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IRTRODUCTIOE

'‘Geohistory analysis' is the use of quantitative stratigraphic techniques
to unravel and portray geologic history. Quantification of routine
stratigraphic well information is possible as a result of recent advances
in microbioptratigraphy that allow exploration paleontologists to determine
geologic aées in terms of millions of years, and to express depositional
environments in terms of water depths. Geohistory diagrams and numerical

stratigraphic techniques, such as the ocalculation of rates of sediment-

accumulation and rates of subsidence or uplift (with and without
corrections for consolidation), are useful in widely different aspects of
petroleum exploration. Enowledge of rates and timing of vertical movements
is of 1local importance in distinguishing between different kinds of
movements and determining timing, rates and magnitudes of inversion. On a
larger scale these data should constitute a parameter in any structural
classification. In general, such knowledge is a key to undersfhnding the
mechanics, rates and magnitudes of basin evolution and plate tectonics
(with and without corrections for isostatic crustal response).

Geohistory analysis, that is,the use of numerical stratigraphic techniques

to unravel and portray geologic history, has important practical potential
in the idterpretat;on of geologic events and in the determination of
geologioc controls of oil and gas that are rate or age dependent. The
quantitative approach allows the combination of a formations' burial and
uplift history with heatflow models to calculate timing and duration of its
passage through the o0il window. The use of numbers rather than a multitude

of names affords more disciplined geologic analysis and reasoning,

facilitates computer applications, and, perhaps foremost, increases
comnunication between members of an exploration team with different
backgrounds such as micropaleontologist and engineers.

This manual presents the principles and basic applications of geohistory
analysis and.gives some schematized exploration examples.

Unreferenced figures and tables are from Van Hinte 1978,
Van Hinte 1982 and unpublished lecture notes.

Jan E. van Hiﬁte
Amsterdam May 1988
Oct-1989
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A.l BASIC PRINCIPLES AND TECHNIQUES OF GEOHISTORY ANALYSIS :

et

- "A.1.1 HISTORY OF THE GECHISTORY DIAGRAM

In his book 'Géologie du Bassin de Paris', Lemoine (1911) summarized the
geologic history of the Paris Basin in a 'schema des mouvements dtascension
et de descente de la surface' (op.cit. Fig.136: diagram of =xising and
descending movements of the surface) combined with a ‘schma da-13 Jescemnte
generale du fond' (op.cit. Fig. 137: diagram of basement subsidence). See
~ Figure A-1. Burollet (1956, Figs. 85-87) applied Lemoine's graphic approach
to summarize stratigraphic conclusions for different sections in ‘central
Tunisia, -entitling his diagrams ‘'variations de la profondeur des mers en
Tunisie centrale en relation avec les mouvements de trefonds' (variations of y
the depth of the seas in central Tunisia in relation with the movements of ]
the basement) See Figure A-2. .
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Diagrams such as these are an excellent method of portraying stratigraphic
data and conclusions and provide a direct means of reading the timing and
magnitude of geologic events. Quantification of paleontologic conclusions on -
age and enviromments now permits considerable refinement and the routine use -
of linear scales in such potrayals. Geohistory diagrams thus were developed

and have been used in our work since 1970 (Ruffman and Van Hinte, 1971).

Philipp (1961) and later German petroleum geologists, following a personal
suggestion by A. Roll, constructed burial history curves (Zeit-.
teufenkurve, BAbsenkingskurve} in connection with studies on maturation,
migration and porosity prediction. They commonly used a linear time scale,
and these plots were very similar to gechistory diagrams except that paleo-
water depth was not taken into account and interest was focussed on
geochemical and physical rather than geologic processes. ’
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A.1.2 NUMERIC..STRATIGRAPHY O
A.1.2.1 ADVANCES TN CHRONOSTRATIGRAPHIC RESOLUTTON

Notably increased capability has been developed for a multiplicity of
microfossil- groups  to determine the age of Mesozoiec and Cenozoic
sedimentary sections” (Hag et al., 1988; enclosure 1) and to estimate the
water depth at which beds were deposited. fThe use of numberg for
paleontologic conclusions (e.g., age in years, and water depth in meters )
lead to a new, numerical Stratigraphy. Placing the geologic record of ap
area in a linear geochronologic framework brings the Sequence of events into
Proper proportion and allows for calculating rates and magnitudes as weill as
for nuﬁeric‘modeling‘and graphic portrayal of geologic processegs.

Also, 'standargd' biostratigraphy zonations now are tied with greater
precision to a linear, numeric time scale (Table A, 1la). Consequentiy,
paleontologists can assign geologic ages accurately to most fossiliferousg
sections and canp express these ages in megayears (1 megayear = 1 Ma)

integration of zonations of different fossil groups increase resolution. The
correlation and zonal integration between different groups of age-
significant microfossils is improving, as is their correlation with magnetic
polarity reversals. Consequently, integrated schemes can approach a
resolution of a few hundred ka (hundred—thousand years).

Within ga biostratigraphically well-dated section, the extrapolation of
sediment accumulation rates calculated between known magnetic reversals
permits age assignments in terms of 10 ka. And so does the recognition of
cyclic variations in lithology, isotope ratios, or physical/chemical rock

broperties expressed on logs (Milankovitch cycles). Our limit of geologic

time identification lies at the duration of events that are globally
Trecognizable in the sedimentary record. A magnetic reversal takes appr.
1000 years, a significant global sealevel change may only take 50 Years

_{change from glacial to non-glacial mode and V.V., or refill of salt basin)

while the effects’ of an asteroid impact may be globally recorded over an
even shorter span of time. »
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EXTRAPOLATION BETYEEH RADIDMETRIC AGES

.

assuming

EQUAL TIME PER STAGE )
- - EQUAL TIME PER ZONE - - -
COHSTAHT ACCUHULAT!G.H RATE

-

. | * magnetic reversal scale ,
o o CONSTART SPREADING RATE
) ! (Heirtzler scale)

’ !
marine aeromagnefics >>>>3> seafloor anomalies >>>353 completion of ,zlmd tie with
+

DSDP >»>3>> biostratigraphic ages of magn. anomalies + ifnpro*rq_d zonations -
CORSTART SPREADING RATE o
’ (Berggren, ¥Hinte scales)
kryogene magnetometer >>333> direct tie biostratigraphy with magnetosiratigraphy
CORSTANT ACCUMULATION RATES °
?2233> high resolution, small scale proportionality to be tested/calibrated with
+ astro-cyclicity

NEEDED: more radiometric ages,

Table A.1a ’
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A71.2.2 Advances ip Palegbathymebric Resolution

Paleo-waterdepth determination is =& highly conmplex art. The quantity and
quality of knowledge on benthic microfossils from a greater variety of
environments are increasing steadily - also, we now oan obtain additional
ecologic insight from diversity _trends, diatribution patterns, retec. of
benthic microfossils. Recent oceanographic research has provided more
reliable data on the depth distribution of plankton in the water column and
has uncovered useful details on time-depth-related phenomena such as
calcium carbopate dissolution. Further, when dealing ~ with frontier
material, paleontologists have "to attempt to 1ncorporate available
knowledge on paleogeography and paleooceanography of the area. Although a
certain mmount of circular reasoning or even guessing is hard to avoid, =
reasonable - estimate of paleo-waterdepth usually can be made. Fortunately,
in areas of intensive exploration where the explorationist. needs more
detaila: consideration of local geologioc factors and paleontologic
experience oan make for sharper estimates.

Irreversibility of the evolution of the organic world is the basis for
palecntologic dating of - sediments. Organisms. however, not only ocourred
during & particular time but also 1lived in certain environments having
their own habitat. Paleontologic well reports, therefore, should inciude
conclusions on both age and environment of deposition of penetrated
sections. In the present ‘discussion, one aspect of the environment,

palecbathymetry, is most important. Although the distribution of ’some:
specles of assemblages seems to be related to depth per se (hydrostatic -

pressure), availability of direct depth indicators is.’limited so that
paleobathymetric conclusions commonly are obtained indirectly. '

Depending on the material at hand, a palecntologist may try one or more of
the several available ways %o determine the marine deﬁositional—

environment, qualitatively. . by oomparison with the modern occurrance of.

certain species or asaemblagea and by recognition of ecophenotypic trends
(benthos and planktpn), or, quantitatively,: by determining relatlve

frequencies {a.g., plankton/benthos, arenaceous/calcareous forams, -

) percentages of radiolarians or ostracods), species number, specles
dominance, species diversity, coiling ratio, sex ratio, ontogenetic age,
and, for deep-water deposits, =solution facies. Thus, he obtains an ldea
‘sbout one or a combination of environmental factors which may be chemical
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(salinity, pH, avail. _s41ity of oxygen, nutrients, cagzgn dioxide), physical
gtemperature, substratum energy 1level, 1light penetration,. turbidity,
eirculation, barriers), or blological {intracommunity, * intercommunity, f
Plants). Many of these factors can be depth indicators, and the better we ?
know the palec—oceanographic conditions, the better we can ' determine to
what degree 'cool’, ’dark’, or 'euxinlc' means ‘deep’.

Paleo-waterdepth estimates can be quite accurate in areas where the recent i-
faunal distribution, fossil record, and regional geologic history are well '
known (e.g., the Gulf Coast). Elmewhere, waterdepth estimates may have to
be =somewhat less precise, the older the sediments the more speculative the
paleodepth determinations become. The accuracy with which paleo—waterdepth
determinations can be made in frontier aress is Indicated in Fig. -4, The

resolution may seem too general to be of practical use, but i1t should be ) }
realized that, although individual determinations may be inconclusive, =a
succession of determinations (e.g., based on gide-wall cores in a well) s

shows a trend through which a line oan be drawn establishing with some ) e
confidence relative changes in water depth between parts of the section
(eg., see Fig. A-5). :
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' FIG.A-6~Geohistory diagram for hypothetical well of Figures A:S. .

Upper curve shows water-depth history for location; lower curves show subsidence and
sidence and reduction in thickness of unit

uplift at that location, Shaded path shows sub

E. For further explanation, see text.
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A.1.3 THE GEOHISTORY DIAGRAM
A.1.3.1 Construetion of ap uncorrected Geohlstory Diagram

Numerical geologic time, coupled with direct geclogic measurements (e.g.,

— ——————

interval thickness) and interpreted data (e.g., paleo-waterdepth), permits -

the expression of signifiecant stratigraphic conclusions in quantitative
terms. For example, wWe can now determine rates of fill, subsidence, or
uplift, and can estimate the time span of unconformities, the amount of
removed section, or the rate of fiuld expulsion. This will be discussed 1n
detall in a later smection. .

The same significant stratigraphic conclusions can be presented graphically

and portray the timing and magnitude of geologic events and pchessea, and
permit (by extrapolaticn) estimates on unkrown parts of the section.

The data shown in Figure A-5 can be used to construct a time/depth plot
with a linear time scale as the horizontal axis and a depth scale as the
vertical (Fig. A-6). First, the paleobathymeiry at the time of the datum
levels is determined from the paleodepth curve (solid triangles, Fig. A-5),
these water depths then are .plotted against the linear scales (solid
triangles, Fig. A-6). Next, the =ages at total depth (TD) and at the
unconformity are determined by extrapolation of sedimentary-accumulation
rates, and their paleobathymetry is plotted (open triangles). Finally, the
cumulative thickness for each level is plotted on the graph as solid and
open cirecles.

A.1.3.2 Applications of the uncorrected Geohistory Diagram

The inclusion of a geohistory diagram in a paleontologic well report has

‘the following obvious advantages.

1. The construction itselfl foroes the bloatratigrapher to be aware of

— the geologic Implications of his conclusions. He sees, for example,

where more data are needed, what the consequences are of reporting an
unconformity, and which of his interpretations do, and which q§ not,
make geologlic mense. For example, when a displaced shallow-water .fauna
iz not . recognized as= such, it will plot too high on the diagram, and
consequently the subsidence curve will show an uplifi :kick'.

2. Comparisons between wells and areas are possiblé at a glance.

3. The diagram forms a oonvenient Iinear time-depth frame for the
geologist to plot other parameters, such as heat—flow dats, po;osity
changes, _and mineralizations. ’

4, Generalized d;agrams are most Informative models of basin evolution,
tectonic style, continental-margin history, ete. .
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' 5. Extrapolation of the curves fills gaps in cases of fragmentary
information.

A.1.3.3 Examples of Geohistory Apalysis (uncorrected) B :
A.1.3.3a Interpretation of Presumed Unconformity -

Paleontologic analysis of two Gulf Coast wells shows a marked break in
paleobath}(metry «(Fig. A~7), which raises the question of whether this
represents an unconformity and, if so , how much section is missing. Ko
markers were found at the presumed unconformity (Fig.' A-T7a). -
Extrapolation of the -uncorrected rate of sediment acoumulation (uR)
above the break (calculated from 1.7 and 2.0 Ma) and below the break

-

PALEDBATHYMETRY PALEOBATHYMETRY

WELL W FEET DATES - WELL W FEET i
DEFTH o DEPTH . DRTES

mrer |88 B B E ’ nrer (88 8 B B | *M =

i1 ! 1 i 0 — : 1 1 1 1 10—

— 1000 ] ol

“' —

]:1.7 -

——————————— .1 28 _

FIG A~7Paleobathymery curves and numerical :

) ¥ . age of markers for pans of two offshore Guif wells ;b | -~

well L Ages at bresk in water depth (72 and 275 Ma in well I; 22 and 28 Ma i well 2) are derived from
polation of sediment accumulation rates. ¢, Schematc reconstruction of bath i i .

lowering 1o illustrate different effects of drop. - yretrc profile at ime Dfm? b

- . —




(calculated (T 3.1 and 2.8 HL) suggests 272 Ma and 2.75 Ma as the -

ages at the break. The difference‘of 30,000 years is negligible, and we
conclude that the paleobathymetry break in well 1 represents a eustatice
change in sealevel of 700 ft (213 m). In well 2, however, the
water—depth break 1is only 250 ft (76 m, Fig. A-7b). The ages at the
break are 2.2 and 2.8 Ma. The difference of 600,000 years 1is =a
considerable hiatus in this young section. A schematic reconstruction
for the time of =mea-level drop is shown in Figure A-7o. Sediments were
being deposited in 1,000 £t (350 m) of water at well 1, Bo the 700-ft

(200 m) drop in sea level did not necessarily disrupt sedimentation. At-

well 2, however, lowering of the sea level by only 350 ft (107 m) would
have exposed the shelf and caused &n unconformity. We may asked how
much mection was eroded at well 2. The sea-level drop ocourred at 2.75
Ma or somewhst later if the caloulation of 30,000 missing years for
well 1 is coivact, so at well 2 at least 50,000 pre-event years are not
represented. With sediment acoumulating (uR) below the break at a rate
of 25 cm/1,000 years, substitution in Equation A-2 of the next section
reveals that the equivalent of a present thickneas of 12.5 m (about 40
ft) was deposited and aubsequently'eroded.

! A.1.3.3b Depletion of Struetural Style and Timing

-,
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‘ The directness with which structural style and timing can be portrayed

is illustrated in Figure A-8. An Exxon Company U.S.A. paleontologic
study of three wells drilled offshore from Louislana In an area
underlain by mobile s=shale (Fig. A-8a) provides age and environmental
interpretations from which geohistory diagrams were constructed (Fig.
A-8b-d), the major searlgvel drop 2t 2.8 Ma was taken into account.

It 3is readily apparent that sites 1 and 2 continuously subsided at a
rapid{rate during the past 4 Ma, Site 3, however, remained high while
the surrounding area subsided, lzter this site even showed some uplift
as a response to rapid 1oading; During the past 0.5 Ma, site 3 subsided
at a rate more than 1.5 times greater than the regional rate at the
other two sites. The cause of this seemingly excessive rate may be
interpreted as either fluid release from the shales or shale
withdrawal. 'Regardless of which Interpretation is accepted by the
regiona1°geologist, the paleontolvgimst has provided him with a clear
plcture from which to start.

Smeller differences in the slqba of subsidence curves (Fig. A-8) are
hard to evaluate visually, therefore, when different wells are
compared, bar diagrams are useful (Fig. A-9). Local sharp changes In
rates shown by these graphs probably are due to movements and changes
in density =anomalies within the sediment c¢olumn. For example, the

-10~
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4nitial high rafes at site 1 clearly are due to growth-fault activity’

(Fig. A-8a) and the high rate between 1 Ma and 2 Ma at site 2 could be
caused by withdrawal and be colpeident with the uplift of =site 3.

Apart from ehanges in rates that occur at the different locetions at
different times, all three sites simultaneocusly show an acceleration in
the average sediment accumulation and subsidence rates for the latest
0.5 Ma. This acceleration also was observed in other wells in the Gulf
of Hexiob and Srobably is a regional phenomencn related to massive
deposition of glaciel detritus from the continent. Although the rates
are high &t =all three sites, they are low at sites 1 and 2 compared
with site 3 (Fig. A-9). One could imagine that (1) rapid regional
loading =and subsidence possibly oaused development of growth faults
that functioned as fluid escape routes, enabling the shale dome to
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collapse, or g;} redistribution of load (g:ggrading depocenter) i
initiated the growth of younger domes that are withdrawiﬁg shale from
the older ones. In either oase, accelerated regional subsidence under
the gigantic sediment load seems especially favorable here for }
petroleum acounmulation, it brought sediments into warmer levels and

' triggered the collapse of overpressure, thus accelerating hydrocarbon

maturation and initiating large—scale fluid migration.
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FIG A-9 -Bar diagrams showing rates of vertcal
movement and sediment accumulation for wells 1 to 3
of Fig ‘a-8. Horizontal axis is lincar time scale, and
vertical axis shows rates of sediment accimulation and "
subsidence in cm/1,000 years. Width of each bar is de- )

) termined by spacing of time markers. Mean rates of B
. subsidence (uRs) for latest 4 Ma tuggest that site 3 will
continue to subside at higher thax regiopal rate to catch
up with “pormal” area, That is, shales sdlt are overpres-
sured unless difference has been made up by sediment
added from withdrawal toward site 3.
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A.2 APPLYCATIONS IN EXPLORATION GEOLOGY

L.7.1 SEDIMENT ACCUMULATION RATES
* :.1.1 Determination of Accumulation Rates uR, RfL_ggg_iﬂl

s or other marker horizons enables
'R’) at which the sedimentary rock
hé markers. The concept of

Aissignment of numerical ages to prleotop
the omloulation of the average rate (
accumulated during the time interval bounded by ¢
accumulation 1s summarized in Table A-1.

R = gyerage rate of sediment acoumulation
¢ rate of depositiocn

DEPOSITION - particle emplacement on sea fioor
ACCUMULATION - sum of particle emplacement and removal
e over & longer period of time
ACCRETION : DEPOSITION > REMOVAL
EROSION : DEPOSITION ¢ REMOVAL

SEDIMENTATION - overall process of transport, emplacenent,
removal, preservation.

TABLE A-1 : Terminology of sedimentation processes.

If the time span (A) of the interval is expressed in megayears and the
thickness (T) in meters, then

- T
'R’ = ETTS om/1,000 yrs. Egqn (A-1)

In the example of Figure A-3, 100 m of sediment accumulated during the most
recent 2 megayears (unit H, Table A-5) at an average acoumulation rate of
100/(10 * 2) = 5 cm/1,000 years, or 'R’ = 5. In the ssme example, 200 m of
sediment between markers & and b uas‘depositeq during 4 Ma (unit B), also

at &n average of 5 cm/1,000 years. =

Rates of deposition for unit B and H are not the same,-ﬂowever, beszuse

unit B is deeply buried and consequei:tly is more consolidated than unit H.
!

Thus, equation (&A-1) =should be modified to express the uncorrected rate

(uR) as -

T -—
x ——P— 000 —
uR ok om/1000 yrs Eqn (A-2)

_.1_"3..—
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where Tp is present thickness. In other words, units should be restored to
their original thickness (T,) ‘to obtain comparable rates of £111 (Rf):

T .
Rf = —D- em/1000 Eqn (A-3
ok / yrs qn (A-3)

Retes smo calculated, however, sti11 do mnot fully represent the ;

sedimentation prooess because thick units (as a whole) have lower dinitlal |
’pobosity than thin units, inasmuch as their own load results in increased {|

conpaction downward. Consequently, neither uR nor Rf can be used to compare

rates of sediment accoumulation for units having different initial

thicknesses and. depth of burial. A ’‘pure’ rate of sediment-mass

acoumulation can be calculated from the net thickness (Tn, porosity = 0) of

‘a unit:

. )
= —N_ —
R6=D ToA on/1000 yrs Eqn (A-4a)

all' JIII' nlll tlll élll LIII‘

If present porosity is p, th;s eiprqssion can be written as:

1

T -
= —péﬁigl cm/1000 yrs Eqn (A-4Db}

Ré=0

of coﬁrse, accumulation rates also are comparable if they all are converted
to the same shale porosity — for-imstance, if porosity = &,

T
R, = ———8-- cn/1000 —
p=a 10A(1—a)cm/ yfs an (Ai-4¢)

or, if present porosity = p,

R = Tp(1-p) om/1000 yrs Eqn (A-4d) j

R ¢=a  10A(1-a)

Equations 4a and 4b are the special case when a=0. B

Table A-2 summarises these rate equations. Figure®A-10 shows the effect of
compaction on a shale bed while Figure A-11 shows the relationship beiween
initial thickness and net thickness. Figure A-12 shows compaction in terms
of porosity change, while .“ Table A-3 gives some .equation forms of these
changes. Table A-4 glves averaged porosity changes in a compacting section.
Figure A-13 is a nomogram of thickness versus burial depth.

Assume that the example of Fig. A-5 is a normally pressured clay-shale ;
section. Then, an estimate for the porosity of the units (from Table A-4) j
gives the net thickness (I,), which in turn (using Fig: A-11) gives an
estimate of the initial thickness (To, Table A-4). For example, the
porosity of the 100 m thick unit F is eat}mated as 0.373 (Fig. A-11) and T .
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= (1 —-0.373) * 100 m = 63 m (or 207 ft). The dashed line on Figure A-11

shows the initial thickness to be 375 ft (1315 m). Values dérived from ‘the
nomogram of Figure A-13 (bmsed on data from a different basin) are
considerably higher (see Table A-6) which suggests that, I1f available,
local empirical data should be used as a basis for correction. '

Table A-5 1lists the three kinds of average accumulation Fates calculated
separately using eguations A-2, A-3 and A-4a rebpeotivgly. The differences
in rates obtained by the three methods of calculation emphasize the need to
apply rate equations consistently with due regard for assumpitions inherent
in each.

The volume reduction (consclidation, comﬁaction) is difficult to generalize
for sandstone and limestone because sorting, solution, crushing, and
cementation play varying roles and their timing and intensity are unknown.

These reductions are not considered in the present general discussion.
However, they should not be ignored in detailed studies {(Chilingarian and
Wolf, 1975 : Shinn et al, 1977). .

TABLE A-2 RATES OF SEDIHEHT ACCUMULATION
UHCORRECTED . T
uR = IGE— cm/1000 yrs
BESTORED o
(rate of f£ill) Rf = —=0- om/1000 yrs
104
i *PURE" T . -
R = —HN_ 00 -
=0 Tok em/1000 yrs )
T, (1-p) .
or R = —=p=="B2 471000 yrs
é=a  10A(1-g) ¥
where - )
Tp = present thickness _
T, = original thickness ~
T, = net thickness ~

=15-
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POROSITY /o

SHALE CONSOLIDATION

TABLE A~3

CORRECTIONS FOR COMPACTION

6 = porosity z = depth in kilometres

A. Hardenbol et al (1981).

0.7 : O

1+z

6(z)

shale

6{z) g = 0.38 exp(-0.05 * z)

Carbonate : Micrite -~ 65% shale + 35% sand.
Grain -~ 30% shale + 70% sand.
Reef - 100 % sand.

B. Falvey and Middleton (1981), Falvey and Deighton
(1982)

1

1
— = = 4 kz (:)
%2 4

8 e (b

Shale
Sand
Silt

O

0.7 2.43
0'4 1.20
0.53 2.18

an we ag




”
A

;_l
\.!
L!

3

AVERAGE UNIT ¢ AVERAGE UNIT ¢
| pepTH DEPTH ,
¢ | METER [ PER | PER | PER ¢ | METER | PER | PER | PER
SoM | 100 M| 200M son | 100 M| 200 M
430 0 — 730 155 4= 2000 e e
Soe ses , ] 151
436 : 4384 148 — . 1483
4265 3 7485 | 1ac0
2070 | 4170 , a3 | !
400 —— 200 : 142~4—2200
: 3920 oo . 1405 | 1200
37901 ¢ 1375 | °
373 3735 136 ——. ,1360
3670 345 | 1o
o] 3815 A
351—— 400 130 —}—2400
: 3463 1287
] a5 . 1287 ars
332 . : .3323 25 - .1250
3275 3230 .1238 1225
318 600 —|3185 120250022
3098 188 | 470
S| 3085 .
2974— ! 2973 15 : 14150
':ggg 2890 . ::i”g 1125
281—— 800 —4= 110 —{—~2800—}
2773 o7as ! 088 |
266 '2698 2663 105 -1063 1050
i : 2625 1038 "
7555 2590 1013 102
252 -4—1000— 100——3000——
2488 0990
2423 2355 0570} %8¢
233 : 2393 096 0960
T28601 paag 0950 | goa0
w7) 1206|2300 002320 | 0930
........ 2243 0910
4 S188] 220 pean | 2%
218 : 2163 088 . 0880
s 2135 a0 C0870 | g
2085 2V 0850 |
200—— 084 ~—3400—1=
.| 20614005038 i W
1985 | 2010 = [pezs
.96 e .1963 082 e 0820
7803 1210 i iy
187——1600— 080 —— 3600—}-
1848 | Lo 075 | oo
178 1803 1783 078 | .0785 0780
. 1750 4740 . N L P
1720} ° 0765 | °
170 —1800— == 076 3800—==
640 150 0745 | °7°°
162 L 1623 074 T 0740
e 1585 | 0730 !
155-}—2000 072-— 4000

TABLE A-4 —Shale porosity at increas
Left column indicates porosirty at, 100-

. age porosity for units.50, 100, and 200 m thick.

ing burial défalh (according to Roll, 1974, Table 1).
m intervals. Other porosity columns record aver-
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x ACCUMULATION RATES
wi i THICKMESS IN M CM/1000y ,
o |
; = T, T, Ty R, R¢ R
ml

H| 100 1c0 54 5.00 500 | 270 | .459
1

G| 180 155 BS 750 | 775 | 4.45 | 409
f

£ 100 115 63 1,00 | 1150 | 630 | 373
€

E | 200 220 132 10,00 § 11.00 | 6.69 | 242
d

D] 200 230 139 400 | 460 | 278 | 306

i

[

c| 1s0 180 108 5.00 .00 | a60 | 277
b

B| zo0 255 150 so0 | 838 | 75 | 252
&

A 150 185 116 230
TD '

. TABLE A-5 Thickness and sediment-accumuladon

rates for well units shown in Fig 2-5.. T} is present

thickness; T, is initial thickness; Ty is net thickness,

[ +] c B A
1
b
R jl i Dol Rt
= 7 FRESENY
; #} THICKHESS
g INITIAL
>3 THICKNESS
RESTORED

THICKNESS

8 P-2004 202 | 205 | 210

Z :

z
A'fl(?: 5T | IK2 | IsS

]
J-T'l’,.l 212501 1205 | 1067 | 1015

==

'TABLE A-6—Present thickness, initial thickness, and re-
stored thickness for units in hypothetical offshore welf
(Fig. A<5 Letters across top of diagram indicate time at
end of unit deposition; leniers at left indicate unit, For
example, 2t marker-g time (top of ‘wnit G), unit D was
205 m thick 2nd the o2l section was 1,205 m thick

. Numbers were obtained from nomogram of FigiA-13.
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A.2.1.2 suplications of Accumulation Rate Analyses
A.2.1.25 .lazle Site

Datinz = section while it is being drilled and theperore knowing the
sediaowtotion rates, has distinct advantages for well-site geologist.
Eppiivation of this knowledge depends, of course, on the particular
geologic or technologic questions involved. A few of the more common
well-site application are discussed here.

1. Drill Time Prediction of Ape or Thickness of Deeper Levels. It is

possible to make a prediction of age or thickness sghead ef the
bit. By using equation 2, we can oelculate estimates of the
sedimentation rate and answer such guestions as, 'At what depth
will we reach the top of the Miocene?’ or 'What is the age of the
age of the reflector at 500 m?' For example, assume that drilling
is at 450 m as shown in Figure A-5, and the question is: 'Will the
reflector at 500 m be the expected top of unit D?* We are 50 m
below marker e, and our latest uR is 10 c¢m 71,000 years - the top
of D, by definition, is 2 Ma older than e. Hence, substituting in
equation 2 gives 10 = Tp/(10 *= 2), so Tp = 200 m, which Indicates
that we must drill 200-50 = 150 m before the top of D Is reached.
This depth, of course, is 1000 m deeper than the reflector. Then,
what age is the reflector? Its depth below marker e is 100 m = Tp,
pubstituting in equation 2 gives 10 = 100/10A, 80 A = 1 Ha.
Because e is 5 Ma old, the reflector marks beds that are § + 1, or

¢ Ma old.
2. Estimation of Aze st TD. The same kind of extrapolatior permits an

estimate of the age at total depth in the absence of marker
fossils. In our example of Figure A-5, uR mbove the lowest marker
is 5 cm/1,000 years. Substituting in equation 2 gives 5§ = 150/104
from which A = 3 Ma, and the age at total depth can be estimated
to be 19 + 3, or 22 Ma. In the same way, the age can be estimated
for any particular level below total depth (such as a seismic

reflector). The basic mssumption in these extrapolations i1s that

no change in sedimentation rate ocours below (or above, in casé of
upward extrapolation) the last marker. This i= 2 weak assumption,
but comparisons with nearby wells mey determine its reliability.
Of course, extrapolation across different lithologic or seismic
facies and mcross unconformities should be avoided.

3. Estimation of Time Spen of Missine Section. A third application 15
to estimate the time span of missing section ('hiatus’ of Mitchum

et al, 1974, Vail et al, 1974, 'lacuna’ of Wheeler, 1958). The age

by
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of beds directly above and below an unconformity rarely is known
precipely from marker fossils. Rather than simply guessing at what
the magnitude of the unconformity might be wit hin certain
reasonable limits, we now can calculate an estimated’ age at the
unconformity by extrapolating uncorrected rates of sediment

_acoumnlation (uR) downward &mnd upward, respectively, from the

pearest markers. Because of an unconformity at 700 m in the
section of Figure A-5, the average rate of spediment accumulation
for unit D (as given on Table A-5) is quite meaningless. What to
‘do about it? An unconformity can be considered as the record of &
geologic event. Thus, the section directly below an unconformity
most 1ikely was part of the sedimentary regime that prevailed
prior to the event, and the section directly above an unconformity
was part of the ssdimentary regime that established itgelf after
the event took place. From upward extrapolation of the uncorrected
sccumulation late (uR = 5 cm/1,000-years for unit C), the -age at
the unconformity is 12 — 2 = 10 Ma derived from gubstituting in
equation 2,5 = 100/10A, A = 2 Ma. From downward extrapolation of
uR (= 10 am/1,000 years for unit E), the age at the unconformity
i5 7+ 1 =8 Ma [10 = 100/10A, A = 1 Mal, Hence, 10 — 8 = 2 Ma 1s
missing.

If more wells have been drilled in the area, we may, for example,
kpnow that elsewhere the age =span 7 to 12 Ma is missing, &nd
somewhere else 7.5 to 9 and at the third location 8 to 10.5 ete.
By oombi ning this information, we can obtain an idea of when the
event that caused the unconformity took place. In our example
(Fig. A-14), it occurred about 8.5 Ma ago. Irregularities in the
time span of the gap, like those in Figure A-14, may suggest that
we sare dealing with a tectonic event. To the contrary, one would
expect & lacuna to decrease regularly in an offshore direction,
suggesting that the event iz a downward movement of base level
(Barrell, 1917, Eicher, 1968) owing to a eustatic drop in Bsea
level or other oeuse. Graphic extrapolation of such a situation
mey give a sharper estimate of the timing of the event (Fig.

A"'IS) .

4. B _gﬂ@wwﬁﬁiﬂ&w Once the age of an event

is  Xknown, we can estimate the amcint of removed section
(*erosional hiatus’ of Mitchum et al, 1974, 'erosional vaoculty’ of
Wheeler, 1958) by extrapolation of the pre—unconformity
acoumulation rate. He saw previously that in the case shown in
Figure A3, sedimentation continued until 8.5 Ma ago, that is 3.5
Ma safter 12 (marker o) Where uR = 5, 3.5 Ma of deposition will
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FIG: A-14 —Comparison of calculated estimates of
missing section at varjous Jocations in one area. Such
comparison permits reliable estimate of timing of event
causing unconformity.
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FIG A-15 _Derivation of time of reversal in downward
base-level movement that caused unconformity of ba-
sinward-decreasing magnimude. Drawing line a as
boundary between erosional and nondepositional hiaws
2ssumes that base-level drop occurred within limits: of
time-stratigraphic resolution and appears as “instanua-
negus:” line & assumes thar base level moved downward
and upward at about same rate: first assumption geaer-
ally is preferred (Frazier, 1974; Mitchum et al, 1974).
Wheeler (1958) used terms “lacuna™ “hiatue” and
“trosional vacuity,” respectively, for hiatus, nondeposi-
tional hiatus, and erosional hiatus. Broken lines at right
of wells are extrapolation.
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have resulted in 175 m of sediment accumulation, calenlated 5
! Tp/(10 = 2.,5), <where Tp = 175 m. Of this 175 m, 100 m is now

preserved — consequently 75 m has been eroded.
. a

! 5, Tdeptificstion of possible Eustatic Sea Level Chapees. If an &abrupt
change in water depth occurs in a section, the procedure of point

3 can be followed downward and upward toward the break. Such a 3

! paleo—waterdepth break most likely records an eustatie change in
gea level if no time gap is found - 1t could or could not

! ' represent such a change if an unconformity is present.

Exemples 1 to 5 are spplications at the well site where the initial
thickness (T,) or net £hickness (Ty) cennot be determined because
sandstone/shale ratios and shale porosities are unknown and uncorrected
s rate values (uR) must be used. This procedure 1s not & inaccurate as it
may seem, because in each case the rates are extrapolated from one unit
~+40 dits adjacent unit only - hence, compaction differences are mostly
*minor and errors tend to be mmall and irrelevant with respect to the
accuracy of the method. The same holds for reglonal comparisons of uR's i
of =imilar formations at more or less equivalent burial depths, |
slthough in these cases the use of corrected values is more approplate.
Corrections for compaction are imperative, however, in other regional

! and in general applications.

[P S

A.2.1.2b Reglonal Interpretations

1. Rate—of—fill Contour Maps. Contour maps of rate-of=£il1._(Rf) values .
outline depocenters and other trends in the depositional A
environment for selected time intervals. Rate-of—-fill maps have an |
advantage over Isopach maps because a correction is made for
distortion caused by regional variation in purial depth of mapped
units. - Rf values, however, are unit—-thickness dependent, so that _
R(g=a) has to be used to compare information on units of widely
different initial .thicknesses. Lithologic variation further
complicates the piocture. Thus, an &area where initially =&

' relstively thin but sandy section was deposited may appear 28 a

'thick' on an R-contour map if the unit is less sandy elsewhere.

2. B-gontour maps independant of tiwe and space. An R-contour map,

therefore, may be similar to & sand-percentage map. The R map has
the sdvantage that even though no =and is detected, trends show up
that may lead to discovery of sand outside thg mapped area.
Further, =an R map of, for example, a reservoir time-stratigraphic .
unit from offshore Louisiana can be compared dlrectly with one




]
from Nigeria, regardless of differences between the two regions in
'age,‘thiekness,or sand percentage, ) :

mw_mm_mml_mmg The corrected average

'rate of aediment dcoumulation (R) is a meaningful sedimentary
. parameter for “general studies,- For example, in order ‘to improve
predictions on the presence of source rocks - end their possible
" yield, one could ;nveétigatq"relations between hydrocarbon scurce
potential (emount and type of organic matter) and accumulation . -
rate of -shales. (Rogers and van Hinte, in press). Or, for example,
regional R maps for large time slices ocan be oompared with
. hydrocarbon ocourrences. Depending on results of such studies, R
' may be recognized as a useful parameter in quantitativa assessment .
techniques.

3

In any case, R is a highly informative number that should be _considered
‘ in the description and classification of sediments, It ranges from 0.1
~ om/1,000 years for red, deep—sea clay {Berger, 1974) to several meters
/1,000 years for some deltaic deposits {eof. Fig. A-9). Anomalously low '

_ average numbers for a certain kind of sediment suggest the presence of
unconformities — anomalously high numbers also can have important )
geologic implications that one might not recognize otherwise. E :
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A.2.2 SUBSIDEHCE RATES ' f
4.2.2.1 D2;9rm1nﬁLign_gr_ﬁnhﬁigsnsg_ﬁétgg

Assume that during -he past 2 megayears the waterdepth did not change at

the 1location of Figure A-5. This would mean that in order to accommodate

0 T
N ‘1.’%1‘7%%

the sediments of unit E, the site must have subside 100 m with respect to.

sea level, If, however, shoaling or deepening had oceciurred, the amount of
subsidence would have been, respectively, less than or greater than the
sediment thickness (see Bandy and Arnal, 1960). What holds for the amount
of subsidence is also valid for the rate, which can be written as . '
*Rg’ = 'R' - éiE—i—El om/1,000 yrs. Eqn (&-5)
104 ' .
in which W is the change in water depth, and E 18 the eustatic sea-level
change during deposition of the unit. Deepening from 0 to —50 m would mean
that W = —=50, in the mame sense a eustatic rise in sea level of 20 m would
make E = =20,

In the preceding example 'Rs’ is 5 cm/1,000 years. That is, during the time
of deposition of the unit, its base went down (subsided) at an average
velocity‘or 5 om/1,000 years. To obtain a comparable subsidence rate for
older units, the thickness prior to compaction, or ini®al thickness To is
used.

To — AW + E) A(W + E)

1ok = Rf - =55 om/1,000 yrs. Eqn (A-6)

RBO -

Use of present thickness (Tp) for units other than the highest one would
give uncorrected rates that are lower than Rsg:

T, -
uRs = =AW E . p ME2 B0 000 yrs. Eqn (4-T)

10A 104 -

Subsidence at or near the surface is not oaused exclusively by subcrustal
forees but ircludes the effects ©of loading: (1) compaction of the
underlying =section ('pseudosubaidenée' of Roll, 1974), and (2) isostatic
adjustment. The oalculated Ra, value, therefore, applies only to the base
of & unit. Deeper levels at that time subsided at a slower rate, because
lower section was being less compacted, and higher units, of oourse, did

not exist. The ocalculated uRs value 3is the rate at which sll levels

subsided during that time and is ‘’cofrect’ only if the entire section
consists of noncompastible sediment: Fortunately, more and more empirical
compaction data are becoming available for estimating the subsidence _.rate
of =any ohosen level in a compacting section (Rs,). Enowing the compaction
also allows for distinguishing the ’'tectonic’ subsidence rate (Rp), which
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TABLE ‘A~7_Different *‘average rates of subsidence”.and average rate of compaction. Numbers needed to
caleulate rates [or hypothetical well shown in Fig A—-5. are given. T, =present thickness; T,=initial thickness;
W=change In water depth: Eweustatic sea-level change; Amduration of unit; uRs=uncorrected subsidence
rate; Rs,=initlal cate of subsidence; Rsqn=rate of subsidence at base of section: Ds=burial depth (=X TR, in
which TR Is restored thickness); Re=rate of compaction, Ages at unconformity in unit D are dls::usscd in
paragraph on apptications of scdlmcnt accumulation rates. .
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méy bs entir.iy a result of isostasy or of isostasy together with other
basement—involved -and/or basement—uninvolved struecturlng.-

For oxzuple, Table A-6 gives, step by step, the loading effect of the’

dapesiiion of each new unit on the section below it. The estimates are made
using the nomogram of Figure A-13 and assuming 100% shale. We now can read
the restored thickness (TR) for any part of the sectlon at any of the
marker times. For example, 5 Ma ago, at time e, unit D was 230 m thick
(TRpe = 230 m), and the entire section at that time was 155 + 210 + 160 +
230 + 260 = 1,015 m thick ( TRy = 1,015 m, 1 = a through e). That is, this
is the depth of burial of TD at time e, or Dqp. The actual subsidence of =n
particular level (n) can be expressed as its increase in burial depth minus

the water—depth change, so that

ADp — A(W + E)p

T om/1000 yrs Eqn (A-8)

'RBn-

'Rate of subsidence® stands for- ‘average rate of subsidence with respect to
sea level' if E is excluded from the form, and for ‘average rate of
subsidence with respect to the geold’ if E is included in the form.

Differences between the subsidence rates for a particular unit are
significant and have to be taken into account, as shown in Table A-7, which
1lists the uRs (uncorrected rate of subsidence), BRs, (initial rate of

subsidence), Rs, (rate of subsidence of level n), Re (rate of compaction

during =n interval), and the data needed to calculate these values.

~
RBrp is -the tectonic rate of subsidence (Ryp) 1f the bottom of the well is
in basement, but usually Rsqp results largely from compaction of sediments
underlying the penetrated well section. In that case, one has to make an

assumption as to the lithology (shale percentage) and thickness of -the
underlying sediments in order to calculate an estimate for the tectonic

subsidence rate. - .

- Ry = Rep ' Eqn (A-9)

rbr B = top of bﬁsement or top of compacted section, or

Ry = Koy - pRs, "« Eqn (A-10)

in which pRs is the rate of *pseudosubsidence’ or compaction of the seotion-

below n.

The rate of compaction (Ro) for any uni% at any chosen time can be
caloulated from data like those in Table A-6. For example, during the 2 Ma
of deposition of unit G, the thickness of unit.B decreased from 205 to 202
m, that is, 3/(10 * 2)= 0.15cm/1,000 years {Rc = 0.15). During the same
time, unit E shrank from 225 to 205 m, that is 20/(10 * 2)= 1 ¢cm/31,000
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years (Re = 1). _ é

TR, - . -

Re = —n-.TPn=1 onyi000 yrs . Egn (A-11)

104

hence -
TR,, - . =

pRs = —fn= TRa=1) on71000 yrs Eqn (A-12)
; - 10A —
In the absence of data on the section below TD, uRs and Rsqp values can be —

" psed to estimate Rt. For the older part of the section, uRs is smaller than
Rsqp, the basal units being thinner tban they were at earlier times, For

} the younger part of the section, uRs is larger than Rsqp because the
compaction of the section below TD becomes lesa Iimportant whereas -the _
thicknesses of the younger units on which uRs is based increase. Below the

<~ poizk wiivs uREIRByp reverses and uRs<Rrp, uRs 1s the best eatimate for R,

D T

e . . eaynzIas Yo the section younger than the reversal point, Rs.p; is the best
estimate. If drilling continues, that is, deeper section is being drilled, .
the reversal point will move down (get older) until it reaches a level
where compaction is complete {or basement is reached). From there down,

Remp = RT.s
The average rate at which each unit of Teble A-7.shrank during the last 2
Mz (i.e., during deposition of unit H) is shown in the table. Unit H also —
compacted during its deposition, and the numbers in parentheses are based
on the sssubptions thﬁt present average porosity of the unit 1s 50% and
—remmsmeani—— that -porosity of the .upper-inches was 80%. For this 100% shale example, it
is obvious that Ro decreases with depth. In nature, variation in shale per
percentage can be the reason that the deeper units of a section compact at

a higher rate than-the shallower units. .~

- In summary, five ‘'average rates of subsidence’ are distinguished:

1. R8s, during an interval is the rate at which the base of its rock
record subsides - - - _
2. Rs, during an interval is the rate at which an older level n

subsides - . \ - -
3. uRs during an interval is the rate at which all levels of a -section

would side if no compaction took place -
4. Ry during =an interval is the rate at which the top of the fully

compacted section or of basement subside - . !
5. and pRs during an interval is the rateat which a level subsides §

) because of compaotion of the older seotion. -

4 mixth rate, Re, is the rate of oompaction of & unit as & result of
loading by & later unit.

-—
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These rates are tabulated in Table A-8 and presented diagrammatically in
Figure A-16.

A.2.2.2 JApplications of Subsidepce Rate Analyses

The use of subsidence and compaction rates as parameters has countless
applications in exploration and general geology. The following are a few of
the possible uses.

A.2.2.2a Single pite .
1. Prediction of overpressuring. Noting, while drilling, that

subsidence rates are significantly lower than regional rates is a
werning that drilling is over a dome of either salt or shale and
may penetrate overpressured formations.

A. 2 2. 2b E gional Interpretations

1. z;::i,fa_n_gt_Eﬁgg_g_DigtnihuﬁignL A map of RB, pan be used to
predict facies distribution. Arems with the highest surface

subsidence are potentially lowest topographically and will be sand
prone if a sand smource is avallable. Rs, contours may further
outline areas affected by growth faults or diapirs. Rs, contours
do not necessarily conform to those of sediment accumulation rates

(R).
2. Quantification of Structuring. Estimation of RT values from well data

allows conclusions on magnitude and timing of structuring to be
drawn with unprecedented precilsion. A suite of maps portrays the
dynamics of subsurface geometry.

3. Basement pubsidence vs intra-column deformation. Maps of Ry values

distinguish between regional, basement-involved subsidence =and
ancmalies oaused B; moverents within the mediment column (growth
faults, shale or aalt domes). A sulte of RT anomaly maps shows the
dynamics of such atructures.

4. Cherscterization of Structurel Stvles — Basin Classification.
Subsidence rates are a useful parameter in the characterization
and early reocognition of structural styles and, on a larger scale,
in basin classification and characterization of plate-tectonic

setting.
5. Paleo-hvdrodypamic anslysis. Rs, values give the proper history of

vertical movement of a level.” Thus, an R8s, contour map of &
reservolr sandstone oan be made for a particular time Interval,
Superimposing this map on a paleosurface map {Dn—l + Wp—q) shows

£ o o 7 -
. i - .
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the direction of buoyant flow during that time. i
A contour map of compaction rates (Re)} for =a particular :unit
during 2 aelected (younger) time interval is like a piezometric
contour map. The pattern of fluid movement will have been away
from the high compaction rates and toward the low rates. If

hydrocarbons were present in the formation, then the fluid move

ment pattern will have been the migration pattern. Also, if the:

compacting formation itself were immature, hydrocarbons that came
from elsewhere will have had to travel those routes. &
superimposed paleostructure map shows which structures could have
been functioning aa traps and which more likely were being drained
at that time.

6. Basement Geophvsical Analysis. RT values are fundamental data in

PR s

geophysical (geocdynamic) studies on crustal thickness, disostasy,
and, in succession, on properties and processes below the Moho.

4ol

7. Quuntification of Global Eustatic Changes. Over the past 10 Yyears

B L e

much industry effort has been expended on determining a global sea
level ocurve (see for example, Watts and Steckler, 1979, Hardenbol
et al, 1981, and discussion in Falvey and Deighton, 1982). The
methods used are one of _two main types : via relative coastal
onlap curves (eg., Vall et al, 1977, Haq et al, Science, in press)
: or vie consideration of iaostatichlly compensated geohlstory
curves (eg., Watts and Steckler, 1979, Hardenbol et al, 1981).
While the gross form of the second order Bsea level curve Is

generally =agreed,~-the—peak ~magnitude- of -the -curve---and -the -

frequency (and even existence) of third- order fluctuations is
not, even among Jindividual groupﬁ of workers (compare the
differences between the Exxon versions of Vail et al, 1977 and Bag
et al, in press). Obviously this study is still in an early stage
of rapid development. .

Some considerations of the origin of custatic sea ~level
differences is given in Section A.3, while the relevance of _such
studies to basin modelling is detailed in Section B.4.
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The examples in section A.1.3 dealt with oaloulations made on beds at-
oomparable burial depths and, therefore, uncorrected values of sediment

acoumulation rate (uR) could be used without , significant errors being

introduced. In the second example, the use pf uR and uls (unoorrected

subsidence rate) served the illustrative purpose and allowed for general
conclusions but would have been unacceptable for quantitative estimates and

praedictions. The following example 1llustrates some aspects of geohistory 1
analysis of wells for which lithology and pressure data. are available 80 '
that corrections for oompact{on can be made.

Geohistory diegrams of seven wells drilled in one area offshore Louisiana

(Fig. A-17) are based on marker points that are both fossil tops and

electric-log picks. The uRs 1line {uncorrected subsidence using present
=..thickness)..diverges from the Rs;p 1ine.(ftrue’ . subsidence rate for ID using . .

restored thickness) in the older part of the sectlon &nd converges 1n- the
. younger part, hence uRs and Rsy,, respectively, in turn are the better A
” "'"Z?thfimates for the tectonic subsidence rate Ry, A still better estimate for |
‘t£%¢ tectonlc subsidence can be obtained in the following way. From regional
cremm vt geologie and geophysical- observations, & thick- -gedlimentary section is known - - 5
to be present below TD. Under normal conditions, compaction of an interval '

now 10,000 £t (3,048 m) below 7D would have been practically complete at TD

time — thus subsidence of that interval after TD time 1s & measure of

tectonic subsidence. To obtain the lower Re curves (Fig. A-17), we assumed

“a normally pressured 10,000 £t unit below TD with 80% shale. When the

tectonic subsidence curves were 'smoothed’, three anomalies became apparent

in all wells (vertiocally shaded areas in Fig. A-17). Differences in shape

and size of these areas between the wells probably are due to Inaccuracles

in .the paleontologic conclusions, _ but their presence is real and in our
opinion reflects eustatic changes in sea level., . The first change is in .

order of 700 £t (213 m) — later ones are considerably smaller. _ (The first

change appears too large in Figure A-17 because the ’interpreted tectonic

o subsidence! line has been drawn on large increments, and because the 2.2 Ma

. control point is not well defined and possibly older than 2.2 Ma). The

resolution of our example does not permit determination of the beginning

and end of low or high stands of sea level. Research focused toward that

’ .goal, however, may reveal such detail. Another general conclusion that

could be drawn from this example is that the rate of net-sediment
acoumulation (averasged for the seven wells) during the past 3.7 Ma was 38 E"

L I T

. T

TN TJeE T
.

o

- om/1,000 years, whereas the tectonic subsidence rate.for the same period
. was 51lcm/1,000 years. )

TR T TR
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A.2.3.2 Geohistory of g Contipental Margin

The schematic cross sections of Figure A-18a and b show
tectonostratigraphic models of continental ﬂargins: g passive {or
block~faulted, or divergent, or Atlantic-type) margin in Figure A-18a
(Vogt, 1970, Bott, 1971%, and an active (or compressional, oOr- convergent,
or Pacific) margin with =a trench, an underthrust ridge, and a fore-arc
basin in Figure A-18D (Seely et =al, 1974). The well symbols glve the
approximate drill looations of actual exploration wells. Schematic
gechistory disgrams for these wells (Fig. A-18c, d) reveal at a glance the

merked differences in their geologic histories. ;

ed at a rate of about 20 em/1,000 years during the

1low-water sedimentation more or less kept up with
y Cretaceous &and the Late Cretaceous,

The passive margin subsid
Early Cretaceous when sha
subsidence. During the Jlate Earl
slowed even more. A sudden (within the time equivalent of one planktonic
foraminiferal biozone) rapid subsidence occurred at the end of the
Cretaceous-beginning of the Tertiary, followed thereafter by only slight
r -simply filled with sediment. Different
paleontologists may 1nterpret- the paleobathymetry somewhat - differently,
which may change s1ightly the rates and magnitudes of the movements -
however, the general trend is apparent: early rapid subsidence thab’
decreases, then accelerates briefly before stopping. A similar pattern has
been observed in severgl.wella drilled near the edge of the continent,
whereas more landward wells show the same trend but without the sudden
brief acceleration in subsidence. .The subsidence ocurve of these wells
closely resembles tgnat of oceanlc erust (Fig. A-19) except that initial
rates higher (the more BO with more sediment aceumulating) and, if the
sedimentation rate gontinues to_ be high, substantial subsidence ceases
later than would be expected from
the suggestion by vogt and Ostenso (1967), it peems that passive-margin
fault blocks move dovmward only (not up) after spreading has commenced and
that the rate of thelr subsidence depends merely on’ distgncé from ¢the
spreading center (copling) and {mostatic response to loading (Sleep, 1871,
Keen and Keen, 1573). ¥Where gechistory diagrams reveal diversions from this
general pattern, the gotivity of other forces (e.g. wrenching) may be
concluded, or, generally on 2 smaller scale, such diversions may be

gpparent and the result of eustatic sea-level changes.

The geohistory diagra® 18 entirely different -for & well drilled on &n
A-18d). Here, deep-water sediments acoumulated on a

active margin (Fig.
normally subsiding ogeanic seafloor until about 58 m.y. ago when they were

~36-

f:“nsvertheless;«the~sea»deepanadubenausﬂ.B&dimentgtigg:

the oceanic subsidence curve. Confirming.



|- 0 Q

uplifted abruptly as a result of under thrusting that acconpanied
ll subduction (Seely et al, 1974). The rate of uplift cannot be interpreted
from the well data because of a hiatus of 58 to 43 Ma. Three possibilities

exist (Fig. A-18d): (1) uplift ocecurred 'instantaneously’ 58 Ma ago and was

l followed by g period of nondeposition because of increased current
velocities over the new seafloor high — (2) uplift was spasmodie or gradual

ll during the entire period of the hiatus (with & minimum average -rate about
' 10 em/1,000 years), and increased current velocities over the rizing
sealloor prevented sediment. accumulation, or if sediments were deposited,

l they were eroded subsequently - or (3) uplifrt oceurred rapidly but later
than 58 Ma, ang pre-event sediments have been eroded. Whatever actually

cceurred, thew - paleontologic conclusions point out that uplirt

l ‘g.gnderthrusting) apparently took place within a apecific time span upon
which the location had become part of the continent and thereafter subsided
!lﬁ"ﬂ_mhm_Mm__wﬁiﬁﬁlY% under an.inereasing.sediment.load.-The two-younger-hiatuses-in this
particular well {stippled parts in Fig. A-18d) may be the result of erosion

l caused by eustatic sea-level drops or by changes 'in ourrent regime. A

Becond active-margin exploration well for whicq & paleontologic report was
available showed the mame basic pattern.

- The two examples (Fig. A-18) illustrate that gechistory diagrams are useful
for depicting sedimentary history and structural timing. Because the
diagrama characterize tectonic settings, they will be particularly useful

! in boeins having more complex histories than the two straightforward
oo RAPEINE discussed aherer-ARecentm*deveiopments dn’ global'" teatonics  have
I ~emiphasized large—scale horizontal movements &and related the geologic
. history of large areas to their plate positions. It now seems opportune- to
resolve the more subtle vertical movements that are of irmediate importance
to the explorationist, A classification of vertical movements according to

_ their rates will. have predictive valﬁé in undrilled aress of known tectonie
! ' - setting - conversely, geohistory diagrams (see Fig. A-18) ean serve as

_ models from which one can recognize the former plate positions of, for
- example, known Paleozoic sections,
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A.3 CORSTROCTIIOR OF SYRTHETIIC SEISMIC SECTIORS

§j> o

*

- A.3.1 IKTRODUCTIOR — SYROPSIS OF COURSE SO FAR.

Linear time scales are used by exploration paleontologists to establish &
pumeric ochronostratigraphy for marine well sections. Thus they ocan

section deals with a new kind of cross section can be constructed using
isoohrons rather than conventional stage names.

Using modern ¢time scales paleontologists can assign numeric {'absolute’)
geological ages to marine sedimentary successions like those of continental
margins. Adding further quantitative stratigraphic elements — such as
present position with respect to Bea level, paleobathymetry, and unit
thickness — determines the position of the geologic record of . a rock—unit
in space and time. It is now possible to replace much of the traditional
qualitative deliberations on the geclogic history of a site or an area with

- record in & linear time perspective facilitates evaluation of geologic
events and processes because it brings them to proportion. This provides =a
new " and rewarding approach to geology and facilitates the use of a
computer. Figure A-20 shows the four elements that were used in the
“ construction of Cenozoic and Mesozoic time-scales, and now are complemented
by empirical curves such as for sea-level change and 37sr/86sSr ratios which
“ L further improve time-resolution.

This section discusses =a theoretical -example of one application of
q Tesa - ebhistory analysis ‘technigiiés originally presented at”a ~1979 ~meeting ‘of

the Petroleum Cirole of the Dutch Geology and Mining Soclety, and at a 1980
Conference on Ancient Sea Levels at Lamont-Doherty Geological Observatory
(New York). - " - :

1
+

v=w-- 28,2 TIMR-STRATIGRAPHY -OF A WELL SECTIOR - - -

A conventional paleontologic report usually contains the kind of data
summarized in Figure A-21 and Table A-9 for-hypothetical well A. This
information permits the geclogist to make cross sections like the one of
Figure A-22,  showing well A and two other wells B and C. Teday, we ¢an
present this information in npumbers, for the numeric =ages at stage
boundaries =and of fossil markers are known. This is 1llustrated for well A
in Figure A-23 under the column Ma (= Mega-annus or megennium or 1 million

years).

- Recognizing end defining unconformities in wel; seobtions 4is an imporiant
contribution to the exploration effort because unconformities form the
boundaries of depositional sequences that ocan be recognized in seismic

-38- —

. L
. “« 1

calculate estimates for the missing intervals at unconformities. This,

------------ —~unambiguous geohistory-analysis—{Van-Hinte, --1978).--Viewing—the--geologle --m--mms
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-
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only three benthic genera

Fig A=20 . Portion of Cretaceous lime scale showing the four elements used during the past decade in the construction of
Mesczoic and Cenozoic lime scales: 1. units of “relative time scale™; 2, selected foraminileral biostratigraphy: 3. linear numeric
scale derived from first and second order radiometrically dated calibration points: 4. earth magnetic polarity reversal scale. Note
1~—-that average planklic zone spans-88-Ma. that average unit.of combined planktic. and.benthic subdivision spans .64 Ma, thal

(Bol.-Balivinoides. Orb..-Orbitoides. and N.-Neollabellina) are incluced

and that the steady increase in number of epi-auxiliary chambers (E} in Orbitoides makes a conlinuous scale possible (afer

\ian Hinte, 1976; later work suggests changes should be made that are beyond the scope of the present paper).

DEPTH ERVIRCHMENT =

N AGE BIOZONES AND LoG NERITIC {"BATH

e METER ; BIOHORIZONS i I LY
o

_ - ]
-
1500 — M. ARAGONENSIS _
) ! P, PUSILLA S.5.

] S _

j+ 4
. . : |
- 2500 ;
S. TRINIDADENSIS

o ¥ ;37 BOLIVINOIDES W
. i MILIARIS <
- T
- [ 7. ]
N G.CALCARATA .
o - A
[T.D 3430 3 -pFRET ]

+

FIG A=2L Portion of stratigraphic log of hypothatical Well A surnmé,rizing Information usually available for exploration wells:
age. biostratigraphy, log patterns, gross lithology, and an environmental interpretation  (TABLE A-S)
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TABLE k-9 Paleontologic report on hypothetieal well A

DEPTH TOP ENVIROHMENT
top of Middle Egcene
section Limestone Inner — Hiddle
.Neritie
1300 Lower Eocene
Limestone
1550 m Upper Paleoccene Outer Neritie -
(Thanetian) Upper Bathyal
Harl
2050 m Lower Paleccene Upper Bathyal®
{Danizan
Harl
2700 m Upper Cretaceous
Limestone :
and shale Cuter Neritie
2700 m Maastriechtian
3050 m Campanian

Notes : The paleo~log further gives the top of & shallow
water eguivalent of the M. aragonensis zone at 1450 m, =
marker for the top of the M. angulata zone at 1700 n and

for the 8. trinidadensis =zone at 2500 m, the top of

Bolivinoides militaris at 2800 m and the base of G. cal—
arata at 3250 m. No other markers were recorded till TD
at 3430 m. E-log pattern changes occur at 1550 and 2700
m. 2

TABLE A~10 VWhole number numeric age depths and the ages
at unconformities for wells B and C

¥ELL B . WELL C
“hge (Ma) - Depth (m) ~ | *~ Age (Ma) Depth (m)
49 - 1300 49 1300
50 . . 1500 . 50 1525
51 - 1650 51 1700
51.9% 1800 52 . 1500
56 b 1800 x3 2100
57 ) 2000 -54 2200
1) . ) 2200 55 . 2240
58 _ 2300 56 2280
60 _ 2400 57 2320
61 2460 1] 2360
62 - 2500 59.0 2400
62.4 2520 . 69.7 2400
- 69.58 2520 70. 2500 -

70 2650 71 2800
7 - .| 2850 72 3200
72 3100 73 3500
73 3300 TD 73.7 3700
74 3450 .

™ 74.5 3500

— -40-
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CONVENTIONAL CORRELATION -
== imseem e en g 59 Regional Cross sectior through Well A'of Fig A-21

and two other hypothetical Weils B and C showing "com-
plete” section at A and B and an unconformity on a paleo-

high at C.

YIHLE 1-11 - Wsll Record of Palec—waterdepth change.

LITEOSTRATIGREPHY BIOSTRATIGEAPHY
LITHOLOGIC CHANGES: REWORKIKRG
: grzin size,
tarrigencus
mxterial. . time:
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EARDGROUND CRANGE
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1 .
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sections. These boundaries are the primary levels for calibration betwsen
conventional stratigraphy and seismo-stratigraphy, the sequences being " the
basiec mapping units for the exploration seismic interpreter. We should be
alert to detect them in our well blo- ard lithe—stratigraphy. )

One way to go about it is to calculate average rates of sediment

accumulation. In our example (see Figure A-23) this draws our ettention *to
two parts of the sBection where rates are anomalously low and remain low
even 'if‘f__we take & wider.average assuming the boundaries were misplaced.
This éﬁggesta either that there is section missing or that these units
differ from adjacent units in facles. Figure A-21 shows no changes within
the units, but between them changes in lithology, log pattern, and water

depth confirm our suspiclon of an unconformity.

[ )
After recognizing the unconformity we adjust numbers by calculating the
ages at the unconformities (x and ¥y in Figure A-24). This is done by

- 22—

- .. . .. downward extrapolation of the accumulation rate of the nearest unit above
the unconformity {R;, given by markers A and B} and by upward extrapolation
! of the rate of the nearest unit below the unconformity (R,, given by
markers C and D).
DEPTH AGE R. |uNcONFORMITY|FULL
! METER ' Ma cm {10004 Ma Ma ‘s
! o T oo as |
A oso 120 L 4 - 5o
1500 — 2.9 (50.7)
53.5 RSN
' 2.7 L |(s8.6)
- 59 1 — 59
s e yein] 35.0 .
! ‘ ] 60 — 60-
o ‘:--;- *
! 22.5 — (61)
2500 — — 62 l — 62
6.7
2.9 »
: — 68.5 T {67.9) (gg)
16.7° (69)
! 70 — 70
20.0 ; -
- 71 > 71
T.D. 3430 ’ {71.9)
! Fig A-23 . Portion of siraligraphic log of Well A, Same informalion as FigA~21(TBL A-9 ) iranslated in numetic fime {Ma
aler Hardenbo! and Berggren, 1978: Van Hinle, 1876b} and used lo calculale the average rale of sedimant accumulation (A) of
units batween markers. Ages at unconformities and TD, and the depth of full number ages calculaled using B = T/10A cm-ka
(c! Fig 3-24) Calcutatad numbsrs in bracksls. A = 22.5, using 61 Ma lies at 2275 m: 68 Ma and 69 Ma lie at 2717 and 2883
! m respaclivaly, using B = 16.7.
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l extropoiote R, upward _){
i
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o
i
R
i

1

Fig.A—-24 - Extrapolation of average rate of sediment accu- . _
srnuiation (R1 for interval B-A, and R2 for interval D-C) to es-
e _timate ages above {x) and below (y} unconformity. Event that

e b atsed unconformity ended D-C-depositional environment and N
new B-A depositional environment followed: calculation of R
for unit C-B makes no sense. A,.B, C, and D are numeric
ages from markers; T = thickness of unit between markers;
10A= 10 x duration of unit in million years; ka= kilo-annus
= 1000 years.

-
1
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i
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To completg the quantification the age at T.D. is calculated in the same _
manner, and we determine thé depth’of fill number eges assuming-comstant- R -
for each unit and using the same equation as in Figure A-24.

Unconformities are caused by changes in base-level, which are often changes
in sea level, most of which are of a global nature and referred to as
S e nsthey. Past sea levél changes-have been recorded-by man in history—and. - _¥
archaeology. The rest of nature records these changes in geomorphology and ‘
in the sedimeniary strata, as seen in seismostratigraphy, l1litho- él
stratigraphy, and biostratigraphy; Table A-11 1ists some criteria for the
lithologic =and paleontologlic recognition of sea level changes — change in A
rate of sediment accumulation (R, defined above) is only one of them.
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£.3.3 TIME-STRATIGRAPHY OF A CROSS-SECTION ! .

A.3.3.1 Construefion :

Having made calculations for wells A, B and C (Table A-10) we make the 1 Ma g
isochron cross section shown in Figure A-25, At a glance, the section shows :
. areas with high rates of sediment accumulation where 1sochrons are widely
' spaced, and areas of low rates of sediment accumulation-with closely spaced
isochrons. The eross section also gives an  impression of the structural
history and the importance of area unconformities. Such a plot can be ,
expanded to Include l1ithology, paleo—waterdepth, or other geclogle

! informaticn.

meler

1CKX)T A . B C

1500+

! | 2000t &0

25001 62

e s Jood

300069

3500¢F

i
i ISOCHRON CROSS-SECTIO N
[ ‘STRAIGHT-LINE (:()F?F?E:LJ\T1()[Q -

40004 .

}

B!

Fig A-25— Straigh? fine Isochron cross seclion through wells A, B and C (data in FigA-23, 'Tal, A-10'). Interval 1 Ma {ond ;,
1

million years). Note correlation of unconformilies and difterence between high and low rales ol’ sediment accumulation. 52 Ma, .
[ wnd 53 Ma linas between wolls B and C drawn parallel with 51 Ma line, which implies geologic assumption {compare with .

FIGURE A-22 i
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NON-DEPOSHTIONAL HIATUS

§ EROSIONAL [HIATUS

70

& . —

TIME - DISTANCE PLOT

. sl

Fig A-26 - Time-distance plot for wells A, B, and C of Fig A-25 Note choice of 53.5 Ma and 65 Ma as ages lor evenis tnat

caLsed unconformities {Li..-;are with Figure 156 and 17 in Van Hinte, 1978). Interval 1, I, and lil are natural time-stratigraphic
uncs, Nait a1 53.5 Ma in © inarks the only level where a boundary stralolype would ot disrupt naturat time-strakgraphic classr-
ficz=on. Broxen line at 63 Ma drawn at Cretaceous Terniary boundary event,

Mo A =) C ’
50- .ﬁ; E = Ma 1 2 3
Dl : | Bl
A EO.:; :-j - ? - - .l:: ——wae. mE R - :’ E ;_T-';
>k g e z
TR . e ] == =
;o & EB!NII\:I)EDR
" [@1-M NERITIC EIMIDDLE | NERITIC [
CM-O 'NERITIC A = OUTER
B BATHYAL ]

Fig a-27 = Columnar tima sections of wells A, B, and C of Fig A-26and of hypothetical walls 1. 2, and 3. Column shows
dezasiticnal envirenmeants and prasence or absence {vertical signature) of sedimeniary racord. Nustrales that analysis of un-
conlormities is slementary In unraveling geclogic history, and that comparison of raal examples with cycle chan of Vail and
M:tchum {1979) is most instructive. A — Uppar conformity is regular sfiect of sea level drop, C is most basinward wall, Lower
urconformity suggests reversed basin pasition and.or C is at paiso-high in lerger regional setling. Knowledge of regional ge-
ology neeced for further interoretation. B — Completeness ol Well 1 indicates that unconlormity has been overiooked in
shatiow-watsr section {probably quils common in literature). or implies strong differential movement batween walls 1 and 2
curing time of hialus.
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SEQUENCE STRATIGRAPHY DEPOSITIONAL MDDEL
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LEGEND
SURFACES - SYSTEMS TRACTS
! {58) SEQUENCE BOUNDARIES - HST = HIGHSTANDY SYSTEMS TRACT
(SB1}=TYPE 1 TST = TRANSGRESSIVE SYSTEMS TRACT
(5B 21 = TYPE 2 LSW = LOWSTAND WEDGE SYSTEMS TRACT
(CLS} DOWNLAP SURFACES Wl = rcaeed vakey fil
{mis) = maxirwmn fiooding surisce POc = prograding comphex
fiis] = op fany srince - icc = jeveed channe! complex -
fris} = top Mvwed channel mutace — 1SF = 1OWSTAND FAN SYSTEMS TRACT
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Figure 328 Sequence-stratigraphic concepts. )

(from Hag et al, 1987 )
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*  The magnitude of unconformities i{s better i..ustrated in &* time—distance .
! plot (Figure A-26), which uses time instead of depth as an ordinate. Again, "J

‘you can add lithology, paleo-waterdepth or other geologic~ information, or -

* . ap ipterpretation of the age of the-event that'icaused: the unconformity. _

! . T Figure A-27 illustrates some applications of.this approach. LY 3 .
Py - " . IS4 ; o :r' . - » :_'-P! * *"‘5‘
i 2 ? o™ ' ) - :'T“‘;'
£.3.3.2 mgligatiogs e B _}“

Figure A-26 resembles figures published by Mitchum, Vail, and Thompson
Science in press, Fig. A-28)

(1577, Figure 1b, p.54) and Haq et al (1987,
which illustrate the nature of the depositional ksequencaa recognized 1n 3
.seismic sections.g They,. Mconsider that ] seimic section to be an image of 111

LEhe time—stratigraphie depositional pattgrn. vrimary seismic raflecuions “
i Riwa.re genara’cedx by physical surfaceswina \;Pgﬁgogks consisting mainly of “‘M af
M‘,,stratal ,(bedding) aurfaces and unconformities : with “_YElOGitY'dGHSitY ey
- T contrasts..;. . the Lzresulting seismicr ’aection is Qe record of," .the, \Jfﬁ“

« T oY .
t depositional and»structural pattarns and notﬁpa.“racord.wwﬁ

(- .

£ o

1 it

Tl .

e chronost:?tigraphic’
. veec OF the_mvtime—uransgressivg lithostratigraphy (Vail and Mitchum.
- 1 N 1 LIS ; . . B . " ﬂ‘
! 3 ‘ 977 p 5 ) atde 4 'a : . E:mJ ;‘.. iy w, - A‘N‘« \'“zfé‘zi b 1:»"?( “4*"-'

“In our cross-section of wells A,“B and C we are locking at the same natural

s s et time—stratigraphic-units. .Jt~just .so happens that’ stratigraphic resolutions:'wfg,‘
"#  from modern seismic data and from fossils match and are sufficient to'"read ;
the sedimentary record of the effects. of:sea—~level changes. The improving N

“ 4 ohronologic * resolution %of--the geologic time—scale has surpassed the ;.‘
frequency of eustatic changes and now allows for the distinction between . *

(- (.

ks

Tk » P ..r_. "3 e P

!“"““’"‘ % ~frdividual eustatic events. s s e
v 4 ‘Tn most geologic settings, bioehronosﬁratigraphy may _only separate the ::Z'ﬁﬁ
R ! T
!l . Tnx megasequences, and paleobathymetry and 1ithofacies 1nterpretations gre - &y\f
‘ : . DeCessary, to rurther identify individual sequenoes. ' The present techniqua o

[ I TR 0 %
“““”“‘”?““*“'“*‘may prova “to~ be'effective in»

gxr‘

handling suah information andﬂto .achieve:. ._ﬂxﬂww

l!.}xslbd&wv ¥A,,ét..

!l o fgW. T9: 1. better regional age calibrations for. sequences racognized on-seismic

Lt - Blad # " gections frpen fpodier d0om ﬁnif**g*,%ﬁti faothndoomoow.
!I TN Y u g, a correlation of regional seismostratigraphy"to%?the Global {;Cycle *
= i  Gfe Charts ofg'Vail “#'and { Mitchum *'(1979) ‘pnd Haq et al’ (1987 in: press),
sl f.their dooumentation ‘and modification’*—iﬂand s their - uses; for .accurate i
do £i. ¢ time-stratigraphlc prediotion‘in ‘undrilled arsas.— and, 7= Cdukg '
. Wit 39030 g better! “understanding - of: the eustacy .that oauaed the sequentizl -
. 3 depositional pattern. g . » )
ces with the relstive. time—scale
fact that a number of :
conventional stages. - i%

——

é“

3 -

(N . (.

A better correlation of the seismic aequen
(points 1 and 2) is needed. This is suggested by the
the units given on the cycle charts do not match the
Yet they should, for more than a bundred years ago d'Orbigny defined the <™ =

R A
" -
-
.
.
P
i
1 1
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£ - stages in precisely the same terms, namely .. unconrormity bound unite .
As; & student of the catastrophist Cuvier, d°' Orbigny‘(1850 -1852) =zt that
time related his 5tage boundaries (unconformities) to, global =sea level.
changes (floods). At the turn of the century, Suess (1908) introduced the
. tern eustacy to name this cause for Stage houndaries. ¥hether Improvement
. of . pumeric ages is most needed for the ‘seismic sequences or for the old
;. otages is a question of moving the matching problem.

A bAcnery

- -
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A.3.4 EUSTATIC SEA-LEVEL CHARGES B !

T

"
*

" g W3 e > i

Observed relative changee of .Bea—level result from eustacy, sediment supply
and vertical movement® (Figure A-29%a),_ a" fact which complicates the
determination of eustatic rates and magnitudes, Figure A-29¢ classifies -
possible coniributions to vertieal movement invelving the crust or just the
sediment column. For most,. mingle, well.wdata sediment supply  can- be
caleulated (pre eompaction thickness), but it is impossible to separate,
with any degree. of certainty, the eustacy“eignal from the mixture of 1loeal
vertical movements. The present cross"section technique, however, allows
distineticn of relatively igh frequency-low amplitude eustacy from low.
frequency high amplitude reglonal vertical movements. Of course, this does

ER TP TS P

TR AT SR e Y S M s

+ geoidal, thermsl eustacy, .the effect of an extra terrestrial body (large
and hot) hitting the ocean from outer epace,' or the consequence of
i deeeicating and refilling basins. - ‘L T .

b R E—— ¥

J
H
t x I" ;a‘
; P - i, o e
- - ®
’ :

»rd o P . . ) wr“ ] ;
gu‘rhe-«wisochron‘r-er'oss-—section"-'or-’*Figure*A—zs ‘ds- red;iwn in Figure A-30 but
Evﬂgnguith more natural, -curved lines. Ve -can,PTEpﬁlyk gaeismostratigraphic
i terminology to the . baae and  top, of our unite.”including onlap, toplap,
downlap, eto. This produces an image of the time stratigraphic depositional
and struetﬁral pattern similar to a seismic section. *In this manner our
? well- data aesiat geophysiciets -in dating eequencee andfoorrelating through.
i cer 2 bad data .areas. Probleme .with7"a alackkmof~rcontr01§ points to handle -
g,unconformities (Figure .A-31) are unavoidable, however. Paleontologic data

E do not provide answers, and the, intarprete; muet= e~~ guided by his ideas

¥ ‘2
.

;. j.mbout local geology and the nature of_ the’ event causing the unconformity.
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Eusvasy c¢an be caused by changing:

=
=
@

I, AMOUNT OF FREE 3B4 WATER
IT. TOTAL VOLUHME OF WATEER
1T, SIZZ OF CONTATN”R

IV. GHAPE OF SURFACE

Heture of dsduced eustasy

2. LOW FREQUENCY
b, HIGH FREQUENCY :

Possihkie mechanisms

Glacio-eustasy ice-volume fluctuastions Ib
Limno-eustasy fresh water volume fluctuations iz
Halo-eustasy empty/fill szlt basins ITib
IPS~custasy intraplate stress fluetuations Ii b
Tectono-eustasy average age ocean floor, =s.o0, Iiie
Gecidal-eustasy geoid fluctuztions Wa
Thermo-eustasy average seawabter temp. fiuctuations irs )
Cosme-edstasy catas»wonh1c evaporation b
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Fig2-30 ~ Synthstic sslsmic section through welis A, B, and C of Figh-25 Naturally drawn isochrons [ a) maka 2ppli-
szability of ssismostratigraphic terminology obvious { b}, I A, B, #nd C were real wells, | through Il would be supersequernces
rathat than sequences. . ' .
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LEGEND: C~CONCORDANCE, O-ONLAP, To-TOPLAP, Tr-TRUNCATION

Figa-31 - Pitlalls in conslruction of isochron cross section on deplh-distance plol (ompate with Fig A-25, Fig a

shows full Ma levels found in seclions A and B with straight line corvelations of-common ages giving isochrons at 1 Ma intarval -
and leaving part of drawing unfinished. Stratigraphic section is complets at B, Figures b through | illustrate dilerent ways to -
“Rinish drawinig; each comigiletion having diflerent-geologic implications. Knowledge-of régional-geology-and of.depositional €W . sy e, e
ronmant af seclions, and use of Cycle Chart ol Vail and Mitchum (1979), will assist in reaching an independent conclusion lo '
be compared with seismic data, : £ 1 .

* t -

A.3.5.2 Applications _, - :

Our approach may zlsc solve conflicts similar to the one shown in Figure
A-32. The séismip seotion and its interpretation are taken from Mitehum,
Vail and Sangree (1977, Figure 3, p.120). The upper line drawing shows the
seismic interpretation which suggests a .substantial hiatus at the -
unconformity. -Yet, the paleontologist who reports a ‘complete section' ecan
be right, as illustrated in the hypothetical 1 Ma isochron cross saction of
the lower line drawing. This synthetic seismic suction is drawn on the same
scale as the seismic section .and shows lower resolution where sediment -
accumulation rates are high (20 cm/ka) but- higher resolution where the
rates are low (1.25 cm/ka). The bundle of 10 isochrons (left)} corresponds
to a complete section where a thick seismological pencil would draw &
hiatus. This pseudo-prcblem arises in work on and near continentel margins -

-51-

)
)

g g asa a2




-

R L T e

o R A i

iy

AT W W A i

V
3
G

1
i
3
E
]
i
i
!.

WSS

e e e g

AR Ty i LT

e B e e e L

A T T

DA be? T Sp g Sy el ol A

P Tt L Lk

Flg: A-32—~ lNustralion ol scale problem hampeting communication betwesn dillerenl exploralionists, Seismologisis lind un-

tologists lind no hiaus, Seismuc seclion  {a) and interpretalion  {b.c) aller '
Mitchum, Vail and Sangree (1977, Figure 3). Synihetic seismic section  {d), drawn lo scale with isochron inlerval ol 1 Ma. R
= Bverage rale of sediment accumulation; numbars are in cm ka. The isochron seclion is hypothetical and, in lacl, quite

conlormity wilh missing section, whareas pale

unrealistic as one would rather expect such low accumulalion ralas in a downlap selling,
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where low, pelagic sediment accumulation rates are not uncoemmon.

Synthetlc seismic sections show chronostratigraphic depositional patterns
oimilar to the seismic record. The geochronologic resolution of isochron
ercsd sections is normally higher than that of seismic sections, so it can

be wused in the calibration and interpretation of the seispic record and in -
‘its extrapolation in "bad data' areas. The depth-distance sections portray
sediment accumulation rate patterns and .form 'a usef base to plot .
parameters such as source and ‘reservolr facles and geochemical and
geophysical data. The numerie stratigraphic technique 1s particularly ’
useful to oontinental margin explorationists where marine microfauna aid
its =application. With known vertical movements of a passive margin, the
method deteots sea level changes (that determined the sedimentary pattern)
and local anomalies such as salt or shale movements.
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= PROBLEM 2

We drilled well A and got the following information from paleo:

depth top environment

x m Middle Eocene limestone -

1300 m | Lower Eocene limestone Inner-Middle Neritic

; 1550 m | Upper Paleocene marl Outer Neritic-Upper Bathyal
2 (Thanetian) ‘
2050 m Lower Paleocene marl Upper Bathyal ;
(Danian) ' |

2700 m Upper Cretaceous limestone
and shales

Outer Neritic
2700 m Maastrichtian
3050 m Campanian — i . o

From the paleo-log we further read: the top of a shallow water
equivalent of the M. aragonensis Zone at 1450 m, a marker for
the top of the M. angulata Zone at 1700 m and for the S. itrini-
dadensis Zone at 2500 m; the top of Bolivinoides miliaris is
given at 2800 m and the base of G. calcarata af 3250 m. No
other markers have been recorded till TD at'3430 m. E-log pat-
tern changes occur at 1550 and 2700 m.

a. Complete the attached figure by drawing Stage boundaries
and unconformities.

b. Mark in the Ma column all numerical ages you know and cal-
culate an estimate for the ages at the unconformities.

c. Calculate the depth for all other whole number numeric ages

-

between 49 and 72 Ma. .

Use Paleogene and Cretaceous reference schemes.
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Problew 2. °  Jolution.
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PROBLEM 3

In addition to well A of problem 2, wells B and C were drilled.
The attached cross—-section is a conventional correlation between
the three wells. Like we did for well A of problem 2, a friend
extracted the following whole number numeric age depths and the
ages at the unconformities from the paleo-reports on wells B and

C.
Well B Well C
Age Ma depth m Age Ma depth m
49 1300 49 1300
50 1500 50 1525
71 51 1650 51 1700
51.9, 1800 52 1900
560 1800 53 2100
~ |57 2000 | 54 2200
58 2200 55 2240
59 2300 56 2280
60 2400 | |57 2320
61 2460 | |58 2360
(gg%&% 2500 59.0 2400
62.4 2520 69. 2400
<§§j§§ 2520 <§g:5‘ 2500
70 2650 71 2800
71 2850 72 3200
72 3100 73 3500
73 3300, | TD 73.7 3700
e b 74 . 3450
g TD 74.5 3500

a. How would, you draw a cross—section correlating the three

wallisg?

‘b. Draw a cross-section with isochrons at 1 Ma interval and
depth as a vertical linear scale. Use attached frame.
c. Apply seilsmostratigraphic terminology on-your section

‘(onlap etc.).

d. Draw the cross—section with linear time as vertical scale.

Use attached frame.

e. Compare your results with the conventional cross-section.
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Geohistory Analysis Workshop
CARACAS, November 10 - 12, 1989

Friday November 10,

09:00~Introduction

09:30
10: Q0

12: 00
1%3:00
13:30
14:00
14:30
15: 00

17:00

Basic principles and techniques of Geohistory Analysis

Exerclse No. 1
Computer solution

Lunch

Exploration paleontology: a dabta base of biosignals
Paleobathymetry

Time~scales ) -
tea/coffee

HC' exploration applications -
Compaction correction

Stripped basement vs sediment movement
Temperature history

Computerized applications

End of day 1.

Saturday November 11.

09:00
10: 00
32:00
13:00
14:00

16:00
16:30
17200

Stratigraphic: record of sea level change
Exercise No, 2

Lunch

Unifying stratigraphic concepts

Exercise No. 3
Congtruction of synthetic seismic section
Computer solution

Conditions for Geohigtory Analysis
Wrap-up and general discussion
End of day 2.

Sunday November 12

09:00

~ 17:00, Discuss delegate's case histories either in
class or individually.

Jan E, van Hinte
Amsterdam 6/9/89
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[SEA_WATER

G. truncatulinoides

(complete)

b

G. menardii -
siakensis

G. fohsi s.1. -

G. peripheroronda

P. glomerosa -

G. insueta’

C. stainfothi -

C. dissimilis

G. kugleri

G. cilpercensis

G. opima opima

G. ampliapertura

C. chipolensis -
¢ P. micra

G. ~errcazulensis
G. semiinvoluta

T. rohri'
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AGE

Prablem 1.  Step 3.

|z -.[.2

A R WD Ay RS
100 0 : 100
. 2 400 : 2.6 15.4 . 0 5.4
500 2.6/(11) —(8.4) {0) 100/200 100 (1.2)—
' 200 (2) (10) 100 (5)
700 I 13 300
300 . 3 10 200 3.3
1000 — .16 : 500
400 . 2.5 16 200 8
1400 18.5. 700 :
. 600 4 15 -300 22,5
2000 22.5 i 400
" 400 1,5 27 900 -33
2400 24 1300
100 - 2 .5 ~300 20
2500 26 1000
400 4.5 8.8 -200 13.2
2900 30.5 800 :
i 200 1.5 13,3 -400 40
-3100 - 32 400
200 : 5 4 -100 6 |
3300 - 37 300
_ 400 3 13.3 ~100 16.6
. 3700 ) 40 200
“ 900 (6.8) (13.3) -200 16.2
4600 (46.8) 0
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" Given:

Asked:

*Paleo summary well No. l.

PROBLEM 1

S i
MR A e N

1) the average rate of sediment accumulation for each unit of
" well No. 1. Ro. ‘
2) the average rate of subsidence during éeposition of each unit
of well No. L. Es' No correction for compaction, isostacy or
- eustacy.
; top m
unit i
base n o
, NN ‘emfka T, = R, . 104 PR
i LE9‘Ai i it i i~ 10 Ri
Rs_ = Ti B} dWi ,= R. = EEE cm/ka
n lOAi i- IOAi

T = thickness in meter

A = duration in millions of years
de- change in waterdepth in meter.
R and Rs in cm/1000 y, or cm/ka

3) construct a "Geohistory Diagram" for well No. 1.
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PROBLEM

1

.

Questions 1) and 2).

Step 1. Determine WD at marker levels, wmark with solid triangle.

Btep 2o Mark numeric ages from standard references

Step 3. Tabulate data. -

Step 4, Calculate R,

Step 5. Calculate ages at unconformities and/or TD.

Step 6. Calculate Rs. )

Question 3).

Step 1. Draw convenient scale.

Step 2. Plot WD at marker levels. .
Step 3. Add accumulated sediment thickness. ﬁzr QOOYW - f (ﬁ}&
Stép 4., Interpretation, ) 10x A )
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