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CHRONOSTRATIGRAPHIC ANALYSIS AND THETIMEY
- SURFACE

Sherman A. Weefgerd*

RESUMEN

La estratigrafia cldsica comprende subdivisiones logicas de los estratos basados
en la litologin, fésiles y discordancias. Las implicaciones filoséficas participan en el
resurgimianto de la historia geologica de una cuenca sedimentaria, cuando se hacen
esfuerzos para subdividir los estratos en cualquier localidad, basindose estrictamente
en el tiempo. Debide a que la subdivisién es prerrequisito de la correlaciin y la corre-
lacion infiere equivalencias de tiempo de las unidades, los esfuerzos del astratigrafo
deben de comprender el reconocimiento de criterios, el establecimiento de parametros y
la correlaciém y caracteristicas de amplias areas isocromicas, para entender la Iistoria
tectémica de una cuenca sedimentaria. FEl reconocimiento de los eventos cronos-
tratigraficos anotados en los registros litclogicos de las secciones aflorantes, las
descripciones litoldgicas y detalladas de las muestras de los pozos, asi como la utiliza-
cibn de registros geofisicos detallados de los pozos, sugieren que todas las secciones
estratigraficas tienen, inherentes a ellas, indicadores que son asencialmente 1socrdmicos
y para fines précticos son altamente confiables para la correlaciém en la misma cuenca
v la delineacién de las zonas de porosidad que controlan la migracidn y acumulacicn

de petrélea.

ABSTRACT

Classical stratigraphy involves logical subdivision of strata based on lithology,
fossils, and unconformities. Strong philosophic implications enter into the resurrection
of the geologic history of a sedimentary basin when efforts are made to subdivide
strata at any point based strictly on time. Because subdivision is prerequisite to
correlation, and correlation infers time equivalence of stratal umits, the efforts of the
stratigrapher must involve the recognition of criteria, establishment of parameters,
and correlation of characteristics over wide areas, hopefully, isochronic, in order
to understand the tectonic history of a basin of sediment deposition. The recognition of
chronostratigraphic events recorded on lithologic logs of outcrops, sections, and by
detailed lithologic descriptions of well samples, as well as utilization of detailed
geophysical logs of wells, supggests that all stratigraphic sections have, inherent to
them, markers which are essentially isochronous, and, for all practical purpose, are
highly reliable for intra-basin correlation and the delineation of porosity zomes that
control the migration and accumulation of petroleum.

*Profesor of Geology, University of New Mexico, and Exploration Research Consultant
in Geology, Alburquerque, New Mezxico, U. 5. A.
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INTRODUCTION

Subsurface stratigraphers, utilizing geophysical and sample logs, have lonz
recognized the existence and value of markers in stratigraphic sections, These
markers facilitate the subdivision of strata into correlative units controlled by
many geclogic events invelved in the {illing of a scdimentary basin. Hefined
geophysical logging techniques developed since 1940, coupled with adequate
driliing density, have given us the stratigraphic tool of thin, easily recognizable,
regional lilhologic markers which are correlative, scparating sedimentary
increments that contain important facies gradations. Twe problems, other than
the relative capabilities of the siratigraphic investigator, have always bcen
uppermost: {1) Are the markers truly 1sochonous, or mearly enough so that
their utilization is valid? (2} What are Lhe origins of markers? Although
stratigraphers have long argued the wvalidity of markers as indicators of
synchroneity, few have attempted to determine the origin of these markers,
Both of these problems have led this investigator to consider the practieal
and philosophical implications of marker-controlled stratigraphy.

ACKNOWLEDGEMENTS,—Fhe author is indebted to Dr. Ernest Szabo for
several years of cooperative work on time-marker subdivision of stratal section
in the Four Corners region; to Florence M. Weengerd for typing the manuseript;
and to Darrow Thompson, of Thompson International Corporation, for financial
support in analyzing the complex straligraphy of the Paradox Basin in the search
for gianl oil fields.

THE MARKER

TerMiNoLocY.—Harrington {1965), in a classical paper entitled “Space,
Things, Time, and Events — An Essay on Stratigraphy”, has noted that
sedimentation is characterized by geologic sitnations involving instantaneous
events and flow events. In order to facilitate discourse in utilitarlan terms
applicable to stratal logs, whatever the type, the following terminology is
suggested :

Event Log Term Characteristic

Instantaneous Punctuation Thin sediment increments with low
facies gradients, radically different from
character spans above and below.

Flow Character span A sediment increment with log character
correlation over wide area despite facies
gradation of high gradient.

Vacuity Puncluation Absence of sediment but presence of
recognizable log punctuation in base, on
top, or both, of adjacent sediment
increments.
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Fic. t.—Log terminology. A schematic representation of geophysical log sub-
division of a stratal section showing a suggested new terminology for stratigraphic
analysis, The signature comprises punctuations (markers} as Insiantaneous
geologic events separated by the character span representing the mappable,
correlative sediment increment. Lithologic contaminants may alter the character
span but the lower punctuation allows recognition of the altered section as

a part of the correlative sediment increment.

The punctuation and character span together may be called the “signaturc”
of an increment of sediment preservation — a physical fact recognizable

on 2 log.

OriciN.—By definition, an “instantaneous punctnation” is one in which a
very thin but recognizable sediment increment is preseni. Despite its origin, and
to be consistent, it is included at the top of the flow event which created
the character span on the log. A punctuation may be formed during the
shott time interval that creates a vacuity, Or it may be caused by posi-
depositional upward or downward streaming of chemically charged fluids from
labile clays, silts, or calcarecus micrites into a more porous sediment ipcrement
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causing a chemical change recognizable on a detailed lithologic log as a
thin zone of cement aggradation or degradation, or particle degradation in
that sediment increment. Another type of punctuation is created by virtually
contemporaneons contact chemical reactions on the sedimeni-water interface
due to sub-sea halmyrolic {weathering} alteration, replacement, or syngenetic
emplacement of constituents sufficiently different to be recordable on lithelogic
and geophysical logs. Another type of punctuation may be created by sub-
aerial weathering on an exposed sediment increment. By environmental
delinition, the halmyrolic and subaerial weathering cvents which caused these
punctuations are at the top of the affecled sediment increment. The origins
of punctuations recorded as virtually instantaneous geologic events by upward
streaming fluids during compaction, and those due to dewnward streaming
fluids, can not be determined on geophysical logs alone. Such results of
contact phenomena require very careful sedimentologic analyses and petrogenetic
reconstruction utilizing thin sections, microprobe analysis of cements, as
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Fig. 2-~-Event continvity and discontinuity, A summation of several major
types of geologic events which create isochronous markers separating s:edl_rqent
increments. Erosional events are iime transgressive (migratory discontinuities}
and may represent time gaps which are elsewhere equivalent to several
markers. Marker contemporaneity and marker dilution are detectable by
detailed sedimentologic analysis of well cuttings and cores. Event discontinuity
has many possible origins, and such marker losses represent areas critical in
the search for petroleum.
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well as scanning eleciron microscope analysis of allogenic particles which
have becu corroded by the streaming fluids.

In all cases involving vacuily during which contact chemical reactions
occur at the top of a scdiment increment, the chemical reaction must occur
downward more rapidly than the upper lentils of an increment are removed
by submarine or subaerial erosion; otherwise, the punctuation which creates
lhe log marker is lost.

Other types of practically instanlaneous events which create recognizable
punctuations include borer-infecled surfaces in or near the tops of sediment
incremenls which show prolonged conlaet with sca water, deep soil zones
formed across many lithelogic units but relatively undisturbed by gently
transgressive  seas, thin algal maites, and encrusting animal biostromes
cataclysmically kilted by flouds of suspensoid allogenic scdiments.

THE SEDIMENT INCREMENT

INTRA-INCREMENT TIME,— The sediment inerement we sce as a stratum
having a distinctive character span on a log is in fact an increment of
sediment preservation (John Harris, persppal communiecation, March, 1967).
The diflerence between time span of sediment deposilion and time span
-tepresented by the sediment preserved may be in the rativ of 2 to 1, 3 1o 1,
10 to 1, or in some cases 100 1o 1. That is, sirata present may represent only
a relatively short part of total time for an increment present between recognizable
puncluations, but not necessarily so! Such intra-incremental time gaps leave
no reeord for the sensing span of geophysical logging instruments to Tecord,
and these microhalts may or may not b yepresented by bedding planes. The
macro-halts in sedimentation which do leave evidence in the form of punctua-
tions may also represent important vacuities during which chemical reactions
can occur on the upper parls of preserved sediment increments. The most
casily recognized punctuation is one represented by basin-wide rapid deposition
of thin lithic units of totally different lithelogy from the subjacent and
superjacent sediment increment. The sediment increments themselves must thus
represent at least a second order of lime greater than that necessary to deposit
the puncluation sediment which represents the time surface.

Therefore, regardless of the number of unrccognizable micro-haits present
in a sediment increment, the gross thickness and facies character of the
preserved inercment, independent of total time, will record remarkably well
those localized areas of penecontemporaneous tectonic deformatien involved in
hasin suhsidence, as those areas receive and preserve sediments. Thickness
differential is only one major criterion of tectonic instability; the other
involves those facies controlled by the Jocal tectonic movements and the
hydrographic regime. What finally is preserved as a sediment increment is
thus 1o a large extent dependent on sediments available, organic growth
outside the range of clastic sediment incursion, efficiency of the scatiering
agents, and scdimenlational space available during the complex interplays
of competilive sedimentalion contralled in large part by penecontemporaneous
deformation within the basin of deposition.
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Fiz. 3.—Event utilization - structural growth. A schematic representation of
a proiectable condition within a formation, which might be unrecognized if
only the top {M-10) and the bottom (M-0) of a formation are mapped. Such
localized tectonic deformation creates penecontemporaneons wvariations during
sedimentation, an important factor in environmentsi reconstrnction and in the

scarch for petrolenm.

THICKNESS OF INCREMENT.—At any given point in sedimentary basin,
whether on the shelf (undaform), the shelf slope (clinoform), or nearer the
more continuously subsident basinal axes ({ondoform} (Rich, 1951, p. 20),
both regional and local variations in thickness of the sediment increment will
exist. In reileration, seven major factors appear to control thickness variations:

1. Sediment availability
2. Relative depositional “velocity™

3. Scdimentational space available (subsidences versus structural growth
or relative “lag” in subsidence)

4. Efficiency of the scattering agent and the accelerations of energy
dissipation or enhancement in waves, currents, and density flows

5. Compaction differential of differing lithologic components
6. Time length of still-stand with consequent removal of upper sediments
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by submarine erosion or solution, whether by currents or in the shallow
zone of effective wave erosion near shorelines

7. Subaerial erosion after wuplift, to place the sediment-sea water interface
in contact with the atmosphere.

These variables infer-react with such complexity that even the mast
refined sedimentologic and stratigraphic analyses over wide areas may not
allow separation of all of the controls which created the tickness variations.
However, as the density of drilling increases, separation of regional subsidence
controls from local slructural growth can be made, With the aid of detailed
facies maps of time-marker controlled sediment increments, those regional
porosity trends related to clinoflexes and high undaform shoreline trends
can be delineated for each increment. Inasmuch as the sinuous lineal clinoflex
formed during the deposition of any sediment increment is generally the
area of maximum interfingering of source-environment sediments and the distal
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Frg 4—5Shelf-basin configuration, Marker-controlled analyses of stratal sections
facilitate reconstruction of the sedimentational and tectomic history of a basin
of deposition. Differential subsidence creates undaform (shelf), clinoform (shelf
slope), and fondoform (basin) environments, which have marked regional effects
on sediment type, distribution, and th]EkIlESS Local departures from these
ragional characierisiics are created by tectomic flexing in all three emvironments
which, combined with variations in the h?dmgraphm regime, result in inter-
fingering of the resultant source amd reservoir lithalegies.
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edges of allogenic reservoir sedimenis or the growth of barrier rcefs, any
cross-irend organic or structure growth area will be the site of seecond-phasc
accumulation of petroleum. Therefore, sediment variation coupled with thick-
ness variation in the clinoflex trend or in the undaform environment is
the critical locale for petroleum exploration by detailed subsurface analysis.

SEDIMENT DECREMENT

Sediment decrement, whether by non-deposition due to sediment by-passing
or erosion or superjacent parts of already deposited sediment increments,
creales a vacuity, The word “gap” simply denotes the stratigrapher’s recognition
that strata are absent which should be at any onc point of investigation
but are not, without a judgment as toe why the sediments are not there.
“Palimpsest” denotes a gap in which sediments were deposited but were
siripped off because of 1) increased wave and current energy prior to
superjacent deposition which may or may not be related to marine regression
and consequent shallowing of water, or 2) structural growth penecontem-
poraneous with sedimentation. Note that No. 1 requires no marine regression
or shallowing of water but only a change to a higher cnergy regime by
changes in the hydrographic environment rather than changes in the slope,
shape, and condition of the substrate, No, 2 is detectable provided sedimentary
materials in the subjacent sediment increment are nolably recognizable as
different from those in the superjacent sediment increment, but are found
in the base or scattered through parts of the superjacent increment as exofic
components. Therefore, facies maps of these lesser components in the super-
jacent increment provide clues as to the locations of early structural growth.
Combined with thickness maps of hoth the sediment increments above and
helow the reservoir increments, projeclions to trends and areas of thinning
and greater facies gradients become valuable adjuncts to the location of

stratigraphic traps.

The causes of submarine structural zrowth which lifts, relatively, the
sediment-water interface to create recognizable inter-incremental vacuity are
numerous, These appear to be 1)} subsidence flexing, 2} sag and spur
formation along the clinoflex trend and sediment-controlling along the lower
undaform (shelf) and the upper fondoform ({lower shelf slope), 3) lineal
relative uplift along down-to-the-basin normal faulis related to renewed flexing
essentially parallel to the clinoflex of each sediment increment, 4) torsional
stress release and shelf-edge uplift along linear wrench or transcurrent faults
originally flexed during subsidence, and then normal-faulted when the rupture
point of flexing is passed as the basin subsides, 5} early salt welting, suc
ceeded by s=alt doming generally aln:mg trends related to deeper normal

faulting along the clinoflex.
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Fic. 5—Vacuity quuntification, Any attempt to quantify vacuity, whatever
the origin, fails in analysis by simple gross-unit isopach mapping. Maps
chowing lines joining points of equal numbers of time slices, however, show
market variations which, combined with sedimentologic unalysis of the lithologic
characteristics of the markers, suggest the causes and types of loss of sediment
increments whose individual reservoir characteristics may countain petrolenm.
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Fic. 6.-——The Paradox case (schematic). Tectonic migration during basination
and the causes of subsidence during and subsequent to the deposition of each
scdiment increment can be detailed when an optimum density of drilled wells
is attained in any basin. Actual penetration of fault planes by wells results in
loss of markers on geophysical logs, and, combined with such less, it 1s notable
at the optimum drilling density, that each sediment increment is markedly
thicker basinward from sharp clinoflex for that increment. The flex develaps
into a normal fault with later wrenches (strike-slip movement) displacing
formerly contiguouns facies. This lateral displacement is also recognizable as
an anomalons arrangement of isopachs in trends parallel to the various north-
west-trending flexes. This diagram, in a wverv genecralized way, shows that
tectonism 1s penecontemporeneous to¢ sedimentary sequences in the Paradox
Basin in southeastern Utah, This subdivision of the 500 to 5000 foot thick
middle Pennsylvanian section into 32 time slices separated by easily recognized
markers (punctuations) has resulted in an integrated picture of the origin of
the Paradox Basin and the control on major gas and oil accumulations such
as that found in the giant Aneth complex of fields.

[.OSS OF MARKERS

The value of markers is greatest when they are 1) easily recognmizable,
2) basinwide in distribution, 3} numerocus but not too numerous in relation
o increment thickness, and 4) depositional in origin. All subsurface stratigra-
phers have noted the disappearance of markers geographically, Such disap-
pearance becomes a valuable tool in appraising sediment variations in the
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sediment increments preserved, in recognition of locales of tectonic disruption,
and in environmental reconstiruction. Following are several of the many
conditions wherein marker disappearance occurs: 1) marker convergence lo
form *doublets” shoreward owing to non-deposition of an intervening sediment
increment, 2) similar convergence basinward beyond the lineal aprons of
sediment deposition essentially parallel to the clinoflex but beyond the zones
of allogenic sediment incursion, 3) inter-incremental chemical destruction or
alteration of normally eassily recognized marker, 4) submarine struchural
growth and sub-sea erosion on [lexes, local spur-folds normal to the clinoflex,
and along aclive faults which cut the sediment-water interface, 5) subaerial
destruction by erosion as the sea regresses from the arca, 6) cut out by
normal faulting where the drill penetrated the fault plane, 7; businward
dilution creating a thick sediment increment correlative with a thin marker
bed, 8) non-deposition of the marker for unknown reasons.

Fortunately, depositional markers may be conliguous shoreward with con-
temporaneous marine borer markers and basinward with chemical alieration
markers developed on previously deposited sediments.

Stated in another contexl, a marker may disappear geographically by a
combination of non-dcpesition and erosion in a shoreward direction, or over
a shoal area of the same age as the subjaccnt marker strata, or by intra-
basin flex rise related to basin subsidence and relative uplift shoreward. At
the same time, basinward, younger markers and sediment increments may
have formed with debris from the eroded areas mixed with normal basinal
components by off-shore current transport or by the action of turbidity
currents. During any of these conditions, when sediment iz not available
and strong subsea erosion is not taking place, chemical reaction on and
just below the sediment-water inter[acc may create a contiguous and correlative
marker prior to deposition of the next sediment increment.

CONCLUSIONS

Regional lithologic markers helieved to be of very short time span appear
to be practical time surfaces or correlative “punctuations” in stratal sections.
Highly refined sonic and gamma ray-neutron logging techniquez combined
with sufficicnt drilling density yicld reliable stratigraphic subdivisions neces.
sary to appraise in detail the tectonic evolution of a sedimentary basin,
Betwoen these specilic, widely correlative time surfaces which logically may
be assumcd to be “instantaneous events”, lie volumes of straia comprising
mappable units representing “flow events” whose lithologic gradations represent
not only longer intervals of time but also the diluted results of enviren.
mental impress important to the geographic and stratigraphic delineation of
porous strata vital to the search for petroleum.

Caorrelative stratal units, despite facies gradation, are probably practical
“time slices” and can be rigidly controlled by marker as to initiation,
conclusion, and time span represented, and provide the bases for detailed
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facies maps. Thickness variations of such time-controlled units represent
measures of competitive sedimentation by the complex interplay of those total
environmental factors which involve the allogenic and syngenetic sediments
in most stralal prisms of a mnarine basin.

The markers (inslant events) themselves tepresent: 1} widespread, es-
seutially contemporanecus deposition of thin lithologic components either at
the base or the top of tme-correlative units (flow events), 2) virtually
contemporaucous contact phenomena created by halinyrolic chemical reactions,
replacement, or emplacement at the scdiment-water interface during limes
of non-deposition, usually of considerably lesser time span than that necessary
lo deposit [he sediment increnent represenling the flow event.

The unit thickness of scdiment deposited ai any one locale is dependent
upon rates of scdiment supply (availability), strength and duration of the
effective scattering or disiributive agents (fluxes) in the deposilional medium;
regional vamations in the chemical impress of the deposiling medium (rate),
and amplitude of local and regional structural growth and subsidence
{amount}. Although marked lithologic gradation of a sediment increment is
normal, the geophysical log character of these bounding “markers”, “punc-
tuations”, “time surfaces”, or “time interfaces” is remarkably consistent
throughout almost entire basins of deposition. If unit sequences are similar
or consistently gradational 10 vicld facies separated by the markers, we may
consider the successive cnvironments to have been similar or gradational and
the time interval represented by any marker-defined unit to be essentially
time equivalent not only as to duration but also as to simultaneity. Theso
markers “cut” through facies geographically and in many instances signal
the termination of vertical [acics continuity and thus represent massive change
it any one or all of the imporlant environmental controls which created
the sedimentary unil..

These time surfaces represent short-interval lithologic inflictions which
may be related to 1) rapid transgressien or regression of marine waters,
2) gradicnt of the paleoslope. 3) climatic variations affecting the depositional
medium, 4} rapid changes in depth of waler and distance from shore, 5)
changes in wide influx of suspensoids of chemical and physical character
markedly dilferent from the sediments in the body of the time-marker
bounded umit. It is recognized, however, that erosional markers representing
sediment  decrements related to transpressing or regressing scas are migratory
discontinuities, and thus are not regionally chronostraticraphic (isochronous).

The astute stratigraphic analyst is able to construct detailed isopach
and lithofacics maps of short time-interval flow-event units. Such analyses
yield a consistent sequential picture of basin genesis and permit the constrnction
of detailed environmental maps. Via these “time-slice” maps, arcas of intra-
basin structural growth se important to first-phase oil migration can be
isolated and delineated, In addition, time-length vacuily may hecome susceptible
of quantitative analysis.

In the final analysis, the working stratigrapher is justified in the as-
sumplion that markers are essentially isochronous, that loss of markers
represents a special event which denotes a post-depositional condition important
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in the search for petroleum, and that detailed identification of marker
components must be done in order to determine the significance of these
almost-ubiquitous punctuations of the stratal column in sedimentary basias,

If our concepts of uniformitarian geology are even approximately correct,
such “geochron” maps, based on marker control, systemize haphazard
lithologic patterns into grographic time units whose interval characteristies
cnable us to determinc rates of sedimentation, rates of facies gradalion,
reconslruction of paleoslope gradients, lateral variation in intensities of envirou-
mental impress, origins of sediments, depth of water, distance to shore, and
a host of other sedimentational variables not otherwise easily susceptible of
quantification.
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