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SUMMARY

Backstripping techniques for basin and
stratigraphic analyses assume that the
original porosity of the sediments is
known within reasonable limits. Errone-
ous original porosity assumptions lead
to serious errors in stratigraphic sections
with a significant proportion of fine-
grained material. The present algorithms,
which assume initial porosities of be-
tween 50% and 70% for muds and 40%
10 50% for sands, are only applicable to
sediments that were never subaerially
exposed. Outcrop data from floodplain
deposits show that the differential com-
paction between sandstones and mud-
stones that should be present il those
assumptions were correct does not ex-
ist. Modern floodplain silts and clays be-
low the liquid limit, i.e., that behave as
plastics, have porosities that vary from
34% to 39%, and sands have 27-35%
porosity. Sections decompacted using
the marine shale and sandstone poros-
ity values overestimate the original thick-
ness of floodplain strata by as much as
31%. These errors mean that the esti-
mates of total basin subsidence in re-
gions, such as proximal foreland basins,
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are seriously overestimated. The subtle
inflections in burial history curves, some-
times used to infer either eustatic or tec-
tonic sea-level fluctuations in these ba-
sins, are noise rather than signal.

RESUME

Les techniques de reconstitution par
délitage des unités lithologiques utilisées
dans les analyses sédimentologiques ou
stratigraphiques de bassin reposent sur
I'hypothése que la porosité initiale des
couches sédimentaires est connue avec
une précision raisonnable. Les erreurs
d'estimation de la porosité initiale en-
trainent d'importantes erreurs d'évalu-
ation de I'épaisseur des colonnes stra-
tigraphiques qui comportent une propor-
tion significative de dépdts a grains fins.
Les algorithmes utilisées présentement
et ol il est présumsé que la fourchette
des valeurs de porosité initiale varie entre
50 % et 70 % pour les boues et entre 40 %
a 50 % pour les sables, ne sont valides
que pour les sédiments n'ayant jamais
été exposés & l'air. Les données prove-
nant d'affleurements de sédiments de
plaine d'inondation indiquent que lacom-
paction différentielle entre les couches
de grés et de pélites, calculée selon ces
hypothéses ne se vérifie pas. Les limons
et les argifes des plaines d'inondation
actuelles, situés sous la surface de I'eau,
¢.-4-d. qui se compor-tent comme des
matériaux plastiques, montrent des va-
leurs de porosité allant de 34 % & 39 %,
et des sables dont la porosité varient de
27 % & 35 %, Cela signifie que ['utilisation
des valeurs de porosité usuelles lors de
reconstitutions sédimentologiques et
stratigraphiques, entrainent des suréva-
luations de I'épaisseur initiale des couches
de la plaine d'inondation pouvant atteindre
31 %. Ces erreurs signifient que les es-
timations de subsidence glo-bale des
bassins des régions, telles les bassing
de sédimentation d’avant-pays, sont
considérablement surévaluées. Les
faibles inflexions observés dans la courbe
de l'histoire d'enfouissement de bassins
sédimentaires, et a partir desquelles on
se base parfois pour déduire 'existence
de fluctuations eustaliques ou tecto-
nigues pas-sées du niveau de la mer, cor-
respondent & un bruit de fond plutdt qu'a
un signal.

INTRODUCTION

Geologists and gsophysicists have long
understood and discussed the various
implications of sediment compaction
{Sorby, 1908; Athy, 1930; Baldwin, 1971;
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Angevine et al.,1990). For example,
sedimentologists interested in either de-
tailed facies architecture (e.g., Baldwin,
1971; Anderson, 1990) or patierns of
sediment dispersal (e.g., Miall, 1981)
must quantify the amount of compaction
in order to reconstruct the initial geom-
etry of the sediment packages at all
scales. Structural geologists and geo-
physicists modeliing basin formation and
deformation (e.g., Bond and Kominz,
1984; Steckler et al, 1988; Steckler,
1990) decompact the basin fill to remove
the effects of sediment loading in order
to raconstruct rates of basin subsidence
at discrete points through time.

Numerical backstripping algorithms
were developed to restore original sedi-
ment thicknesses in order to show the
relative magnitude and timing of subsid-
ence associated with both sedimentary
and tectonic events in the North Sea
basin (Sclater and Christie, 1980). The
explicit assumptions in the technigue are
that 1) the volume of sediment remains
constant (i.e., no dissolution), 2) the re-
duction of porosity with depth is solely
the result of mechanical compaction, 3}
there is an exponential decrease in com-
paction with depth, 4) the original poros-
ity of the sediment is known, and 5) strata
of similar lithology exhibit the same com-
paction behavior. Sclater and Christie
(1980) used well log porosity data from
the North Sea to generate a series of
best-fit exponential curves that were
lithoclogy dependent. These curves were
then used to incrementally decompact
the sedimentary column in each well untit
the various facies at the surface reached
a predetermined “original” porosity. The
original porosity values assigned to the
four lithofacies of interest to Sclater and
Christie (1980), i.e., shale (63%), sand-
stone (49%), shaley sand {56%), and
chalk (70%), were based on their data
and those of previous workers (Athy,
1930; Hedberg, 1936, Baldwin, 1971,
Perrier and Quiblier, 1974).

These initial porosity estimates have
been reduced by subsequent workers
{e.g., Angevine et al, 1990). Two addi-
tional important assumptions, one ex-
plicit and one implicit, remain open to
question, however. The assumption that
porosity decreases exponentially with
depth is treated elsewhers (Issler, 1992).
This paper deals with the problems in-
herent in the implicit assumption that
floodplain sediments have the same
compaction factor as marine units of
similar litholtogy.
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The compaction data commonly cited
for terrestrial environments are derived
from sediments from deep, permanent
lakes that were never subaerially ex-
posed (Meade, 1966). The assumption
that lithologically similar marine and
floodplain deposits follow the same
compaction behavior may be justified,
but it is not obvious that fluvial and
floodplain sediments will behave in a
similar manner. The abundance of
paleosol data now available show that
floodplain deposits were repeatedly in-
undated and desiccated on a variety of
time scales, hence the term floodplain.

Exposure causes the muds and sands
to partly-to-fully dewater and therefore
compact at the surface (e.g., Bown and
Kraus, 1987; Kraus, 1992; Wright, 1992;
Kraus and Bown, 1993). This fact was
noted by the earlier workers (Athy, 1930;
Hedberg, 1936) but apparently was not
incorporated into subsequent compac-
tion algorithms.

If floodplain pre-burial compaction can
be demonstrated, the assumptions used
in the most common decompaction al-
gorithms will yield significant errors in
original unit thicknesses. This paper
presents two lines of evidence from an-
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cient floodplains, augmented by data
from modern floodplains, to show that a
substantial portion of the compaction of
floodplain muds occurs within a few tens
of centimetres of the surface. Because
floodplain mudstones and sandstones
compact far less than their marine coun-
terparts they exhibit virtually no differen-
tial compaction with burial.

EVIDENCE FROM THE
STRATIGRAPHIC RECORD

Two lines of evidence from the Creta-
ceous of southwestern Alberta (Fig. 1),
dinosaur tracks and facies architecture,
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Location map of the St. Mary River Formation (Upper Cretaceous) in southwestern Alberta. Locations of the photos in Figures 2 and 3 are

backstripping the St. Mary River Formation is shown by the black circle.

Figure 2 Photographs of hadrosaur tracks, probably Edmontosaurus, from the
crevasse splay sandstone showing that the foot penetrated a floodplain mudstone

St. Mary River Formation. Fig 2a (left) is @ mould from the base of a
only 0.05 m. Figure 2b (right) shows an impression left on the top of

acrevasse splay sandstone. Such shallow tracks are indicative of a significant floodplain compaction prior to burial.
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demonstrate that the compaction of
floodplain mudstones upon burial is mini-
mal. Vertebrate tracks reflect more than
just the mechanisms of locomotion (e.g.,
Gillette and Lockley, 1989); they also
record the substrate response to an im-
posed load. This sediment response can
be used to refine paleoenvironmental in-
terpretations (e.g., Lockley, 1987) and
to infer information on the porosity of the
substrates that the animals walked over.
Qualitatively, tracks can be viewed as
paleopenetrometers that performed com-
paction tests on ancient floodplains (Al-

len, 1989).

Adult dinosaurs have left a large num-
ber of tracks in the floodplain mudstonies
of the St. Mary River Formation (Currie
et al, 1991; Nadon, 1993). The tracks,
preserved as sandstone casts in the
floodplain mudstones, range from 0.001
m to 0.8 m, with most in the range of
0.05 m to 0.15 m. The numerous shal-
low tracks that show well-preserved fea-
tures (Fig. 2) (Currie et al., 1991; Nadon,
1993) are a key element for this study.
Adult hadrosaurs, for example, weighed
approximately 3500-4000 kg and had

Figure 3 A typical channel sandstone lens within the St. Mary River Formation of southwestern
Alberta. Note the lack of deformation of the sandstones on the margins of the lens and the horizontal

nature of beds surrounding the sandstone lens even though maximum burial depth has exceeded

2000m. This geometry is only possible if there is no significant differential compaction between the

floodplain mudstones and sandstones.

Figure 4 The lateral facies relationships at the margin of a sandstone lens and adjacent mudstones
ina marine deposit. (A) illustrates the effects of large differences in initial sediment porosity be-

tween sands and muds on differential compaction, and (B) shows the original depositional configu-

ration after decompaction. After Baldwin (1971).
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feet with surface areas ranging from ap-
proximately 1400-1500 cm? (e.g., Currie
et al., 1991, fig. 3). Therefore, assuming
that the entire base of foot impacted the
surface vertically, each step of this bi-
pedal animal produced a force of 2.3-
2.9 kg-cm?, Sediments that have an
unconfined compressive strength of two
to four are described as having a very
stiff consistency (McCarthy, 1993). The
shallow depth of penetration for many
of the tracks in the St. Mary River For-
mation indicates that the mud at the sur-
face in the Cretaceous was very stiff. In
addition, the preservation of footprint ge-
ometry after burial can only occur if there
is little or no postburial differential com-
paction between the mudstone and the
overlying sandstone. Both lines of evi-
dence suggest minimal differences in
porosity between the two lithologies prior
to burial. In other words, the mud was
largely dewatered prior to the dinosaurs
walking on these floodplains.

The second indication of early flood-
plain compaction is the geometry of the
fluvial channel sandstones within the St.
Mary River Formation (Fig. 3). The chan-
nels, which represent deposition in a
mud-dominated fluvial system (Nadon,
1994), occur as sandstone lenses com-
posed of upper fine-grained to medium-
grained sandstone. The lenses are com-
monly flat topped and are surrounded
by interbedded mudstones and sand-
stones representing a range of floodplain
deposits from ponds and marshes to cre-
vasse splays. The sandstone/mudstone
ratio of the St. Mary River Formation is
approximately 1:1.

A difference in initial porosity among
the various floodplain sediments will re-
sult in some evidence of differential com-
paction of the mudstones around the
sandstones (e.g., Fig. 4) (Baldwin, 1971).
However, Figure 3 shows that the adja-
cent floodplain sediments compacted at
very nearly the same rate and to the
same degree as the channel sand-
stones. This could only happen by re-
duction of mudstone porosity to values
close to those of the sandstones, through
subaerial mudstone exposure prior to
burial. Furthermore, the geometry of the
channel sandstone bodies within the St.
Mary River Formation is by no means
anomalous (Nadon, 1994). Photographs
and line drawings in papers dealing with
similar sedimentary deposits (Table 1) all
show no evidence of differential com-
paction around the margins of similar
sandstone lenses.
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EVIDENCE FROM

MODERN FLOODPLAINS

There is an abundance of data on the
porosity of modern floodplain sediments,
usually expressed as void ratios, and
obtained in programs to understand
groundwater flow and soil mechanics.
Anderson (1990} suggested that the vari-
ation in mud porosity on modem flood-
plains is dependent on several factors
including mineralogy, grain size, and sort-
ing. Despite the variations in floodplain
facies as weli as depositional and post-
depositional processes, a compilation of
data collecled by the Bureau of Recla-
mation (1960) and 1983 (Austin, pers.
comm., 1995) from 17 states in the United
States shows a relatively small range in
porosity (Table 2). These porosity
ranges, from 33.8% to 38.4% (average
36.5%) for clay and silty soils below the
liquid limit {i.e., the Atterberg limit above
which a soil-water mixture changes from
a plastic to a liquid state; Kehew, 1995)
and 27% to 34.6% {average 30.8%) in
sandy soils, are all substantially lower
than the assumptions made in decom-
paction aigorithms,

DISCUSSION

The largest sources of error in decom-
pacting sedimentary sequences probably
rest with the assumptions that porosity
decreases solely by mechanical compac-
tion and with the measurement of po-
rosity. The effects of grain shape, com-
position and diagenesis on porosity dis-
tribution through time make the assurmp-
tion of mechanical compaction for sand-
stones a particularly poor assumption at
any depth (Houseknecht, 1987; Pittman
and Larese, 1991). The same is true for
mudstones after burial to more than 2700
m (Powers, 1967) where fundamental
chemical changes may occur. Porosity
measurements from wireline logs vary,
depending on the tool, but commonly
overestimate porosity relative to sample
density due to the presence of fractures
and the caving of weakly lithitied sedi-
menis (6.g., Rhodehamel, 1977). The
initial assumption of an exponential de-
crease in porosity with depth made by
Athy (1930} is, in itself, fraught with prob-
lems (Issler, 1992). However, erroneous
assumptions of original porosity com-
pound these errors.

The data from modern floodplains (Ta-
ble 2) indicate that the previous porosity
assumptions overestimate the initial po-
rosity of floodplain sediments by 13.5-
27% for mudstones and 9-18% for sand-

stones. The small {5.7%) ditference in
average porosity between the sandy and
silty modern floodplain sediments is con-
sistent with the lack of compaction ob-
served in dinosaur tracks as noted, and
around the sandstone lensas within the

St. Mary River Formation,

To illustrate the differences these re-
vised initial porosity estimates make on
decompaction of foreland basin fluvial
sediments, the St. Mary River Forma-
tion in well 6-19-11-27W4 (Fig. 1) was

Table 1
mudstones (from Nadon, 1994}.

Foreland Basins

Lower Miocene Luna Fm,

A sample of sedimentary units similar to the St. Mary River Formation that
likewise show no evidence of differential compaction between the sandstones and

Age Formation Source

Permian Beaufort Group Stear {1983}

Lower Cretaceous Gething Fm. Stott (1973)

Upper Cretaceous S1. Mary River Fm. Nadon (1994}

Upper Cretaceous Two Medicine Fm. Lorenz and Gavin (1984)

Upper Cretaceous Lanticular Sst. and Shuster and Steidtmann
Shale Fm. (1987)

Eocene Kuldana Fm. Wells (1983}

Eocene Willwood Fm. Kraus and Middleton {1987)

Miocene Catissent Sandstone Marzo af al. (1988)

Nichols (1987)

Bureau of Reclamation {1961).

Lithology

Silts and Clays

Lower Miocene Uncastillo Fm. Turner (1992)

Grabens

Devonian Kapp Kjeldsen Frn. Moody-Stuart {1966)
Carboniferous Cumberland Group Rust et al. (1984}
Pennsylvanian Boss Point Sandstone Plint and Browne {1994}
Pennsylvanian Waddens Cove Fm. Gibling and Rust (1990}
Parmian— Cutler Fm. Eberth and Miall (1981)
Pennsylvanian

Jurassic Porto Novo Hill (1989

Jurassic Nass Fm. Dreyer (1990)

Middle Jurassic Saltwick Fm. Dreyer (1990}

Upper Jurassic/Lower Galve Fm. Diaz et al. (1984)
Cretaceous

Other Basins

Carboniferous Cliffon Fm. Rust and Lagun (1983)
Jurassic Scalby Fm. Nami and Leeder (1978)
Table 2 Data on tha porosily of modern floodplain mudstones compiled from the

Number

153
88

{Liguid Limit <50)
Primarily inorganic silts M1*
Primarily inorganic clays Cl

Ave.
(Liquid Limit >50)
Primarily inorganic silts Mh
Primarily inorganic clays Ch

Ave,
Sands
Clean Sand — well graded Sw
Clean Sand — poorly graded  Sp
Silty Sands Sm
Clayey sands Sc

Ave.

Minimum Maximum  Mean
Porosity  Porosity Values
37.89% 39.39%
35.48% 36.31%
35.72% 37.34% 36.52%
50.74% 55.95%
43.18% 45.65%
46.96% 50.80% 48.88%
27.01% 27.01%
31.97% 34.64%
31.51% 33.33%
31.87% 32.89%
30.10% 31.59% 30.85%
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Scenario 1

Scenario 2
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Figure 5 The results of decompaction of the St. Mary River Formation in well 6-19-11-27W4. The location is shown in Figure 1. (A) The sediments
were divided into two equal units, one of sandstone and one of mudstone. (B) The restored initial thickness for each algorithm depends slightly on which
lithology is chosen to overlie the other. In both scenarios the assumed initial porosity values of Sclater and Christie (1980) and Angevine et al. (1990)
result in overestimates of original thicknesses of 137-141 m and 55-62 m, respectively.

decompacted using the iterative spread-
sheet method of Angevine et al. (1990)
and the initial porosity estimates of
Sclater and Christie (1980), Angevine et
al. (1990), and Table 2. The unit was di-
vided into equal thicknesses of mud-
stone and sandstone based on the sand/
mudstone ratios of the surface expo-
sures (Nadon, 1994). Burial depths in the
well were compensated for Tertiary up-
lift and erosion by using the minimum
estimate of 1.9 km obtained from coal
rank studies (Nurkowski, 1984). This
estimate is consistent with values ob-
tained by converting sonic measure-
ments into porosity values in the under-
lying marine Bearpaw Formation (Maga-
ra, 1976) and calculating the burial depths
needed to produce such values based
on the constants of both Sclater and
Christie (1980) and Angevine et al. (1990).
These calculations suggest 2-5 km of
erosion in the area. The original deposi-
tional thickness of the St. Mary River
Formation in the 6-19 well, which is pres-
ently approximately 451 m thick, varies
from 701-705 m (Sclater and Christie,
1980) to 615-630 m (Angevine et al.,
1990) to 560-568 m (this study) depend-
ing on the partitioning of the sediments

within the section, ie., the base of the
section can be assigned values for ei-
ther mudstone or sandstone (Fig. 5).
The errors in decompaction, which are
dependent on the amount of fluvial ma-
terial in the section under study, have
implications for modelling floodplain sedi-
ments. The increasingly sophisticated
models for alluvial stratigraphy (e.g.,
Mackey and Bridge, 1995) and the back-
stripping of basin sediments (e.g., Lank-
reijer et al., 1995) are all affected by the
assumptions inherent in sediment com-
paction. The magnitude of the error in-
volved in backstripping, on the order of
tens to hundreds of metres within indi-
vidual formations, results in a significant
overestimation of total subsidence for ba-
sins dominated by fluvial sedimentation.
Consequently, the use of decompaction
curves to demonstrate spatial variations
of subsidence or sea level between wells
within a basin, or to estimate the effects
of secondary parameters, such as intra-
plate stress that requires a resolution of
a few tens of metres (e.g., Kooi and
Cloetingh, 1989; Lankreijer et al., 1995),
clearly cannot produce meaningful re-
sults using the original porosity assump-
tions of Sclater and Christie (1980).

CONCLUSIONS

Rates and magnitudes of subsidence
calculated for basins containing fluvial
sediments are overestimated. The mag-
nitude of the error depends on the ratio
between marine and fluvial sediments,
the facies partitioning within the fluvial
deposits, and the thickness of the units
considered in the decompaction algo-
rithm. The lack of differential compaction
in fluvial deposits demonstrates that
backstripping routines should employ the
more realistic initial porosity values ob-
tained from modern floodplains to pre-
vent overestimates of original thick-
nesses. In light of these findings, the
estimates of total subsidence and rates
of subsidence for basins that contain flu-
vial sediments should be re-evaluated.
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