraplriu ~'llIr 
prutrl'lIllml ulld l'(lTbQllOU recurds. , 

-
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Fillllrc 9 
Ana/pts of sntn piston eoru from NOr/ir AI/Un/le (K701J·7 und 
VZJ · llJO). Soulh AI/onl;e (VZl-174). WUI Equalorial Pacifie 
(V1S-23H. V18·ZJ9). us ... ·cll as Equu/(J';QI /ndlan Oct"'" (RCI4·37) 
and Soul"trn /ndiou DUlln (E49- 111). Lt/I : oxygen isolOpt l'U/lltS 
fllr s /Qgt! Il . Il. llnd IJ. Riglil re/ulj,·t ob,,,,daucu ofPseudoemi· 
liaoia laeunosu gil'eu in ptreclI/. BOl" art plOllet! lu deptll (centime· 
urs II! C(}rt). Solid Irorizo/lill/Ii,,/! - positll/II /If t .tlillrliou ltl'l'Io/P. 
luc llnosa. From Thiers/ tin CI al. (/9n). 

ocean correla tion. Having verified Îts global validity. 
through biostratigraphy. we cnn now explore, through 
correlation of new signais to the established one. the 
systemic nature of such new signais. One sueh signal is 
preservation of calcareous shells. li recordable measure of 
carbona te saturation of the ocean (Fig. 10). 
Cleurly. the preservation of foraminirera . as reflecled in the 
"sol ution index" ca1culaled on the basis of speeies compo· 
s ition. is closeiy related 10 the oxygen isotope varia tion . 
Hence. the preservation signal is syste mie. not just local. 
Carbonate curves are more Jiffic ult to interprel tha n 
prcloè: rvntion signais. Tns tead of only one factor (d issolution 
intens ity) it is depcndent on three (supply. dissolution. 
dilution by non-carbonate). Nevert heless , Quaternary car· 
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Ldl : Oxygtu ISU/Ql't und pustn'llIi1m smUi/lr/lplriu 
u/ Cort VZH-2JS. wUltm equillorilli p(J{~ific. fl'O 
"lIl"u /orGlobigerinoides sael'ulifer (//Id btll/ hit· /oro­
mllli/cru from SlrackltuHI and Opdykt (l97J). Solutinn 
indu l'al,us (5. 1.) /or IIlt > 149 p.m·size (nlction lhigh 
\/If/ues _ poor prcservl<lÎ{m). (rom Thompson (1 976). 
/ ; 1.1'!;f dcgladaûon. - II,()O(J yrs. Il : pcnu/limale 
degltlcÎalion. _127.000 yrs ; lit : prcpcnultim.1lc 
delJ/l<dlllion. - liO.OOO yrs ("lcrminalioM " 11110 rime 
sc .. lc o( Hmccker. van f)onk . /970). Viligo/m a(ler 
Thompron (1976). 
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Riahl : Oxygcn IsoWtn and pruen'ol;"n smlligraphiu 
(}f Cort IC·5. cqualoria/ lndiall Duan . fklwfrom Dba 
(1969). SO/llllon indu "u/cu/a/~tI a.' Globoromlia 
rnenardiil(G . menllrdii .,. Globigerin .. ide~) (s,c Vo/met 
:11.. 1'J80). NNe I/Ie Iri/llr df'WI!t 0/ ('orre//ll imi bd ... tell 
lire rC('ords fwm Ihe IW'} QeflllU. 
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bonate fluctuations can be correlitted throughout the 
Indo· Pacific. being dominatcd here by dissol ution effects 
(Fig. 2). The carbonate cycles of the Atlantic do not fit this 
scheme. Apparently these cycles :Ire largely dilution cycles, 
with re latively litl le influence from dissolution . Also. there 
may be a seesaw effect belween Pacifie and Alhlntic 
eoncerning the preservation of carbonate (Volat el (lI .. 
1980). Thereforc, although the Atlantic cycles are systemic 
in nature. they do nOI panillel those of the Pacifie. ra theT 
they are largely ami-parallel (this relat ionship , of course. is 
a close corre/lIIiOI! also). 

A closer examination of the isotope turve and the Solulion 
curve in Figurc 10 reveals the possibility of a phase shift 
bctween the two signais (see a lso Luz. ShOlcklcton , 1975 : 
Ninkovich. Shackleton. 1975; Shackleton. Opdyke. 1976: 
Moore et (II .. 1977). It appears th:it the changes in preserva· 
tion lag bchind Ihose of oxygen isotope composition. AI 
least two processes have 10 be considered to attempl an 
expia nation for this phenomenon provided il is re(ll and not 
just an effect of differenlial mixing al the seafloor. Firs!. the 
circulation of the ocean changes in response to the subuac· 
tion and addit ion of waler. and 10 cooling and warming. The 
overall rert ility and the CO, distribution in deep waters 
should he affected by 5uch èhanges, which in tum would 
change carbonate saturation. Second. changes in carbonate 
mass balance which accompany sea level changes could 
produce dissolution cycles. After " rise of sea level the 
enhanced precipilation of shelf carbonales would success­
fully eompete with the deep ocean for the availabJc carbo· 
nate. while after a fall of sea level shelf carbonates would he 
exposed 10 erosion and transfer to the deep sea. Il is 
s ignificant thal preservation is best, however. dur ing a rapid 
rise of sea level. und worst durÎng a rail (see bclow). Thus. 
mass balance alone cannot explain the phe nomena seen. 

Another signal whose systemic nalure is obvious from 
correlation with the oxyg~n isotope stratigraphy is tempera­
ture of surface waters (Fig. 11 ). On the whole. the flu ctua· 
tions of the surface tcmpera ture calcul,lIcd from fOTami ni· 
fera in a Caribbean core. correlates very weil with the 
isotope record from the same corc. On the other hand, the 
curve of abundance of Globoff)/uliu menardii only corrcJa­
tes partially with the isotope curve. Thus. there is a s trong 
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Comparisol1 belwHl1 Globornlalia menanJii ubu"doll(:C recurJ. 
Q.tygel1 i~'o/()pe strari8raph)'. (lI1J Irululer tempera/ure record (cal · 
culMed {rum foramimferal assembl/.lge t·(JlllpositioIU). aI gil'en b)' 
lmhrie ct al. (1973). Emi/imli slage Iwmbers added 10 imwpe 
record. LeI/ers Z th ru llgl! Tare Ericsol1 ~o l1es defined 011 the busi5 
o{ Ille (lre.\·ellce or absellCf' o{ G. menardii. Nuit 1111' correiariOIiJ. 
and thar G. menardii remain(d abselll duril1f,! a "'Mm perioJ a{ler 
regioll/.l/ exlillctiotl durililt i.wwpe SIa.li!e 14. 
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regional signal. presumably contingent upon regional extinc· 
tions and recolonization. In general. G. mel/ardU becomes 
extinct in the Atlanti c during glacials. and is reintroduced 
during intcrglacials, presumabl y from the Indi,tn Ocean. 
past the Cape of Good Hope (Parker. 1973). 

The pattern is not :,imple, howcver. Al though glacial condi· 
tions exclude G. mel1(1rdii. the Icvels of extinction and 
reinuoduction do not seem to have an obvious. well·uefined 
relationship to the environment as reflec ted in oxygen 
isotopes and water temperature. Perhaps raIes of cha nge , or 
interactions between different factors arc more important 
than position in the glacial cyc le and temperature l'er .fe. The 
pOi ll t is. the global signais ca n be used 10 explain but a 
portion of the regional one. the residual vMiat ion must be 
sought in more local conditions. 
The identification and use of syslemic signais is of grcat 
imporla nce for the intercal ibrat ion of bioslratigraphy. 
magncloSlr.ltigraphy and regional chemoslratÎgraphy. A 
summary of Late Pleistocene bioslraligraphic dOi tum !evels 
which have been caJibrated in this fa shion is proviued in 
Figure 12. Note the preservation spikes coinciding wÎlh 
rapiu sea level rise. and notc the higher·than·expected 
coincidence of LAD's with these "tcrminat Îon" events. 
Thcse are the periods of the most rapid and pronounced 
climalic. oceanographie and geochemical c hange within the 
system. during the Quaternary. 
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Corrl'lati(J1I of hiOSlratigrapltic dallU" le"(ls /0 tlte Qxygl'lI·isotope 
$/rati/:ral'II)' far Ille BruIII,I'S lIonna/ po/aril)' Epoch (().700 ka). 
Comp"',1e " ôO·crrrl·( {rom Emilialli (1978). Data (m Ille calibrO/;m , 
al (laleulI/oloRie e,'ellts lu the flx)'sell·isOIope siralisraph)' are fro'" 
ShacMet oli (lI1d Opd)'ke (1973). TJrcm'psm' and Sai/o (1974). Gart· 
tler alld Emili",u' (1976). Hays and Shu"kle/{III (1976). 1'I'O/il/lSOll 
(19761. Buretle (1977), TMer.nein et al. 0977). Morley IIIId 
SlracHelul! (1978) and ThompIun IJ/lJ Sciarrillo (1978). PAO .' first 
appeartwee datutll : LAD .' last appearw,a Jamm : N .' ca/nuemii 
lIallnofu.uil: F .' planktu"i,' {oramillifera; R : radiol/.lriall : D .' 
diatom . Tlrese dalllm lel'els fullowl'J bl' • are (j'Slriel.·J la Ihe 
tropical Jlldo·Paci{i,· ~'hereas tlle ai li ers /.Ippl)' {rom loI<' 10 hiSl, 
lalilude n{ tlle ,,'orld oel'an. 
Center: "a!t'areous fassil presen'U/i(m record for Ihe ei/uU/orial 
Pacifie. Sa /id black (Jreas.' maximum presen·atio ll ; "enimlly mleJ 
arMS.' poor presen 'a/ian: dO/ted Il/Id ,..1Ii't /.Irt'as.' f,!ood alld 
medium preservation (presefl'(l/iuli dalu {rom Thompson. 1976). 
Note that Ihe PTf.'$en·ulio" srikes (PSI. PSU . ... ) eoillcide ,d/ll the 
degladUlim, el'ellls ("'''lIb",i,,!: sc!teme is t/rU/ fit Uroerker. "(m 
1101lli, 1970. ,mJ also 01 " So/lIIiOlI Cycles" of Thompsoll. 1976). 



SYSTEM IC STRATIGRA PHY OF THE NEOGENE 

ln principle. Ihe Neogene has many charactcriSlics of the 
QUlIternary : for almos t two-thirds of this period. there is an 
Antarctic ice çap . and during the las t 3 million years there is 
evide nce for northcrn glacia tio ns (Savin, 1977). Howcver. 
the c hanges of ctimate and the associated flu ctuations o f 
syste rnic sigmlls !Ire rnuc h less violent in the Mioccne and 
Pliocenc than in the Quaternary. In that thesc rluctuations 
are more gentle they resernblc those of carlier periods of 
ocean history , and hence what we learn about these 
fluctuations may he moreeasily applicable to Paleoge ne and 
Cre taceous conditio ns thlln o ur Quatermu y-derived under­
standing. 

Without the large-scale rapid buildup ami decay of continen­
tal icc which charac tc r izes the Quaternary , oxygen isotope 
stratigraphy is much less pregnant with information and 
s ignificance. The s ignal no longer s ignifies mainly flu ctua· 
tions in ice mass and associated sea lcvel change but is 
produced by a combina lion of a number of different fa ctors 
(Fig. 6). Global sync hroneity. thercfore . is no longer gua­
ranlced , and neither is Ihe profound climatic-geochemical 
signifi cance which derÎves fro m the parallelism wit h sel! 
leveL 

The somewhat decreased importance of oxygc n isotope 
s trmigrnphy is compensated by an increase in thc signi­
fica nce of the carbon isotope s ignal. As mentioned , 
the balance between the water reservoirs ke and ocean 
has an analogue in the balance between the carbon reser­
yoirs ocea nlatmosphereJbiosphere/reac ti ye carbona te/reac­
tiyc Clubon (Fig. 7). 

From the large number of carbon reseryoirs it is immed ia­
tel y obyious that the carbon balance is more complex than 
the ice·ocean balance. Aiso. the fa c t Ihat carbon is the 
clement of life alld is much less abundant than water, leads 
10 complicalions Ihrough fra Clionations of isotopes associa­
ted with the life cycles of o rganisms. 

An example of a delailed carbon isotope rccord from the 
Late Miocene is given in Figure 13. It is based on the 
analys is o f benthic and planklonic foramini fe ra from DSDP 
Site 238 in the tropical Indian Occan . Four carbon isotope 
signais a re shown , three from benthic species a nd o ne from 
G/ubigerinoides s u ee /i li/er. a planktonic form. The signais 
are sh ifled to proyide for maximum congruency in the lower 
one-third o f the graph. Thus. we assume the lower pan of 
the record reprcse nts the "normal" s ituation. with G. 
st/cCll/i/er bcing hell vie r than Oridorsolis IIl11bomj(us by 
about 2.5 peT mil in its carbon composition ilS mellsured in 
allc va lues. G . .facc lili/er is hellyier, bcca use it record s the 
sile of surface waters. a nd thesc waters have been prde­
re ntia ll y stripped o C IZC by org:oIIl ic particle production and 
sellling (Fig. 7 c). The diHerence in SuC o f the various 
benthic Corami nife ra is unexplained . but is relaled 10 their 
me cycles (habitai , food and growth rates : see Vincent et 
al .. 1981 t/: 1981 hl. 

We noIe tha! Ihe seyeral SuC s ignais (Fig. 13) lire not c learly 
congruent in the lower Upper Miocene , ah er being shifted 
in the manner indic:l\ed. Also. Ihese fl uc tuations show no 
obvious relatio nship to the less than coherent oxygen 
isotope s tratÎgnlphies of the same species. 

Clearly. this portion of the stratigraph y is dirricuh to 
inte rpret : severa] unidentified factors, none s lrong luKl 
dominant. appellr in volyed in producing the s ignais. 

The s itua tion changes llbove 200 m deplh in the core , where 
both carbon and oxygen strat igraphies become much morc 
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Figure \3 
Uppu Miocell e camo" a"d oxyge,,·i$o'apic s/ra/illmphies {or Ih,. 
Ihret be,,'hie {ora/lli"ifera Planulîna wucth:rs/orfi. C .. ss îdulina sub­
g1obosa a"d Oridorsalis umbonatus und Ihe plonk/onie speeies 
Glubigerinoides saccul ifcr al DSDP Site 1J8. tropÎt"a/ India" 
Ocean. Left : supuimposed BUC clln·eol ; P. wuclterstorfi (dol/ed 
tine) plOlled ae("tmling lu B"C l'a/uu i" upptr sca/e. C. subgtobosa 
(dashtd line) shi{ted by - Q,J5 per mil. O. umbonatus (dashidUlud 
tint) shi{ted br - 0.6 ptr mil. G. sacculifcr (snJid line) shifted br 
... 1,5 per mi/. 
Right : superimposed B"O curves : C. subg!obosil (das/rt'd lilll') 
plot/cd accordi"R ln 61'0 Wllul's ill uppu seule, P. wuelters torri 
(dal/td IÎne) shi{led br -0.7 per mil, O. umbonatus (du~l~d"tled 
fi"e) shi{ll'd Dy _ 1,0 ptr mil. G. sacculifer (solid /1,,1') shi{/ed Dy 
+- 4.2 per mil. FirSI Apptara"ce Dalum (FA O) for t (.lch o{ the 
sptcits StichocorYJ pcregrina (radio/arian), Amaurolithus spp (cal­
cafl'OUS nann(J{ossi!s), Thalassiosira pr .. econyexa (diatom) andT. 
miocenica (dia/om) Shu ... n 10 right . A ges (ol/ol<' Monki" e,r ami 
Da/rymple (1979) lime s("(llt. Data f'Om ViI1f: l'1I1 el ;11. (1980). 

coherentthan before. One might interprellhis change as Ihe 
emergence of a dominant signa!-guiding factor. Sho rt! y 
aCter . ail carbon signais show a shifl IOward lightcr yal ues. 
Apparent ly a change in the system has now taken place 
which affel,:ts the chemistry and Ihe cli mate of the ocea n. 
Since both benthic and planktonic Coraminifera show the 
dfect, it inyol yes both deep and shallow wa ters, and he !lce 
the entÎre ocean. 

Bdore we renect on the nature of the change, ici us test the 
globality and synchroneit y of the phenome non. As before, 
we compare biostrllt igraphic events wilh the isotopie s ignal 
(Fig. 14). 

The " E6 Carbon ShifC ' (it occurs in Magnetic Epoeh 6: we 
follow the principle established by Ha ys el al.. 1969. and 
Dunn and Moorc . 1981 . for naming chemostratigraphic 
signais according to their position wilhin magnetic epochs) 
can he deleeted in the isotope s iratigraphies of a large 
number of DS DP sites. It is inyariably preceded by the FAD 
o f Amullrolithlls spp (Haq et a/., 1980), supporting synchro­
neity both for the isotope record and the Amallrolit/lIIs 
FAD . That this reasoning is nOI wholl y ci rcufar becomcs 
evident when wc contemplate the a lternatiye: tha t the 
association of the FAD with the shift in cach local ity is a 
matter oC coincidence . The FAD of Amallrolifhlls has 
furthermorc been shown to be synchronous in paleom:/gne­
tica ll y-dated piston cores within the middle normal polarity 
event of Epech 6 (Haq et 0/ . . 1980). 

What event or even ts might have caused the carbon isotope 
excurs ion? This ques tion has been discussed by yarious 
aUlhors (Keigwi n, 1979 : Bender and Keigwin. 1979 ; Vin­
cent el al.. 1980; Keigwin and Shack le ton. 1980) ; no 
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Figure 14 
Upper MiVCt'l1f car"QI,.iSOIOpic S/rmigfuplrin for bemli ic forumini· 
fera al DSDP si/es und IJCCllrrtll ce 01 ("'0 pliywp/(mk/mr dwum 
lel'els. Modifiecl ff<Jm HI/II el al. (79IJO). 

consensus has been reac hed. Our graph m~y con tain some 
clues 10 the answer. Firsl. wc al ready nOled Ihal Ihe effecl is 
global. hence il involves large·sca lc geochemical balances 
and/or the overall çÎrcullition and ferrililY of the ocean. We 
must ask that the SPC values of the dissolved CO, in the 
ocean (mainl y HCO,-) arc cha nged , o n the whole. byabout 
-1 per mil at the c rucial lime (ca. 6 million yea rs B. P.) . The 
date of the e vent is s ignificanl : it is the lime the Medilerra· 
nean enters its phase of part ial isolation (in the earlies;! part 
of the younger reversed event of Magnetic Epoch 6 ; sec 
Cila. 1979). This isolation subsequenlly resul led in de~icca' 
tion cycles and bui!dup of thick sail deposits (Ryltn, Hsü el 

al .. 1973 ; Ryan et al .. 1974 ; Hsü, Monladert et al" 1978). 
T hese desiccation cycles ;Ire presumably due to a critical 
elevation of the en lra nce s ill of the Mediteranean. brought 
about by a lowering of sea level (Van Couvering el Ill" 
1976 ; Adams e/ al" 1977), The cl imatic varia tion paralleling 
the desiccilt ion cycles (albcdo changes in and a round the 
Mediterranean !) may have been ilmplified by ice mass 
variat ion~ on Antarctica. and by variatjon~ in ~now fiel d 
e:<pan~ion in Arctic regions. and this ma y expla in the 
apparent increase in the coherence and energy of the 
oxygen isO!ope signa l after the evenl (sec Fig. 13), 

The conseq uences of a drop in sea level a re manifold. One 
Ihal i ~ Ihoughl 10 apply here is the large.scaJe introduçtion. 
through ~urfic i;1 1 eros ion of shcJf sediments and continental 
soils, of I~C-rich o rga ni c matter. A decrease in forest cover 
also fIlay he invoJved (cf. Shacklelon. 1977 Il). The shifl 
seen could be produced by an addition of an organic c<rrbon 
mass betwecn twice and three· times the mas!> of carbon in 
the atmosphere. 

The E6 Carbon Shift may be largely or partially produced by 
changes in fertilit y patterns of Ihe ocean. We note in 
Figure 13 Ihal the Globigerinoides .l'iIcculi/er signal diverge~ 
from the Oridona/is IIlIlbo/W/11S signal at the beginning of 
the event, with G, sace/ili/er tend ing loward heavier values 
relative to O. IIlI/ bollallH. A divergence is also seen in the 
benlhic fora minifera. This divergence cannot be produced 
solely by a general change in SllC composition of ocean 
waters: it must involve deep çirculation and fertili ty pat­
lern~ which allow increased differentia tion of ~ urface and 
deep wa ters. ilnd increased differential frac tionation 

124 

between specie~. Differences in carbon fnl çtionation 
bctween co·occ urr ing benthic fora minifera appear JO 

increase with increas ing fertility (Vincent e/ al .. 1981 a). 
hence, the E6 Carbon Shift in aJl probability marks a 
fertility increa~e. 

An additional effeci may be derived from a change in deep 
circula t ion. The semi-isolated Medile rra nean must have 
fun c tio ned as Il source of heavy (saline) water to the North 
Atlantic, favoring the prod uction of deep water there . An 
o nsel or an increase in production of Nonh Atlantic bollom 
W;J ter during this lime could have led to relatively higher 
CO, conie nt of Indo· Pacific deep waters. Such augmenta­
lion in respirali ve COl lead s ta lower SOC v,tl ues (Kroop· 
nick el al., 1977). 

lt is inte resting th ll t the be nth ic fora minifera UI'iger;'w . 
whose abundance increases marked ly netlr the E6 Event, 
appear~ to prefer CO,·rieh bOllom waters (Streeter, Shac­
kleton. 1979) and regiôns of elevated fert ility in the present 
ocean (Vincent et IJI., 1981 a ). 

We lay no Ch-IÏOl th,lIthis brief discussion of the E6 Carbon 
Shift exhausts the possible expia nations, However. il does 
e:<emplify the subtle nature of carbon isotope strat igraphy. 
T his stra tigraphy contras ts markedly wi th the simpl ic ity of 
oxygen isotope s lra tigraphy, which is interpreted essentially 
in lerms of lemperature and ice vol ume, negleeti ng other 
factors (S'lvin. 1977; ShaeklelOn , 1977 b: Duplessy , 1978). 

Carbomtte preserva tion remains as a source of slrong 
chemostratigraphic s ignai s in pre.Qu3ternary times, l n fac\' 
il shows ex treme excursio ns a t certain times (Fig. 15) which 
ca n be used for correlat ion over wide geographic areas 
under dirferenl oceanographic rcgimes (Ka neps, 1973; 
Vincent . in press), These excurs ions or "d issolution spi­
kes" have global geochemÎcal significance, thererore, The 
mechanisms proJueing carbonate fJuctu :J. t;on ~ a nd excur· 
s ions in terms of ocean geochemistry a re stiJl largely 
unknown. The Pleis tocene record (Fig, 12) suggests Ihat 
Ihere are at Jeast two suc h mechanism s in oper<ltion : one 
whieh is respons ibJe fo r an overall correlation between 
oy:<gen botope lInd carbonate record, and anolher which is 
assodated with Ihe transi tion bctween warm and cord 
stages. 

Figure 15 
Cnrboll/lle $/rarigrapli)' Imd mugllewstrati/(mph)' of Core RC 12·66, 
eqllu/orial Pacifie, Irom 50110 el al. (1975). Tcrmi.w/l,gy nI pro-
1I011n('"d cllrblJllate mi/lima (.\1/7, M 21. GU J (//Id G11 7) 11<" 

rordi,,/( 10 Hays et al. (1969) m!d D/111/I alld Morrt (1981). 

The fir st mechanism presumably is associated with equili­
brium states. and m;lss balance a rguments such as ~helf· 
basin partitioning of carbonate would seem appropriate . In 
essence, during times of high sea level the shelves would 
rob the deep-sea of carbonate. and l'ice l'e r.W. The ~econd 
mechanism. it appears, is assoc Î;lIed wi th temporary dise­
quilibrium conditio ns. and hence tran~ienl ch:lnges in ocean 
chemistry must be invoked, Two pronounced Pliocene 



ca rbonate mini ma, M 21 a nd GU 3 (Fig. 15), are marked by 
a distinc t e nric hmcnt in 180 of deep-sea bcnthic fora mini­
fera in bo th Pacif ic equatorial a nd tra nsi tio nal waters 
(Vincent, in p ress). The co-occurre nce of dissolution s pikcs 
and coolingtregression events is ;d 50 seen in the P leistocene 
record (Fig. 12). We speculate tha t this coincidence s ign ifies 
re lease of organic carbon to the ocean system, from 
tra ns ient carbon rescrvo irs (shallo w marine o rganic-rich 
sediments. mars hes, swamps, soil. a nd forest s). The disso­
lut io n sp ike GI 17 may be produced by a similar process, 
fo lJo wing the end-of-Miocene regression. If our s uggestio n 
ho lds , the dissolution spikes s hould bc associated with 
(negative) sile s hift s in the carbon isotope record. T here is 
sorne evide nce thM this is so . 

The mechanism of o rganic-carbon injection from a trans ie nt 
reservoir is attracti ve because by titrating CO, with carbo­
na te a pronounced dissol utio n spike ean be pr~uced quite 
readil y. Ho wever. al te rna tive (or additional) mechan isms 
must also be considered . A General increase in fert ility of 
the ocea n would Taise the CC D (Broec ker, 1974). Ihat IS . 
prod uce a dissolut ion spike if temporar)'. S uc h a temporary 
increase could be produced, fo r example, b)' increased 
eros ion and s uppl Y of phosphale from land . Also, a change 
in deep circ ulation could produce an Indo- Pacific dissolu­
tion spike. Regress io n and cooling affects the North Atlan­
tic region es peciall)' intcnsely , thro ugh increased evapora­
tion and throug h albedo feedback on the s urround ing land 
areas. Hence. regress ion a nd cooling fll vor North Atlantic 
bouom wllter s upply. which in lUrn fa vors trapping of 
Cllrbonate by the North Atlantic Basin (as al present), and 
hence increase in dissolUl ion elsewhcre. Such a seasaw 
mec hanism ma)' apply in the Pleistocene (Volat el al" 1980) 
and Clin be tes ted through blisin-basin correlation. 
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We make no claim tha t these s uggestions a re mo re than 
prelimi nar )' working h)'potheses a l this po int. Whe n we 
have learned 10 interpret the carbonate fluctuations pro­
perl)', we will then be in a mue h beller position to interpret 
the sOe record as we il . Bot h records, after ail , a re s ignais 
s te mming fr om the carbon cycle, a nd we would expcct a 
close correspo ndence between the two. 

CONCLUS IO N 

T he oçean, through sea-level ch.tnges a nd through ils 
control of climate, is the principal regula lo r of the exoge nie 
system whic h produces the marine sed imentar)' record, llnd 
to sorne exte nt the terrestrial record as weil. The ac ti vity of 
this regula to r is wriuen inlO the deep-sea record whence it 
ca n be ex tracted as c hemostratigra phic and biostrat igraphic 
s ig nais of global signifi cance. Once these s ignais a re availa­
ble the)' can be used as s )'stemic stra tigraphie sta ndards . 
Thro ugh deta iled correlation with s pecifie stratigraphic 
seque nces, the standards will a llow recognition of the 
global, regio nal. and local components of such sequences. 
Suc h anal)'sis is the basic tas k of s tra tigraph)' ; it will aJlow 
the f ull use of biostrat igraphic information in terms of 
ecolog)' a nd evolution. E ve ntually it will render obsolete thc 
concept of "lype section" for those periods for whic h a 
continUous deep-sea record is avai lable. 
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