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A bstract: Terrigenous clastic, deltaic-dominated, sedimentary basins, such as the Beaufort-M ackenzie Basin of 
Arctic Canada, are thick, areally extensive bodies o f sediment that undergo a wide variety of diagenetic processes 
in a wide variety o f physical and chemical environments. Diagenetic processes and effects are unique to various 
parts o f the basin, but four diagenetic regimes can be isolated to encompass many of the diagenetic processes 
affecting sedimentary basins. These are the early, burial, overpressured, and meteoric diagenetic regimes. Forami
niferal preservation may be affected by chemical, physical, and biological activities in the diagenetic regimes.

Early diagenetic conditions are generally favourable for the preservation of foraminifers, but bacterial 
production of COi could lead to the dissolution of calcareous foraminifers and early diagenetic pyrite often infills 
foraminiferal tests.

The burial diagenetic regime is dominated by increasing temperature, pressure, and compaction. Increased 
temperature is reflected by thermal, colour alteration of organic cement in the test of agglutinated foraminifers. 
Thermally controlled mineralogical changes are also evident in the burial diagenetic regime and include silicifi
cation o f the agglutinated test, chloritization of calcareous foraminifers, and precipitation o f secondary clay 
minerals such as kaolinite, smectite, illite, and chlorite within the foraminiferal test. Thermal maturity can be 
assessed by application o f the Foraminiferal Colouration Index (FCI). Mineralogical changes in foraminifers allow 
for the establishment o f four broad burial diagenetic zones (A to D).

The overpressured regime may be responsible for a retardation in thermal alteration o f agglutinated forami
nifers and silicification of agglutinated foraminifers may be a precursor as well as an effect o f overpressured fluids 
in sedimentary basins.

The meteoric regime is significant during periods o f extensive erosion. Interactions between organic and 
inorganic detritus and meteoric waters may lead to dissolution of calcareous foraminifers and precipitation of 
secondary minerals such as kaolinite and minor amounts o f quartz.

A bstrakt: Klastyczne, przeważnie deltowe, osady o dużej miąższości, deponowane w basenie sedymentacyjnym 
Beauforta-Mackenzie (arktyczna część Kanady) podlegały różnego rodzaju procesom diagenetycznym w warun
kach szerokiej zmienności parametrów fizycznych i chemicznych. Procesy te i ich efekty są inne w każdej części 
basenu, jakkolwiek można wyróżnić cztery środowiska, które charakteryzują diagenezę w basenie sedymentacyj
nym. Należą do nich procesy związane z: (i) wczesną diagenezą, (ii) pogrzebaniem osadów, (iii) nadciśnieniem 
płynów porowych oraz (iv) działalnością wód meteorycznych. Stan zachowania otwornic może zależeć od 
oddziaływania czynników chemicznych, fizycznych i biologicznych w czasie diagenezy osadów.

W warunkach wczesnej diagenezy, stan zachowania otwornic jest dobry, jakkolwiek biologiczna produkcja 
CO2 może spowodować rozpuszczanie ich węglanowych skorupek. Skorupki są wtedy wypełniane wczesnodia- 
genetycznym pirytem.

W trakcie pogrzebania osadów wzrasta temperatura, ciśnienie i kompakcja. Wzrost temperatury powoduje 
zmiany składu mineralnego skorupek otwornic. Należą do nich sylifikacja skorupek otwornic aglutynujących, 
chlorytyzacja skorupek otwomic węglanowych i wytrącanie wtórnych minerałów ilastych (kaolinit, illit i chloryt) 
wewnątrz skorupek. Dojrzałość termiczną można określić stosując wskaźnik zmiany barwy otwornic (Foramini
feral Colouration Index). Zmiany mineralogiczne skorupek otwomic pozwoliły na ustalenie czterech stref przeo
brażeń diagenetycznych (A-D).

Procesy związane z nadciścieniem wód porowych mogą być odpowiedzialne za spowolnienie procesów 
przemian termalnych w skorupkach otwornic aglutynujących. Sylifikacja skorupek może być zarówno prekur
sorem jak i pierwszym z efektów tych procesów.

Wpływ wód meteoiycznych jest znaczący w czasie procesów silnej erozji osadów. Wzajemne oddziaływanie 
detrytusu pochodzenia organicznego i nieorganicznego z wodami meteorycznymi może prowadzić do rozpusz
czania węglanowych skorupek otwomic oraz krystalizacji wtórnych minerałów (kaolinitu i podrzędne ilości 
kwarcu).
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INTRODUCTION

D iagenesis refers to the physica l and chem ical changes 
undergone by a  sed im en t, includ ing  its b io logical com po
nents, a fter in itial deposition  and  con tinu ing  through lithifi- 
cation , exclusive o f  w ea thering  and  m etam orphism . D iage
netic  effects have b een  stud ied  ex tensively  by sedim entolo- 
gists and  geochem ists in o rder to  understand  the m odifica
tions th a t sedim ents undergo  on the ir path  to  becom ing 
rocks, in  particu lar as reservo irs for hydrocarbons. P aleon 
to log ists have stud ied  early  d iagenesis m ostly  in a ta- 
phonom ic  con tex t, be ing  concerned  w ith  the early  d iage
netic  h is to ry  o f  an  o rgan ism  and effects on  preservation . In 
con trast, the  effects o f  late d iagenesis (burial diagenesis)

Fig. 1. Location of Beaufort-Mackenzie area

have received  very  little  a tten tion  from  m icropaleon to lo 
gists. B uria l d iagenetic  effects, how ever, are conspicuous 
and  accum ulative in fossil foram in ifers and p rov ide valu-

UPLANDS

able inform ation  on the therm al h is to ry  o f  sed im en tary  ba
sins (M cN eil e t al., 1996).

In this paper, d iagenesis is rev iew ed  from  num erous 
perspectives based  largely  on  in fo rm ation  cu lled  from  the 
d iagenetic  literature and  on observations and  research  into 
the d istribu tions o f  ben th ic  fo ram in ifers in the B e a u fo rt-  
M ackenzie B asin  o f  A rctic C anada  (Fig. 1). T his basin  is o f  
in terest for several reasons, and  genera liza tions can be  in
ferred  to  o ther sim ilar basins. It has b een  the site  o f  th ick  
accum ulations o f  delta ic  in fluenced  terrigenous c lastic  sed i
m ents (10 to  15 km  preserved) th rough  m ost o f  th e  C enozo ic  
and  is cu rren tly  receiv ing  sed im en t and  ac tive ly  subsiding. 
It is a  pe tro leum  exploration  b asin  tha t has rece iv ed  a  sig 
n ifican t am oun t o f  exp loration , bu t still ho lds m uch  po ten 
tial for future exploration . Its b io s tra tig raphy  re lies heav ily  
upon  benth ic  foram iniferal assem blages w h ich  have been 
recovered  through a w ide spectrum  o f  te rrigenous clastic 
sed im entary  environm ents.

It w as observed at an early  stage in th e  exp lo ration  o f  
this sed im entary  basin  tha t tw o  aspects o f  the foram iniferal 
record  w ere abundantly  clear. T he first cen tred  around  the 
conspicuous reciprocal re la tionsh ip  betw een  th e  d is tribu 
tions o f  agglu tinated  versus ca lcareous ben th ic  foram in ifers 
in various parts o f  the basin  and  at various tim es th rough  the 
h istory  o f  the basin (S chröder-A dam s & M cN eil, 1994). 
T he second stem m ed from  th e  observation  th a t the m inera
logical, textural, and overall v isual appearance  o f  the 
foram iniferal assem blages changed  progressively  (through 
burial d iagenetic  p rocesses) as dep th  o f  burial and  tem pera
ture increased  (M cN eil e t al., 1996).

E m pirical da ta  from  the B eau fo rt-M ack en z ie  B asin  in
dicated tha t d iagenetic  p rocesses had  affec ted  foram iniferal 
assem blages in d ifferen t parts o f  the basin  in a varie ty  o f  
w ays. T hese d iffering  d iagenetic  affects can  be described  in 
the contex t o f  d iagenetic  reg im es (Fig. 2) p rev iously  ou t

Fig. 2. Generalized distribution o f diagenetic regimes in a continental margin, terrigenous clastic sedimentary basin such as the 
Beaufort-M ackenzie Basin. Coarsely stippled areas represent coarse clastic sediments; darker patterns represent finer grained mudstones 
and shales
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lined in the d iagenetic  literature , for exam ple, B j0 rlykke 
(1983) and  G allow ay  (1984). T he d iagenetic  regim es ex 
clude p re -d iagenetic  p rocesses such as d issolution  by under
sa tu ra ted  sea  w ater, ab rasion , predation , borings, etc. The 
first reg im e, or early  d iagene tic  regim e, contro ls the initial 
fossiliza tion  o f  ben th ic  foram in ifers in the upperm ost sev 
eral m etres o f  sed im en t im m ediately  below  the sedim ent- 
w ater in terface. The second  reg im e is tha t o f  burial d iagene
sis w h ich  is con tro lled  by increasing  tem perature  at depth. 
In  this regim e, organic  m atte r is p rogressively  m atured, d i
agenetic flu ids are m obilized , and secondary  m ineralization  
and  recrysta lliza tion  occurs. T he th ird  reg im e is the over
p ressu red  reg im e in w h ich  flu ids, trapped  in rapidly  depos
ited sed im ents, attain  abnorm ally  high po re  pressure. The 
overp ressu red  reg im e is im portan t because o f  poten tia l a f
fects on the m aturation  o f  organic  m atter and affects on 
o ther chem ical reactions in an abnorm ally  p ressured  fluid 
environm ent. A  fourth  d iagene tic  reg im e is referred  to as the 
m eteo ric  reg im e defined  by  the flow  o f  m eteoric w aters into 
the subsurface  po ten tia lly  to  dep ths o f  2 km  contro lled  by 
hydrau lic  p ressure and  perm eab ility  pathw ays. T his reg im e 
m ay have a  lim ited affec t on the preservation  o f  calcareous 
fo ram in ifers and  also a  m in o r influence on the m obilization  
and prec ip ita tion  o f  silica  and c lay  m inerals.

D iagenetic  regim es in sed im entary  basins have been re
v iew ed  by num erous au thors. B road overv iew s o f  the topic 
have been p resen ted  by G allow ay  (1984), C hilingarian  and 
W o lf (1988), B j0rlykke (1989), and H arrison and T em pel 
(1993). T he chem ical-b io log ical env ironm ent o f  the early  
d iagenetic  zone has been  rev iew ed  by  H esse (1990). N u 
m erous accoun ts on taphonom y  and the fossil record  are 
com piled  in  the publica tions o f  A llison and  B riggs (1991) 
and  D onovan  (1991). C om pila tions on a  w ide variety  o f  d i
agenetic  top ics can also  be found in publications by M ar
shall (1987), and M cllrea th  and  M orrow  (1990). Specific 
studies on the geochem istry  and petrography  o f  the 
B eau fo rt-M ack en z ie  B asin  can  be  found  in B loch  and Issler 
(1996), K o (1992), D ixon (1996), and S chm idt (1987).

THE EARLY DIAGENETIC REGIME

In norm al m arine env ironm ents, the early  d iagenetic  re
g im e beg ins in subaqueous sed im ents and com prises the up
perm ost 10 m etres or so o f  sed im en t consisting  o f  a 
b row nish -yellow ish  ox id ized  layer, usually  less than  10 cm  
th ick , underla in  by a m uch  th icker g reyish-blackish  reduc
ing layer (Fig. 3). In anoxic  bo ttom  w ater environm ents, the 
ox idation  zone is absen t and early  d iagenesis occurs entirely  
in the reducing  zone. T he m ajority  o f  benthic foram inifers 
live at the sed im en t/w ater in terface  and w ith in  the ox idizing 
zone, bu t som e species can to lera te  anaerobic  living condi
tions and  burrow  a sho rt d is tance  into the reducing  layer 
(M oodley  &  H ess, 1992; Sen  G upta &  M achain-C astillo , 
1993; K itazato , 1994).

E arly  d iagenesis is dom inated  by  chem ical and  b io log i
cal in terac tions dependen t on the nature o f  the pore w ater, 
the am oun t and type o f  o rgan ic  m atter, the abundance o f  re 
active iron, the sed im entation  rate, the level o f  b io turbation , 
and m ost im portan tly  the ac tiv ity^o f e ither aerobic o r an 

aerobic bacte ria  (H esse, 1990). Foram in ifers are involved 
directly  in early  d iagenetic  p rocesses as con tribu to rs o f  ca l
careous and siliceous tests, as infaunal inhab itan ts and  bio- 
turbators o f  the oxid ized  zone, and  as suppliers o f  organ ic  
m atter and traces o f  reactive iron.

In norm al m arine sedim ents, po re  w aters at shallow  bu r
ial depth in the oxid izing zone are typ ica lly  oxygenated , ca l
cium  carbonate saturated , and pH  neutral. B e rn e r’s (1981) 
m easurem ents o f  hundreds o f  estuarine  and norm al m arine 
sedim ents ind ica ted  that 90%  w ere  betw een  pH  6.5 and  7.5. 
U nder these conditions ca lcareous tests w ill generally  be 
stable, particu larly  because  o f  the affects o f  natu ral buffers 
(clays, d isso lved  gases, organ ic  acids, etc.). T here are, how 
ever, num erous processes capable o f  p roducing  acids, car
bonic acid  in particu lar, tha t are po ten tia lly  destructive  for 
foram inifers. In the aerob ic  zone, bacte ria l decay  o f  organic 
m atter produces C O 2 through the sim plified  equation  C H 2O 
+  0 2  =  C O 2 + H2O . H ydration  o f  C O 2 leads to  the highly 
d issociated  carbonic acid  (H 2C O 3) in the reaction  C O 2 + 
H 2O = H + + H C 0 3 -  (G olubic &  Schneider, 1979). I f  pH  is 
no t buffered  (an unlikely  situation), a build -up  o f  carbonic  
acid  w ould  lead to  the d isso lu tion  o f  ca lcareous fo ram in i
fers. F lu id  exchange w ith overly ing  m arine  w ater also  n e 
gates the po ten tia l for carbonic acid  buildup (K idw ell & 
B osence, 1991).

A erobic  bacteria l activ ity  ac ting  d irectly  on fo ram in i
fers can p lay  a sign ifican t role in d iagene tica lly  a ltering  the 
fo ram iniferal record. F reiw ald  (1995) docum ented  tha t bac
terial degradation  o f  organ ic  m ateria l w ith in  C ibicides lo- 
batulus created  m inutely  localized  bu ildups o f  C O 2 . M icro- 
scopic-scale  d isso lu tion  occurred , even though su rrounding  
pore w aters w ere sa turated  w ith  respect to  calc ium  carbon 
ate, because C O 2 w as trapped  u nder a b iofilm  secre ted  by 
the bacteria.

B acteria l decom position  o f  organ ic  m aterial in the ox i
dation zone is generally  so ac tive th a t it dep letes availab le  
oxygen below  the upper few  cen tim etres o f  sed im en t as 
sedim ents becom e buried  and  pass into the anaerob ic  reduc
ing zone. D ecom position  o f  organ ic  m atter in th is zone oc
curs m ain ly  th rough  anaerob ic , bacte ria lly  m ed ia ted , su l
phate  reduction  although nitrate, iron, and  m anganese re 
duction  m ay  be im portan t locally . A  sim plified  equation  for 
this process is 2 C H 2O + SO 42 - =  H 2S + 2 H C O 3-  (B erner, 
1985; H esse, 1990). A  consequence  o f  this genera lized  reac 
tion is an overall increase in C O 2 (carbon ic  ac id  and its d is
sociated  species b icarbonate  H C O 3-  and  carbonate  C O 32- ; 
H esse, 1990, p. 283) and po ten tia l d isso lu tion  o f  calcareous 
fossils in som e facies such as b lack  shales (C urtis, 1980). In 
m ost sh e lf  sedim ents, how ever, the su lphate  reduction  proc
ess leads also to  the reduction  o f  iron  w hich  raises pH  (C ur
tis, 1980; B oudreau  &  C anfield , 1988; A bercrom bie , p e r 
son al com m unication). Iron is genera lly  abundan t in te r
rigenous clastic  sh e lf  sed im ents in th e  form  o f  ox id ized  
coatings on iron -bearing  detrita l grains.

A n im portan t aspect for both ca lcareous and  agg lu ti
na ted  foram inifers in the reducing  zone is the fo rm ation  o f  
d iagenetic  pyrite. P y ritization  occurs in the su lphate  red u c
ing zone under anaerobic  conditions. O rganic m atte r is m e
tabo lized  by anaerobic  su lphate  reducing  bacte ria . H ydro 
gen sulphide p roduced  in the reduction  o f  su lphate  e ither
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EARLY DIAGENETIC REGIME

STAGNANT MARINE NORMAL MARINE DELTAIC

BOTTOM WATER

- w a te r stratification
- limited circulation
- dysaerobic to  aerobic
- limited benthos
- m arine organic rich
- sulphate rich

- active circulation
- oxygenated
- diverse, abundant benthos
- m arine/terrestrial organics
- sulphate rich

- rapid,turbid, sedim entation
- oxygenated
- abundant benthos, low 
diversity
- terrestrial organics
- iron rich, sulphate poor

OXIDIZING LAYER 
m m  - cm

- oxidizing layer absent
- if bo ttom  w ater is 
dysaerobic, oxidizing layer 
is thin, as oxygen is quickly 
dep leted  by aerobic 
bacteria

- aerobic bacteria feed on 
marine organic material, 
depleting oxygen
- pH variable within limited 
range (~ 7 .0-7.5)

- sedim ents are  well 
oxygenated
- aerobic bacteria may 
dep le te  organic m atte r

REDUCING LAYER 
cm  - 10 m

- anaerobic bacteria reduce 
and dep le te  sulphate
- principal products are 
bicarbonates, hydrogen, 
and bisulphide ion
- pH may be acidic causing 
dissolution of calcareous 
foraminifers
- pH could be buffered by 
silicate hydrolysis

- anaerobic bacteria reduce 
sulphate and ferric iron
- pyrite is form ed from 
reduced iron and 
dissolved HS
- ferric iron in agglutinated 
foraminifers is reduced, 
possibly leading to  
disaggregation of 
agglutinated tes t

- anaerobic activity may be 
limited by lack of m arine 
organic m atter
- agglutinated foraminifers 
a re  well preserved  and 
calcareous species can be 
dissolved by acidic 
m eteoric  w ate r

FOSSIL
RECORD If e

Fig. 3. Summary offluids, sediments, chemistry, bacterial activity, and foraminiferal preservation in the oxidizing and reducing layers 
of the early diagenetic regime, a. Trochammina, GSC 109450, aberrant growth in low oxygen conditions; b. Stainforthia, GSC 89548, 
adapted for survival in low oxygen environment; c. Turrilina, GSC 89524, normal marine habitat; d. Reticulophragmium. GSC 109537, 
specimen replaced partly by pyrite (light areas); e. Portatrochammina, GSC 89532, excellent preservation in deltaic habitat; 
f. Asterigerina, GSC 109538, partial dissolution, iron oxide encrusted

m igrates upw ard to  be re-ox id ized  to  su lphate or reacts w ith 
detrita l iron  m inerals to  form  a series o f  sulphides w ith  the 
end  p ro d u c t being  py rite  (B em er, 1985). In anoxic m arine 
env ironm ents, the ox ida tion  zone is absen t and  H 2S is n a tu 
rally  abundan t in b o ttom  w aters. Pyrite  form ation m ay be 
lim ited  by the supply  o f  reactive  iron and /o r su lphate o r o r
ganic m ateria l (B em er, 1985).

In norm al m arine sh e lf  settings, in tense b io turbation  
m ay d isrup t the above c ited  p rocesses and lead  to the d isso 
lution o f  ca lcareous fossils (L ew y, 1975; A ller, 1982) in the 
fo llow ing  m anner. B io tu rbation  inhibits an increase in pH , 
desp ite  h igh rates o f  su lphate  reduction  and b icarbonate  ion 
production , by the add ition  o f  carbon d ioxide through resp i
ration. B io turbation  susta ins a  supply  o f  su lfate-rich  bottom  
w ater, and in the p resence  o f  reactive detrital iron (abundan t 
in te rrigenous c lastic  sed im en ts), py rite  form s locally  by 
su lphate  reduction . F urther b io turbation  exposes th e  pyrite

to  oxidation  and produces su lfuric  acid  m icroenv ironm ents 
capable o f  d issolv ing ca lcareous tests. In  B altic  Sea sed i
m ents, L ew y (1975) no ted  tha t b io tu rbation  in  th e  upper 20 
cm  o f  sed im ent cou ld  recycle  ca lcareous fo ram in ifers to the 
surface w here they  w ere d isso lved  by sea  w ater. B elow  the 
level o f  b io turbation , anaerob ic  decom position  o f  organic 
m atter, su lphate  reduction , and  reduc tion  o f  iron  supports 
good p reservation  o f  ca lcareous fossils. L ew y (1975) and 
A ller (1982) have both docum en ted  the p reservation  o f  deep 
burrow ing  calcareous shelly  o rganism s.

A no ther po ten tia lly  destructive  early  d iagene tic  m echa
nism  affecting  agg lu tinated  fo ram in ifers w as p roposed  by 
Schröder-A dam s and M cN eil (1994). T hey  specu la ted  tha t 
the in tense ac tiv ity  o f  su lphate  reducing  bacte ria  in fine
grained  m arine m uds w ith ab u n d an t o rgan ic  m atte r could 
lead to the d isaggregation  o f  agg lu tina ted  foram in ifers. D is
aggregation  occurs because the test-s tab iliz ing  reactive  fer-
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ric iron in the organic cem en t o f  agglutinated  foram in ifers is 
reduced  to  ferrous iron and  u tilized  in the form ation  o f  py 
rite. E vidence  to support th is hypothesis cam e from  sed i
m ents con ta in ing  abundan t pyrite  associated  w ith rare 
py ritic  ste inkerns o f  agg lu tina ted  foram inifers in the m idst 
o f  w ell p reserved  assem blages o f  calcareous foram inifers 
(Fig. 3c,d). T he pyritic  ste inkerns w ere interpreted as sparse 
rep resen ta tives o f  a d isaggregated  assem blage o f  agg lu ti
na ted  foram in ifers.

S ed im en tation  rate  is an im portan t factor in early  d i
agenesis (H esse, 1990, p. 283). In h igh depositional rate en 
vironm ents, such as the B eau fo rt-M ackenz ie  B asin  and 
m any con tinen ta l sh e lf  areas, m ore organic m atter survives 
the ox idation  zone and is p reserved  in a reactive  state in  the 
reducing  zone. The increased  sed im ent th ickness also traps 
the p roducts o f  early  d iagenesis because d iffusion and ad- 
vection  is decreased . T he com bination  o f  these factors leads 
to  m ore in tense d iagenetic  reactions such as su lphate reduc
tion in rap id ly  buried  sed im ents. Su lphate  reduction  is the 
initial step  in the form ation o f  py rite  and this process im 
pacts on foram in ifers in both  constructive and destructive 
w ays.

Form ation  o f  early  d iagenetic  py rite  can  be constructive 
in the p reservation  o f  fo ram in ifers, particu larly  for agg lu ti
nated  species, by re in fo rc ing  the tes t in terio r against co l
lapse from  burial pressure. P yritization  in foram inifers 
could  also  be destructive i f  py rite  is broken dow n later by 
ox idation  from  w eathering  p rocesses. T his process o f  ox ida
tion  can be sim ulated  in labora to ry  p rocessing  i f  calcareous 
fo ram in ifers w ith py ritic  m ou lds are p rocessed  w ith  hyd ro 
gen perox ide. H odgkinson  (1991) has cautioned m icropa
leonto log ists against using  hydrogen  perox ide to  process 
py ritized  m icrofossils, bu t experience has show n that it can  
be u sed  i f  d ilu ted  (10% ) and  p rocessing  tim e  is m inim ized.

THE BURIAL DIAGENETIC REGIME

T he burial d iagenetic  reg im e occurs at depth in sed i
m en tary  basins as tem pera tu res and pressures increase and 
there  are no  d irec t links to  the m eteoric  o r the m arine hyd ro 
sphere (F ig. 2). H esse (1990) no ted  tha t burial d iagenetic  re
actions begin  at about 75°C  as bacte ria lly  m ediated  decom 
position  reactions in o rganic  m atte r give w ay  to  therm ally  
contro lled  (k inetic) reactions, such as the therm al m atura
tion o f  kerogen . D epending  on the geotherm al grad ien t and 
burial rate, kerogen  m aturation  begins tak ing  p lace  as rising  
tem pera tu res generate  the ac tiva tion  energy necessary  for 
b reak ing  o rgan ic  m olecules. In  a  norm ally  com pacting  con
tinen ta l sh e lf  basin, these therm ochem ical d iagenetic  p ro c 
esses begin opera ting  at dep ths o f  2 -3  km. T he burial d iage
netic  reg im e applies th rough  a  tem peratu re  range o f  about 
75°C  to abou t 2 0 0 -2 5 0 °C  and  burial depths up to  about 8 
km  w here m ineral transfo rm ations o f  the early  m etam orphic 
reg im e begin.

Fossil fo ram in ifers exh ib it m any o f  the classical th er
m al effects th a t occur p rogressively  in organic m atter and 
various m ineral phases th rough  the burial d iagenetic  regim e. 
For exam ple, the F oram iniferal C olouration  Index (FC I) re
cen tly  developed  from  B eau fo rt-M ack en z ie  B asin data by

Table 1

Foram iniferal C olouration  Index (F C I) o f  M cN eil et al. 
(1996) re la tive to  standard  co lours o f  the M unsell Soil 

C olour C hart

FORAMINIFERAL COLOURATION INDEX (FCI)
FCI MUNSELL COLOUR STANDARD

0 7.5YR6/6 reddish yellow
1 1OYR0/1, 10YR8/2 white
2 10YR7/1, 10YR7/2 light grey
3 10YR6/1, 10YR6/2 light brownish grey to grey
4 10YR5/1, 10YR5/2 grey to greyish brown
5 10YR4/1, 10YR4/2 dark grey to dark greyish brown
6 10YR3/1, 10YR3/2 very dark grey to very dark greyish brown
7 10YR2/1, 10YR2/2 very dark brown to brownish black
8 10YR2/1, N2/0 very brownish black
9 N2/0 black (partially translucent)

10 N2/0 black (opaque)

M cN eil e t al. (1996) docum ents therm ally  con tro lled  colour 
alteration  o f  the organ ic  cem ent in agg lu tinated  foram in ifers 
(T able 1). FC I data  and ca lcu la ted  boreho le  tem pera tu res in 
the B eau fo rt-M ackenz ie  B asin ind ica te  th a t therm al m atu 
ration o f  foram in ifers begins at tem pera tu res o f  6 0 -7 0 °C  
and  that a fairly  rapid  co lour change to b row nish  b lack  oc
curs as tem peratures rise to  100-140°C , m aking  fo ram in i
fers sensitive therm al indicators in the early  stages o f  p e tro 
leum  generation.

Foram inifers are also sensitive ind icators o f  therm ally  
contro lled  d iagenetic  m ineralization  tha t occurs in the burial 
d iagenetic  reg im e involv ing  silica , carbonates, and  clay  
m inerals (M cN eil e t al., 1996). F rom  a m icropaleon to log i- 
cal perspective, the m ost w idesp read  and  read ily  recogn iz
able o f  these m ineralog ical changes is the silic ification  o f  
agglutinated  foram in ifers (Fig. 4). S ilic ifica tion  occurs by 
p recip ita tion  o f  secondary  quartz, as overgrow ths on quartz  
grains in the foram iniferal tes t (M cN eil e t al., 1996). M in 
eral assem blages and tem pera tu res contro l the am ount o f  
po re-flu id  silica  availab le  for p rec ip ita tion . In itia lly , during 
early  d iagenesis, pore  fluids are oversa tu ra ted  w ith  respect 
to  quartz, bu t p rec ip ita tion  does n o t genera lly  occur un til k i
netic  lim itations on quartz  p rec ip ita tion  are overcom e in the 
burial d iagenetic  realm  (A bercrom bie  et al., 1994). In  the 
burial d iagenetic  realm , the silic ifica tion  o f  agg lu tina ted  
foram inifers is progressive w ith  increasing  tem pera tu re  and 
burial (M cN eil e t al., 1996). M app ing  o f  the horizon at 
w hich silic ification  initially  occurs p rov ides a read ily  recog 
nizable datum  for the upper lim it o f  burial d iagene tic  p roc
esses affecting  foram inifers. T his is a po ten tia lly  im portan t 
datum  in hydrocarbon  basins since it m arks the p o in t at 
w hich porosity  and  cem entation  in reservo irs are also  likely  
to  be affected. B j0rlykke and E geberg  (1993) have noted  
tha t in norm ally  subsid ing  basins, m ost quartz  cem en t form s 
at tem peratures above 9 0 -1 00°C .

T herm al m aturation  o f  agg lu tina ted  fo ram in ifers occurs 
as the organic cem ent (g lycosam inog lycan) th a t coats all 
grains w ith in  and around  the agg lu tina ted  test w all is heated  
and volatile  com ponents are driven  off. G lycosam inog ly - 
cans, p reviously  referred  to as m ucopo lysaccharides, are un
branched  po lysaccharide  chains o f  p ro teog lycans com posed
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C

Fig. 4. Progressive silicification in the wall o f agglutinated 
foraminifers. a. Recent, unaltered specimen of Recurvoides. GSC 
112234; b. well developed quartz overgrowths in asilicified speci
men o f Reticulophragmium. GSC 112235, burial depth 4115 m; c. 
solid overgrowth cementation in silicified specimen of Haplo- 
phragm oidesl. GSC 112236, estimated burial depth 6-8  km

o f  repeating  d isaccharide sequences o f  am ino sugars 
(L anger, 1992). L ittle  is know n at p resen t abou t the detailed  
chem ical reactions involved in the m atu ration  o f  o rgan ic  ce
m ent, bu t heating  experim ents using  a p y ro ly sis  apparatus 
have sim ulated  geo log ically  observed co lou r changes in 
both R ecen t and fossil fo ram in ifers (M cN eil e t al., 1996).

T he p reservation  o f  o rgan ic  cem en t in fossil fo ram in i
fers is a  fundam ental p rerequ isite  fo r th e ir use as therm al 
m aturation  indices. C o lour changes th rough  pyro lysis ex 
perim ents p rovide visual ev idence  o f  therm al m aturation. 
SEM  exam ination  o f  the m icrostructu re  o f  agg lu tinated  
foram inifers prov ides d irect ev idence o f  the  occurrence  and 
distribution  o f  fossil organic cem ent. In o rder to separa te  o r
ganic cem ent from  original detrita l grains, u sua lly  quartz, in 
the test w all, fossil specim ens w ere e tched  b riefly  in hy d ro 
fluoric acid. F igure 5 illustrates fossil o rgan ic  cem ent sepa
rated from  an agglu tinated  grain  o f  quartz.

Fig. 5. Quartz grains (QZ) with remnants o f organic ccment 
(OC) in the wall o f Bathysiphon, GSC 109545. after etching in 
dilute hydrofluoric acid

T he application  o f  FC I in assessing  therm al m atu rity  in 
sedim entary  basins has been  dealt w ith  tho rough ly  by 
M cN eil e t al. (1996). D ata from  one w ell in the B eaufort 
Sea (A m auligak  J-44) are p resen ted  here to  illustrate the ap 
plication  o f  FC I (Fig. 6; T ab le  2). Q uan tifica tion  and accu
rate determ ination  o f  fossil co lou r is in itia lly  ach ieved  by 
visual com parison  o f  ind iv idual specim ens against the 
standard  M unsell C o lour C hart. The sta tistical m ean and 
standard  deviation  o f  m easurem ents for each  sam ple  then 
provides a reliab le  assessm en t o f  the therm al m atu rity  for 
the entire sam ple. A nom alies in th e  d is tribu tion  o f  FC I va l
ues w ithin any one sam ple are  usually  exp la ined  either by 
rew orked m icrofossils or by  con tam ination  through caved 
w ell cuttings, as the data  from  sam ple 3797 m  in A m auligak  
J-44 illustrates (Fig. 6; T ab le  2). FC I there fo re  p rov ides a 
quantita tive m easure o f  w ell sam ple  quality .

In addition  to consp icuous co lour changes, burial di
agenesis is responsib le fo r tex tural and m ineralogical 
changes in foram inifers (M cN eil et al., 1996). A s already  
noted, silic ification  o f  agg lu tina ted  fo ram in ifers (Fig. 4 ) is
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Table 2

FC I data  from  w ell cu ttings sam ples o f  th e  A m auligak 
J-44 w ell in the B eaufo rt Sea (from  M cN eil e t a l. , 1996)

Depth 
(m below 

KB)

Average 
TVD  

(m below SL)

FCI data
Average

FCI1 2 3 4 5 6 7 8 9 10

2200-2210 2150 1 2
2395*2405 2345 8 130 34 1 2.16 ±  0.49
2597-2603 2547 23 42 62 2 2.33 ± 0 .7 8
2780-2004 2730 34 56 90 6 2.37 ± 0.82
2999-3005 2949 8 3 22 23 3.07 ±  1.02
3197-3203 3147 5 2 17 7 1 2 3.09 ±  1.24
3398*3404 3346 3 25 133 101 42 11 3.59 ±  0.97
3599-3605 3549 9 6 4 16 31 14 4.20 ±  1.56
3797-3803 3747 14 19 22 23 14 8 3.28 ± 1 .3 4
3998*4002 3948 5 9 5 18 52 44 15 5.99 ±  1.44

one o f  the m ost obvious o f  these  d iagenetic changes, bu t 
o ther d iagnostic  m inerals com m only  found in fossil 
fo ram in ifers include kao lin ite , sm ectite, illite, chlorite, and 
recrysta llized  calcite. A  zonation  o f  m ineralogical and tex 
tural changes observed in fossil foram in ifers has been estab 
lished by  M cN eil e t al. (1996). F igure 7 sum m arizes briefly  
the m ain  fea tu res o f  this zonation . M ineralog ical and tex 
tural features o f  the d iagenetic  sequence are easily  observed 
th rough  SE M  techniques.
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Fig. 6. Plot o f FCI data versus depth in the Amauligak J-44 
well, see Table 2 for raw data, (from McNeil et a l 1996) Note: 
sample at 3797 m with anomalously low FCI average value of 3.28 
represents caved well cuttings

B U R IA L D E P TH  
AND  

T E M P E R A T U R E  
IN C R E A S IN G

ZO N E
A

ZO N E
B

ZO N E
C

Z O N E
D

Burial deplh: 0 -2 40 0  m Tem perature: 0-75°C  
W all texture unaltered, grains loosely aggregated, 
som e compaction at depth. No secondary  
mineralization.
FCI: 0 - 2 .5

Burial depth: 2 4 0 0 -3 5 0 0  m Tem perature: 75 U-1 1 0 ‘>C 
W all texlure granular, porosity reduced by quartz  
mineralization. Organic cem ent present, slight 
carbonization and darker.
FCI: 2 .5 - 3 .5

Burial deplh: 3 5 0 0 -6 0 0 0  m T e m p e ra lu re ^ iO M S O ^  
W all texture crystalline, porosity reduced by 
mineralization of quartz, kaolin and sm ectite precipitated. 
O rganic cem ent carbonized to dark brown colour.
FCI: -3 .5  ■ 7.5

Burial d e p lh :- 6  - 8  km Tem perature: 150°-250°C  
W all texture crystalline, porosity negligible, silicification 
complete, calcite recrystalized. illile and chlorite 
precipitated. O rganic cem ent carbonized (black).
FCI: -7 .5  -1 0

Fig. 7. Zonation of burial diagenetic trends in foraminifers related to approximate temperatures, burial depths, and Foraminiferal 
Colouration Index (FCI) (modified from McNeil et al., 1996)

C lay m inerals are a d is tinc tive  secondary  m ineraliza
tion  feature  in both agg lu tinated  and calcareous foram inifers 
(Figs. 8, 9). T heir d istribu tion  fo llow s p red ictab le  trends in 
clay  m inera logy  through increasing  tem perature  regim es. A t 
low  levels o f  therm al m aturation , kaolin ite and sm ectite  are 
the stab le  c lay  m inerals and th e ir m ore or less sim ultaneous 
p rec ip ita tion  can be observed  w ith in  the w all o f  silicified, 
agg lu tinated  foram inifers (Fig. 8). A t h igher levels o f  ther
m al m aturation , illite  and ch lo rite  are the stable clay  m iner
als (Fig. 9). T he occurrence o f  sm ectite  and illite  in hydro 
carbon basins has been the focus o f  m uch research  based on 
the increase in the illite /sm ectite  ratio  at burial depths 
g reater than  approx im ate ly  2 km  and  the relationship  o f  the 
sm ectite /illite  reaction  to  the generation  and m igration o f  
petro leum  (B urst, 1969). G enera lly , this transition  is related

to tem perature , burial rate, geo therm al g rad ien t and  pore 
fluid com position . A bercrom bie  e t al. (1994) have show n 
tha t the reaction  m ay be linked to aqueous silica  ac tiv ity  and 
occur betw een tem peratures o f  50°C  to 150°C  depend ing  on 
relative burial rates, i.e. tim e-tem pera tu re  relationsh ips. 
M cN eil e t al. (1996) recognized  illite  as a d iagnostic  m in 
eral in foram iniferal burial d iagenetic  zones C and  D  (Fig.
7).

T he developm ent o f  sign ifican t am ounts o f  chlorite  
(Fig. 9) w as observed  in recrysta llized  ca lcareous benthic 
foram inifers. C hloritization  o f  ca lcareous foram in ifers is not 
a localized phenom enon as it has been  observed  in both the 
B eau fo rt-M ackenz ie  B asin and the W estern  C anad ian  Sedi
m entary  B asin. C hloritization  is pervasive  and can a lter the 
entire calcareous foram iniferal assem blage . In the foram ini-
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Fig. 8. Diagenetic quartz and clay minerals in the tests of agglutinated foraminifers. a. Diagenetic quartz crystals (QZ). kaolinite (KO), 
and smectite (SM) in the interior o f the agglutinated wall o f Labrospira, GSC 112290, from Amauligak .1-44. 3599 m; b. Diagenetic quartz 
(QZ) and kaolinite (KO) filling chamber lumen in Reticulophragmium, GSC 109544. from Amauligak J-44, 3197 m

Fig. 9. Clay mineralization in agglutinated and calcareous benthic foraminifers. a, b. Illite (IL) filling the interior o f Bathvsiphon, GSC
112293, estimated burial depth approximately 5 km; c, d. Chlorite (CL) and recrystalized calcite ( r e f  in the wall o f Margimilma, GSC
112294, estimated burial depth of 6 -8  km
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feral burial d iagenetic  zonation  o f  M cN eil et al. (1996), 
ch lorite  is d iagnostic  o f  zone D  sign ify ing  burial tem pera
tures in the range o f  1 5 0 -250°C  and burial dep ths o f  6 to  8 
km . C h lo rite  is add itionally  sign ifican t as a geo therm om e
ter, since it c rystallizes in a series o f  tem peratu re  contro lled  
po lym orphs (H ayes, 1970).

A no ther tem pera tu re  con tro lled  burial d iagenetic  effect 
in fo ram in ifers w as described  by R eiser (1988) w ho recog 
nized  tha t the aragonitic ca lc ite  o f  the fam ily R obertinacea  
w as stab le  a t low tem peratu re  and  burial depth, bu t con 
verted  to calc ite  by m eans o f  therm al alteration . In L ow er 
C retaceous shales o f  no rthw est G erm any, this transfo rm a
tion  occurred  at depths o f  abou t 3 km  and  paleo tem peratures 
o f  100°C and thus could  serve as a useful too l for paleotem - 
pera tu re  reconstruction .

THE OVERPRESSURED REGIME

T he overp ressured  reg im e occurs in the subsurface o f  
sed im en tary  basins w here flu id  pressures can significantly  
exceed  norm al hydrostatic  p ressu re  (Fig. 2). O verpressured 
flu ids have long been o f  in terest to the petro leum  industry  
for a varie ty  o f  reasons inc lud ing  their re la tionsh ip  to the 
generation  and  m igration  o f  hydrocarbons, effects on the po 
rosity  and perm eab ility  o f  reservo irs, and safety  factors dur
ing drilling.

T he overp ressured  cond ition  develops as fluids becom e 
trapped  w ith in  o r beneath  low  perm eability  sedim ents un
dergoing  com paction  and burial. Several factors are usually  
c ited in th e  developm ent o f  overp ressured  fluids. T hese in 
clude rap id  deposition  o f  fine g rained  sedim ent, tectonic 
stress, expansion  o f  heated  fluids, m ineral transform ations, 
and  hydrocarbon  generation  (S harp  e t al., 1988; Snow don,
1995). O f  these p rocesses, th e  m ost sign ifican t is thought to 
be rap id  deposition  o f  fine-grained  sedim ents leading to 
com paction  d isequ ilib rium  and the en trapm ent o f  increas
ingly pressu rized  pore fluids.

In the B eau fo rt-M ack en z ie  B asin , the m ain overp res
sured zone occurs at depths below  2 km, bu t occurs p rogres
sively  deeper (3 or 4  km ) in  o ffshore areas w here the P lio 
cene—P leistocene Iperk S equence attains th icknesses o f  2 to 
4 km . H itchon  e t al. (1990) considered  that the m ain over
pressu red  zone in the B eau fo rt-M ack en z ie  B asin developed 
during the m id -C enozoic  and  w as depressed  later by re la
tive ly  rap id  deposition  o f  th e  Iperk  Sequence in the late Ce- 
nozoic. O verp ressu red  flu ids, trapped  since the m id-C eno- 
zoic, are now  buried  m uch deeper in an offshore d irection  as 
a  resu lt o f  subsidence u nder the th ick  P liocene-P le istocene  
Iperk  Sequence. T he geo therm al gradient, on the o ther hand, 
has adap ted  to  this dow nw arp ing  as the 100°C isotherm  
(Fig. 2) is fa irly  uniform  a t a depth o f  approxim ately  3.8 km  
(H itchon  e t a l., 1990). T he overpressured  zone thus occurs 
through a range o f  geo therm al environm ents.

H itchon  e t al. (1990) repo rted  tha t the salinities o f  fo r
m ation  w aters average 10%o in geopressured  zones and 21%o 
in norm al hydrosta tica lly  pressu red  zones. T hey concluded 
that the low  salin ities o f  geopressured  w aters is a shale 
m em brane effec t filtering  flu ids that m oved through m uddy 
sed im ents, bu t th is in terpre tation  has been  rejected  generally

as a v iable m echan ism  for p roduc ing  low  salin ity  subsurface 
w aters in com pactional regim es (H anor, 1994). It is m ore 
likely tha t low  salin ity  w aters o f  m eteoric  origin w ere 
trapped  in porous units and then  becam e overpressured . In 
contrast, a sim ilar occurrence o f  low  sa lin ity  w ate r concen
tra ted  in the u pper part o f  the geopressu re  zone in the G u lf 
o f  M exico, has been attribu ted  to  w a te r re leased  from  sm ec- 
tite/illite  conversion (M orton & L and, 1987).

A com plete understand ing  o f  d iagene tic  phenom enon  
w ith in  overpressured  zones is d ifficu lt at best, and is ce r
ta in ly  beyond  the scope o f  th is pa leon to log ica lly  o rien ted  
overview . In the con tex t o f  agg lu tinated  foram in ifers, h ow 
ever, tw o aspects o f  d iagenesis in  the  overp ressu red  regim e 
are o f  particu lar in terest -  silic ifica tion  and therm al co lour 
alteration.

S ilicification  o f  agglu tinated  fo ram in ifers is a w id e 
spread diagenetic  phenom enon. In the paragenetic  zonation  
o f  M cN eil e t al. (1996), silic ifica tion  occurs p rogressively  
th rough  zones B to  D rep resen ting  burial dep ths o f  2 .4  to 
about 8 km  and tem pera tu res o f  75 to 200°C  or m ore. A  p re 
lim inary exam ination  o f  a num ber o f  w ells in the B eau fo rt-  
M ackenzie B asin  indicates that silic ifica tion  beg ins to  occur 
above o r nearly  co inciden t w ith the m ain  overp ressu re  zone. 
F igure 10 illustrates a typ ical exam ple. T his em pirical ev i
dence is im portan t because it im plies tha t the  silicification  
o f  foram inifers m ay be used a  p red ic tive  tool fo r recogn iz
ing overpressured  zones in exp lo ration  drilling. In o ffshore 
areas, w here the rap id ly  deposited  Iperk  S equence has de
pressed the m ain overp ressu red  zone, th e  onset o f  silic ifica
tion  also occurs deeper. This is a  k inetic  effec t (tim e/tem 
perature) docum ented  by  FCI trends (M cN eil et al., 1996) 
and is consisten t w ith  A bercrom bie  et al. (1994) w ho 
show ed that onset o f  quartz p rec ip ita tion  m ay  be de layed  in
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Fig. 10. Distribution o f FCI and shale porosity trends in the 
Reindeer D-27 well o f the Mackenzie Delta (from McNeil et a i, 
1996). Silicification of agglutinated foraminifers (top of burial 
diagenetic zone B) begins at 1624 in; overpressured zone begins at 
approximately 2000 m as indicated by reversal in porosity trend
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basins undergoing  rap id  burial and high heating  rates.
T he in terior o f  the agglu tinated  test appears to  be a re 

m arkab ly  recep tive env ironm ent for th e  form ation o f  quartz 
overgrow ths (Fig. 4). Q uartz  overgrow ths are confined to 
the in terio r o f  the te s t w all and do no t extrude from  the outer 
w all o f  the fo ram in ifera l test, apparen tly  inhibited by the 
th ick  ou ter organic layer. M cN eil e t al. (1996) concluded  
that silic ification  in fo ram in ifers resu lted  from  quartz  over
grow ths p rec ip ita ted  from  quartz-saturated  pore flu ids con 
tro lled  by tem peratu re  and  m ineral assem blages. B loch and 
F lutcheon (1992) have described  p rocesses involv ing  quartz 
m ineralization  in shale  m icroenvironm ents. The m ost likely 
m echan ism  for the red istribu tion  o f  quartz is the d isso lu 
tion /p ressu re  solu tion  o f  detrital grains, particu larly  am or
phous b iogenic  silica. T he relative im portance o f  potential 
sources fo r quartz cem entation  in sed im entary  rocks is con 
troversial (M cB ride, 1989); no tab ly  this includes silica  re 
leased through the sm ectite /illite  reaction.

In the N orth  Sea B asin , flu id  inclusion data  from  quartz 
cem ents indicate tha t m ost o f  the quartz  cem entation  takes 
p lace  a t tem pera tu res above 9 0 -1 00°C  (B j0rlykke & Ege- 
berg, 1993) and at dep ths below  2.5 to  3 .0  km. T his com 
pares broad ly  w ith dep ths greater than  2.4 km  and tem pera
ture estim ates o f  75°C  o r m ore for quartz overgrow ths in ag 
g lu tinated  foram in ifers in the B eau fo rt-M ackenz ie  B asin 
(M cN eil e t al., 1996; zones B -D ). A t and above these tem 
pera tu res, quartz p rec ip ita tion  results w hen fluids m igrate 
upw ard  and cool (M cB ride, 1989, and B j0rlykke & Ege- 
berg, 1993). M igration  o f  fluids in shales and m udstones 
how ever is generally  though t to  be lim ited and insign ifican t 
as a m echanism  for tran sfe r o f  silica for d istances greater 
than a few  m etres (B j0 rlykke & Egeberg, 1993; B loch & 
H utcheon , 1992), so th a t silic ification  in foram inifers p rob
ab ly  represen ts a rem obiliza tion  o f  silica  from  local sources 
such as p ressure so lu tion  or reactions betw een silicate m in 
erals.

A n in triguing po ten tia l source o f  silica for the silic ifica
tion o f  foram in ifers, and one th a t has a possib le d irect link to 
the developm ent o f  overpressure, is the m uch researched 
and still con troversial sm ectite /illite  reaction . T his reaction  
is a w ell docum ented  phenom enon in sed im entary  basins 
and occurs w ith increasing  burial tem peratures and  depth 
(Pow ers, 1967; H ow er e t a i ,  1976; Foscolos e t al., 1976; E l
liot e t a l., 1991). T he reaction  o f  sm ectite  to  illite consum es 
p o tassium  and a lum in ium  and p roduces silica and w ater, 
am ongst o ther ions. F osco los (1990) noted tha t quartz in
creases in abundance w ith  burial depth and  considered that 
the silica  generated  by  clay  reactions w as p recip ita ted  as 
quartz  overgrow ths. T h is is a poten tia l m echanism  for the 
silic ifica tion  o f  fo ram in ifers since it generates both the silica 
and the w ater necessary  to transport tha t silica into the 
fo ram in iferal test. F u rtherm ore, the sm ectite /illite  reaction  
m ay itse lf  be a possib le  factor in causing overpressured  con
d itions in shales. F reed  and Peacor (1989) proposed that the 
sm ectite /illite  reaction  produced  coalesced  illite packets tha t 
decreased  local perm eab ility  lead ing  to  a m ore effic ien t geo 
p ressu re  seal and a  correspond ing  increase in pore fluid 
pressure. The fact tha t c lay  m ineral reactions produce a  sig 
n ifican t am oun t o f  ex tra  w ate r contributes as w ell to  the geo- 
pressured  condition . T he  appealing  aspect o f  the sm ectite /il

lite reaction  is th a t it appears to  be co inc iden t w ith  silic ifica
tion trends and the developm ent o f  th e  overp ressu red  re
gim e. A bercrom bie (personal com m unication), how ever, 
believes tha t sm ectite is p resen t on ly  in sm all quan tities in 
the B eau fo rt-M ackenz ie  B asin  and th a t therefore  its ro le in 
the generation  and m ain tenance  o f  overp ressu ring  is ques
tionable.

The o ther aspect o f  th e  overp ressu red  cond ition  that 
m ay be o f  relevance to  fo ram in iferal d iagenesis is its po ten 
tial e ffect on the co louration  o f  therm ally  altered  fo ram in i
fers. In  the subsurface o f  the  M ackenzie  D elta, M cN eil e t al.
(1996) observed  a corre la tion  betw een  overp ressu red  zones 
and a re tardation  in therm al alteration  co lou r as m easured  by 
FCI in agg lu tinated  fo ram in ifers in the R eindeer D -27 w ell 
(Fig. 10). F urtherm ore, n ea r the base o f  the w ell, FC I ac tu 
ally decreased co inciden t w ith  a m arked  increase in porosity  
caused  by a  peak  in overpressure. T hese  observations w ere 
prelim inary , bu t w ill be fo llow ed  up by  fu rther analysis and 
investigations in o ther w ells. It is o f  in terest, how ever, that 
recent investigations in the T ertiary  basins o f  the South 
C hina Sea by Fang  et al. (1995) have reached  sim ilar con
clusions regard ing  the re tardation  o f  o rgan ic-m atter m atu ra
tion  in overpressured  env ironm ents. F ang  e t al. (1995) 
docum ented tha t the therm al m aturity  o f  no rm ally  pressured  
sedim ents w as significantly  h igher than  the therm al m aturity  
o f  overpressured  sedim ents as m easured  by  v itrin ite  re flec 
tance (% R 0). T his organic m aturity  anom aly  could  no t be 
explained by variations in ac tiva tion  energies, conductiv ity  
contrasts, o r hydro log ical effects. S ince the d ifference b e 
tw een the p red ic ted  and m easured  v itrin ite  re flec tance  level 
increased exponentia lly  w ith  increasing  pore  flu id  pressure, 
Fang et al. (1995) concluded  th a t increased  pore  flu id  p res
sure increased the activation  energ ies o f  o rgan ic  m atter 
m aturation  reactions.

S im ilar conclusions w ere reached  from  experim ental 
w ork  by P rice and W enger (1992) using  aqueous pyro lysis 
techniques. T hese experim ents a ttem pted  to  approxim ate 
natural system s by generating  therm al reactions under p res
sure in closed, w ater-w et system s. T he reaction  products 
(hydrocarbons) w ere m easured  by gas chrom atography , and 
Price and W enger (1992) concluded  th a t increasing  static 
fluid pressure strongly  retarded  the decom position  o f  kero 
gen, thus causing  a decrease in the am oun t and nature  o f  hy
drocarbon products generated . F urtherm ore, th ey  concluded 
that under natural geological conditions the effects o f  over
pressure w ould  be even g rea ter because  o f  the significant 
partial p ressure contribu tions from  hydrocarbon  gases as op
posed to  helium  w hich w as used  in the py ro ly sis experi
ments.

In an a ttem pt to analyse reservo ir d iagenesis and  hyd ro 
carbon m igration, Sw arbrick  (1994) noted  th a t the influence 
o f  high pressure on reaction  k inetics is no t w ell know n, bu t 
that experim ental studies (E nguehard  e t a l., 1990) show ed 
that increasing pressure decreases the rate  o f  therm al crack
ing o f  larger to sm aller hydrocarbon  m olecu les. H igh pres
sure also retards the carbon iza tion  o f  o rganic  m atter in a 
sealed aqueous system , as illustrated  by  experim en ta l study 
on conodonts (E pstein  et a l., 1977).

The overpressured  reg im e is obv iously  a  significant 
com ponent in any basin analysis study. P rice and W enger
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Fig. 11. Distribution and general characteristics o f the meteoric regime in proximal sediments o f a terrigenous clastic sedimentary basin

(1992) no ted  how ever th a t its effects are d ifficu lt to discern 
and  docum ent in nature  due to  th e  transien t character o f  
flu id  p ressu res over tim e. I f  FC I m easurem ents on agglu ti
na ted  foram in ifers p rov ide  a m eans o f  de tec ting  overpres
sured conditions in the geo log ical past, then  they  can m ake 
a sign ifican t con tribu tion  to  understanding  the evo lu tion  o f  
sed im en tary  basins.

THE METEORIC REGIME

T he m eteo ric  d iagenetic regim e p lays an im portan t role 
in num erous aspects o f  basin  analysis including hydrocar
bon  m igra tion  and b iodégradation , reservo ir porosity , and 
secondary  m ineralization . M icrofossils are generally  no t 
considered  in investigations o f  m eteoric diagenesis, bu t they  
are nonetheless po ten tia lly  sensitive to  the effects o f  d isso
lution and  m ineralization  and  therefo re  could  provide im 
p o rtan t ev idence o f  m eteoric  w ater d iagenesis. S ince in ter
actions involv ing  m eteoric  w aters are capable o f  destroying 
m icrofossils and altering  th e  fossil record , the m eteoric re 
g im e is o f  fundam ental im portance  to  m icropaleontology.

M eteoric  w ater is typ ica lly  ox id izing  (positive Eh), 
acid ic  (abou t pH  5.5 o r low er), silica  over-saturated  (1 0 -2 0  
ppm ), and  low  in salin ity  (<  l%o). T he flow  o f  m eteoric 
w ater from  terrestrial env ironm ents into subsurface aquifers 
is driven by  hydrau lic  head  (Fig. 11) and generally  is in iti
a ted  by  up lift in the prox im al areas o f  sed im entary  basins 
(F igs. 2, 11). A t the basin m argin , m eteoric w aters are in
vo lved  in w eathering  p rocesses, bu t as they  flow  into the 
subsurface o f  sed im entary  basins through perm eable p a th 
w ays they  becom e involved  in d iagenetic  reactions through 
contac t w ith  m ore saline form ational w aters, unstab le  m in 
eral species, and increasing  tem peratures. T he m eteoric re
g im e can be very  ex tensive and has been  docum ented  at 
depths o f  m ore than  2 km  (G allow ay, 1982; H itchon e t a l ,  
1990; Sharp  e t al., 1988).

D iagenesis in the m eteo ric  reg im e generally  involves

reactions w ith  organic m atter, carbonates, and  silicates 
(B j0rlykke, 1989: Sharp e t al., 198). S ilicates such as fe ld 
spar and m ica  are typ ica lly  unstab le  in m eteo ric  w aters. As 
m eteoric  w ater evolves by  in terac ting  w ith  subsurface pore  
w ater and  sedim ents, au th igen ic  silica  and  clay  m inerals, 
kaolin ite in particu lar, are even tua lly  p rec ip ita ted  (Fig. 11). 
To a lim ited extent, re-ox idation  o f  earlie r-fo rm ed  iron m in 
erals resu lts in hem atite  and Iim onite deposits, particu larly  
in sandstones. M eteoric  w aters th a t are in itia lly  ox id izing  
m ay be dep leted  o f  oxygen th rough  d iagenetic  reactions 
w ith m inerals and organ ic  m atter, thus even tua lly  becom e 
reducing  and gradually  neu tra lized  as w ell (B j0rlykke, 
1989). D estruction  o f  fe ldspars m ay  increase the silica  con 
ten t o f  pore w aters and lead  to  p rec ip ita tion  o f  quartz  as sil
ica rich flu ids m igrate into low er-tem pera tu re  reg im es 
(B j0rlykke, 1989).

In  the B eau fo rt-M ackenz ie  B asin , fo rm ational w aters 
have been flushed  ex tensively  by m eteo ric  w ater to  a dep th  
o f  at least 2 km  (H itchon  e t al., 1990). Snow don (1988) also  
noted  ev idence o f  extensive m eteo ric  effects ind irectly  
through the occurrence o f  b iodeg raded  oils in  the onshore 
R ichards Island area  and to  a lesser ex ten t offshore. B io d é
gradation  apparen tly  occurred  a t several tim es during  the 
T ertiary  associated  w ith  periods o f  sign ifican t erosion. V ery 
little is know n how ever about the p rec ise  pathw ays, effects, 
and  h istory  o f  these  m eteoric w aters.

Possib le ev idence o f  m eteo ric  d iagene tic  activ ity  com es 
from  the m icrofossil record  in the Issungnak  0 -6 1  and Is- 
serk  E-27 w ells in the o ffshore B eau fo rt-M ack en z ie  B asin. 
T hese w ells d isp lay  good  p reserva tion  o f  fo ram in iferal ca l
cite  except fo r consp icuously  a ltered  zones as ind ica ted  on 
F igure 12. In the Isserk  E-27 w ell fo r exam ple, w ith in  a se
quence o f  w ell p reserved  ca lcareous ben th ic  foram in ifers, 
specim ens from  1500 to  about 1800 m etres in the  M acken 
zie B ay  S equence are partly  d isso lved  and coated  w ith  li- 
m onitic  crusts (Fig. 12). A lthough  there are no consp icuous 
m eteoric w ater pa thw ays into th is m udstone  section  o f  the 
M ackenzie B ay Sequence, it is specu la ted  that the calc ite

11 —  Annales...
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Iperk  S eq ue nce

A kpak
Sequence

l im on ite

ca lca reous  
fo ram in i fe rs  

we ll p rese rved 2250 m

d o m in an t ly
ag g lu t ina ted
fo ram in i fe rs

D IS S O LU TIO N  
IN AN 

O X ID IZ IN G  
E N V IR O N M E N T

ISSERK
E-27

ISSUNGNAK
0-61

- 1 0  km -

1244 m

E lp h id ie l l a ?  
part ia l d isso lu t ion ,  71 
l im on ite  e n c rus ted  1848 m

ca lca reous  
fo ram in i fe rs  ✓ 

we ll p rese rved

M acke nz ie  Bay 
Sequence

ca lca reous  
fo ram in i fe ra l  '  
d isso lu t ion

pyr i te  ^

1335 m

1440 m

Fig. 12. Possible meteoric-water effects on the preservation o f benthic foraminifers in contrasting oxidizing and reducing environments, 
a. Elphidiella?, GSC 109539; b .Asterigerina, GSC 109538; c. Asterigerina, GSC 109540; d. Elphidiella, GSC 109541

- d isso lu t ion  zones

D IS S O LU T IO N  
IN A 

RE D U C IN G  
E N V IR O N M E N T

A s te r ig e r in a ,  
part ia l  d isso lu t ion ,  
m inor  iron ox ides

E lp h id ie l la , 
part ia l d isso lu t ion

K ug m a l l i t  S equence

d isso lu tion  and lim onitic  coatings m ay have resu lted  from  
in teractions w ith m eteoric  w ater. In the Issungnak  0 -6 1  
w ell, an a lternative c ircum stance  for calcite d isso lu tion  ap 
pears to have occurred . In this w ell, pristine py rite  in ternal 
m oulds from  d isso lved  calcareous benthic foram inifers and 
partia lly  d isso lved  ca lcareous benthic foram inifers are 
ab undan t (Fig. 12). T he preservation  o f  early  d iagenetic  p y 
rite in these  specim ens appears to  indicate d issolution  in a 
reducing  environm ent. T his m ay  have occurred  as the resu lt 
o f  d isso lu tion  from  oxygen  dep leted  m eteoric  w aters.

A  strik ing  bu t en igm atic  occurrence o f  secondary  quartz 
overgrow ths (Fig. 13a, b) w as observed  w ith in  the in terior 
o f  tubu la r Rhahdam m ina  in  the K oakoak  0 -2 2  and A kpak 
2P-35 w ells by S chröder-A dam s and M cN eil (1994). S econ
d ary  quartz  m inera liza tion  affects the entire foram iniferal 
assem blage and ty p ica lly  p roduces a  m ottled  (light-dark) 
appearance  on the te s t exterior. T he ex terio r tex ture  o f  the 
m ottled  surface is show n in detail on a  specim en o f  H aplo
ph ragm oides  in F igure 13(c, d). A s in the Isserk E-27 and 
Issungnak  0 -6 1  sec tions cited  above, these d iagenetic  ef
fects occur anom alously  w ith in  o therw ise norm al burial d i
agenetic  trends at low  m atu rity  levels. Schröder-A dam s and 
M cN eil (1994) suggested  precip ita tion  o f  these quartz over
grow ths as a function  o f  burial d iagenesis or the m ix ing  o f

m eteoric w aters w ith  fo rm ational pore w aters. T his anom a
lous quartz could also be exp la ined  by red istribu tion  o f  
am orphous silica  from  siliceous m icrofossils th rough  th er
m ally  con tro lled  burial d iagenesis (A bercrom bie , person a l 
com m unication). D eta iled  iso top ic  analysis o f  silica  iso
topes m igh t help  to reso lve the d iagenetic  h is to ry  o f  th is sec
ondary  quartz. L ongstaffe  (1993), fo r exam ple, has recog 
nized  the d iagenetic influence o f  m eteoric  w ate r by  the oc
currence o f  low  180  concentrations. A lthough  such analyses 
have no t been undertaken  on the B eau fo rt-M ack en z ie  B asin 
m aterial, th is is a  logical avenue for m ore d e ta iled  research .

A  final no te  on d iagenetic  m inera liza tion  in the m ete
oric regim e concerns the occurrence  o f  kao lin ite . O sborne et 
al. (1994) cited  pétrographie  and  iso top ic  ev idence to  indi
cate tha t kaolin ite m orpholog ies w ere  d iagnostic  o f  specific 
tem peratures and depths. V erm ifo rm  kao lin ite  w as ind ica
tive o f  slow  p recip ita tion  a t shallow  dep ths (5 7 1 -1 2 8 6  m ) 
and low  tem peratures (25—47°C ) in the m eteoric  reg im e and 
blocky kaolin ite w as characteristic  o f  m ore rap id  p rec ip ita 
tion  at g reater depths ((1 2 8 6 -2 1 4 3  m ) and  tem peratu re  
(5 0 -8 0 °C ) in the burial d iagene tic  reg im e. K ao lin ite  in 
p lanktonie  foram inifers from  the T uronian  o f  w estern  C an
ada has been reco rded  by B loch  e t al. (1993 , fig. 14c, d). 
T hey illustrated  verm iform  kaolin ite  filling  cham bers w hich
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a

c
Fig. 13. Secondary quartz in agglutinated foraminifers. a, b. Quartz crystals (QZ) and organic matter (OM) filling the interior of 
Rhcibdammina, GSC 109543; c. Haplophragmoides, GSC 190542, lateral view; d. detail o f mottled texture on exterior o f Haplophrag
moides', smooth areas infilled by diagenetic quartz (dQZ)

w ere also lined  on the in terio r by d iagenetic  calcite  crystals. 
T hese rocks are at p resen t day burial depths o f  about 400 
m etres and are undoubted ly  im m ature from  a low  tem pera
ture reg im e w hich  w ould  be consisten t w ith  the verm iform  
sty le o f  low  tem pera tu re  kao lin ite  crystallization  (O sborne 
e t ctl., 1994). In the B eau fo rt-M ackenz ie  B asin, kaolin ite 
w as also observed  w ith in  the w alls o f  agglutinated 
foram in ifers at p resen t day  burial depths o f  3197 m  (verm i
form ?) and 3590 m (b locky) in the A m auligak  J-44 w ell 
(Fig. 8). T he original tem pera tu re  o f  crystallization  is un 
know n, bu t the p resen t tem pera tu res are approxim ately  
100°C and  the kaolin ite crysta ls  appear to have follow ed 
quartz  overgrow ths indicative o f  the burial d iagenetic re 
g im e and tem pera tu res in excess o f  70° to  80°C.

CONCLUSIONS AND SUMMARY

1) Foram inifers are affected  by num erous chem ical and 
physical phenom ena as they becom e buried  by sed im ents 
and enter the fossil record . In itia lly , th ey  are affec ted  by the 
processes o f  early  d iagenesis. L ater in the ir burial h istory , 
they  becom e affected  by larger scale p rocesses th a t are fu n 
dam ental in the evolu tion  o f  sed im en tary  basins and in som e 
cases the generation  o f  hydrocarbons.

2) In a b road  perspective, m any  d iagenetic  p rocesses in 
sed im entary  basins can be ca tegorized  into four reg im es; (i) 
early  diagenetic, (ii) burial, (iii) overpressured , and (iv) m e
teoric.

3) T he B eau fo rt-M ack en z ie  B asin  o f  A rctic  C anada 
contains w ell developed  exam ples o f  each  o f  the fou r d iage
netic  regim es. T his basin is filled  by  up to 15 km  o f  ter-
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rigenous clastic  sed im ents th a t are actively  subsiding. It also 
con tains assem blages o f  abundan t calcareous and agg lu ti
na ted  ben th ic  fo ram in ifers th a t have been subjected  to  v ari
ous physica l and  chem ical conditions in each o f  the four d i
agenetic  regim es. T he basin  is also flanked by up lifted  rocks 
tha t p reserve  the re lic t e ffects o f  d iagenetic  p rocesses in 
o lder sed im entary  basins. F or these reasons, it is an excel
lent natu ral laboratory  fo r d iagenetic  analysis w ith  app lica 
tions to  o ther te rrigenous clastic  basins.

4) E arly  d iagenetic  p rocesses are dom inated  by the de
cay o f  o rgan ic  m aterial th rough  the activ ity  o f  aerob ic  and 
anaerob ic  bacte ria  in th e  upper 10 m o f  sedim ent. P roduc
tion  o f  C O 2 m ay  lead  to  the ctissolution o f  calcareous 
fo ram in ifers. B acterial reduc tion  o f  sulphate and  iron often 
resu lts in pyrite  in filling  foram in iferal tests.

5) In th e  burial d iagene tic  regim e, w hich  occurs ap
p rox im ate ly  from  depths o f  2 to 8 km  and tem peratures o f  
approx im ate ly  7 5 -2 0 0 °C , foram in ifers exh ib it m any o f  the 
classica l burial d iagene tic  changes that affect organic m a t
ter, silica , c lay  m inerals, and carbonate. T he therm al a ltera
tion /co loura tion  o f  the organ ic  cem ent (g lycosam inoglycan) 
in agg lu tina ted  fo ram in ifers is illustrated  by the F oram in ife
ral C o loura tion  Index (F C I) w hich p rovides a standard  for 
assessing  therm al m atu rity . T he silic ification  o f  agg lu ti
na ted  foram in ifers by  secondary  m ineralization  o f  quartz 
occurs p rogressively  beyond  tem pera tu res o f  about 80°C  
and  burial depths o f  abou t 2.5 km. T he in itiation  o f  silic ifi
ca tion  is an im portan t d iagene tic  horizon  in sedim entary  b a 
sins, m ark ing  the po in t at w hich porosity  changes, quartz ce
m entation , and overp ressu red  pore flu ids are likely to  be en 
countered . F oram in iferal tests can con tain  secondary  c lay  
m inerals such as sm ectite , illite, and  chlorite w hich are in 
dica tive  o f  sign ifican t therm ally  contro lled  d iagenetic 
events. T he progression  o f  m ineralogical and textural 
changes in th e  foram in iferal tes t p rov ides criteria  for a gen 
era lized  burial d iagenetic  zonation .

6) T he overp ressu red  d iagenetic  reg im e exists w here 
pore  flu id  pressures exceed  the norm al hydrostatic  p ressure 
expected  from  the sed im en tary  colum n. P relim inary  ev i
dence suggests tha t the therm al a lteration  o f  foram inifers 
m ay be retarded  by overp ressu red  pore fluids. P relim inary  
ev idence also  suggests th a t there  m ay be a  rela tionsh ip  be
tw een  p rocesses th a t cause  overpressure and the silic ifica
tion o f  agglu tinated  foram in ifers, and that in itiation  o f  silic i
fication  m ay  be a p recu rso r o f  overp ressured  zones in sed i
m entary  rocks. A t the  very  least silic ification  probably  sig
nals an env ironm ent w here  geopressures are m ore likely to 
be encountered .

7) T he m eteoric  reg im e occurs in th e  proxim al areas o f  
the sed im en tary  basin  and  can reach  to depths o f  2 km. M e
teo ric  w aters are oxygenated , corrosive, over-saturated  w ith 
respect to  quartz, and  low  in salin ity . T hey are capable o f  
d isso lv ing  calcareous foram in ifers and can produce secon
dary  m ineralization  in the foram in iferal test in th e  form  o f  
clay  m inerals such as verm ifo rm  kaolin ite and euhedral 
quartz. Secondary  m inera liza tion  in foram inifers cou ld  
p rove to  be a useful tool in recognizing  previous and ongo
ing in teractions w ith m eteoric  w ater in sed im entary  basins.

8) Foram in ifers con tain  organic m atter, b iogenic m iner
als, detrital m inerals, and  secondary  m inerals o f  diagenetic

origin. T hey  are  involved in a g rea t num ber o f  d iagenetic  
p rocesses as their burial p rogresses through sed im en tary  b a 
sin evolution . Foram in ifers are rou tine ly  and ex tensively  
sam pled from  subsurface and  outcrop sec tions and exam 
ined by optical and SEM  techn iques. T herefore , fo ram in i
fers are read ily  availab le  and po ten tia lly  in fo rm ative  in re
gard  to  the therm al and d iagene tic  h is to ry  o f  sed im entary  
basins.
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Streszczenie

WPŁYW PROCESÓW DIAGENETYCZNYCH
NA ZACHOWANIE SKORUPEK OTWORNIC 

W OSADACH BASENU BEAUFORTA-
MACKENZIE I PRZYLEGŁYCH BASENACH 

OBSZARÓW KRATONICZNYCH

D an ie l H. M cN eil

Wiele czynników chemicznych i fizycznych oddziaływuje na 
mikrofaunę, w tym również na otwornice, w czasie, gdy zostaje 
ona pogrzebana w osadzie, dając początek prosesom fosylizacyj- 
nym. Późnej, w trakcie jej dalszego pogrzebania, na stan zachowa
nia skorupek wpływa szereg procesów diagenetycznych, związa
nych z ewolucją basenów sedymentacyjnych, a w niektórych przy
padkach również z powstawaniem węglowodorów. Prosesy te 
można zaklasyfikować do 4 podstawowych środowisk związanych 
z: (i) w czesną diagenezą, (ii) pogrzebaniem osadów, (iii) nadciś
nieniem płynów porowych i (iv) działalnością wód meteorycz- 
nych.

Basen Morza Beauforta i Zatoki Mackenzie w arktycznej 
części Kanady (Fig. 1) daje przykłady oddziaływania tych czte
rech grup procesów diagenetycznych na skorupki otwornic (Fig.
2). Basen wypełniony jest seriami bardzo miąższych (do 15 km) 
osadów klastycznych podlegających aktywnej subdukcji. Obszar

ten jest otoczony serią osadów, w których zachowały się ślady 
procesów diagenetycznych zachodzących w starszych basenach 
sedymentacyjnych.

Procesy wczesnej diagenezy (Fig. 3) są zdominowane przez 
rozkład materii organicznej spowodowany działalnością bakterii 
aerobowych i anaerobowych w górnej, dziesięciometrowej wars
twie osadu. Wytwarzanie CO2 w trakcie tych procesów może 
powodować rozpuszczanie węglanowych skorupek otwomic. Re
dukcja siarczanów i żelaza przez bakterie powoduje w większości 
przypadków wypełnienie skorupek przez piryt.

Procesy diagenetyczne związane z pogrzebaniem osadu 
występują od głębokości około 2 do 8 km, gdy temperatura wzroś
nie do około 75-200°C. W takich warunkach zmianom podlegają 
składniki mineralne budujące skorupki otwornic, tj. materia orga
niczna, krzemionka, minerały ilaste i węglany. Zmiany termiczne 
cementu organicznego skorupek otwornic aglutynujących (gluko- 
zoaminoglikan) można zilustrować poprzez wskaźnik zmiany 
barwy (Foraminiferal Colouration Index; Tabl. 1, 2; Fig. 6), który 
pozwala na oszacowanie dojrzałości termicznej osadu (McNeil et 
al., 1996). Sylifikacja skorupek otwornic aglutynujących zwią
zana z wtórną mineralizacją kwarcową (Fig. 4) rozpoczyna się w 
temperaturze wyższej niż 80°C, co odpowiada głębokości więk
szej niż 2,5 km. Początek tych procesów jest ważnym horyzontem 
diagenetycznym w basenach sedymentacyjnych (Fig. 7), wskazu
jącym moment gdy zmienia się porowatość osadów, a nad
ciśnienie płynów porowych jest już znaczne. Skorupki otwornic 
mogą zawierać wtórne minerały ilaste, takie jak smcktyt, illit i 
chloryt (Fig. 8-10), które są wskaźnikami procesów diagenetycz
nych, związanych ze znacznymi zmianami temperatury. Postępu
jące zmiany składu mineralnego i tekstury w skorupkach otwornic 
dostarczyły kryteriów do określenia poziomów pogrzebania osadu 
(McNeil et al., 1996).

Procesy diagenetyczne związane z nadciśnieniem płynów 
porowych oddziaływują w strefie gdzie ciśnienie płynów przekra
cza normalne ciśnienie hydrostatyczne w kolumnie osadu (Fig.
10). Wstępne wyniki badań wskazują, że przemiany skorupek ot
wornic pod wpływem temperatury, mogą zostać spowolnione 
przez oddziaływanie nadciśnienia płynów porowych.

Mogą istnieć wzajemne zależności pomiędzy procesami, 
które powodują nadciśnienie płynów a sylifikacjąskorupek otwor
nic aglutynujących. Początek sylifikacji może być wskaźnikiem 
początku oddziaływania tej grupy czynników diagenetycznych 
(Fig. 10). Jednocześnie sylifikacja prawdobodobnie sygnalizuje 
znaczny wzrost ciśnienia geostatycznego.

Szereg procesów diagenetycznych związanych z wodami me- 
teorycznymi występuje na proksymalnach obszarach basenów 
sedymentacyjnych i może oddziaływać do głębokości 2 km (Fig.
11). Wody meteoryczne są natlenione, o właściwościach korodu
jących, przesycone względem kwarcu i słabo zasolone. Mogą one 
rozpuszczać węglanowe skorupki otwornic (Fig. 12) i mogą powo
dować wtórną mineralizację wewnątrz skorupek, w postaci nie
których minerałów ilastych, jak  “ robaczkowe" kryształy kaolinitu, 
czy euhedralne kryształy kwarcu. Wtórna mineralizacja skorupek 
otwomic mogłaby zatem być użyteczna w rozpoznanawaniu kolej
nych reakcji z wodami meteorycznymi migrującymi w osadach 
basenów sedymentacyjnych.




