Modern-day tectonic subsidence in coastal Louisiana
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ABSTRACT

Subsidence is leading to the slow inundation of communities and wetlands of Louisiana,
Mississippi, Texas, and Alabama (United States) by the Gulf of Mexico. The prevailing
paradigm considers subsidence to be the result of young sediment compaction and/or
consolidation and human activities. This paper describes the results of a test of this theory
based on an examination of historic motions of benchmark in the Michoud area of Orleans
Parish, Louisiana, This methodology allowed for an assessment of vertical change at dif-
ferent levels over time relative to a precise vertical datum (North American Vertical Da-
tum of 1988, NAVDSS). Data do not support the current theory on the origins of subsi-
dence; they demonstrate that tectonic causes dominate in the study area. During 1969-
1971 and 1971-1977, tectonism was responsible for —16.9 mm/yr and —7.1 mm/yr of
subsidence, respectively. These contributions account for 73% and 50% of the total sub-
sidence during these intervals. The change in deep subsidence is attributed to renewed
motion along a large normal fault (Michoud fault). Over the same time intervals, inter-
mediate depth subsidence due to compaction of Pleistocene to middle Miocene strata was
constant (—4.6 mm/yr). Similarly, subsidence due to shallow processes, i.e., sediment com-
paction and groundwater offtake, was —1.5 mm/yr and —2.5 mm/yr. Subsidence associ-
ated with petroleum extraction was not a factor due to the lack of local production.
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INTRODUCTION AND HYPOTHESIS
Modern subsidence of New Orleans (Loui-
siana, United States) and environs set the

Gabrysch, 1987) or to oil and gas production
(e.g.. Morton et al., 2002).
In an effort to recalibrate the National Spa-

tial Reference System, Shinkle and Dokka
(2004) computed vertical motions on 2710
benchmarks in Louisiana, Mississippi. and ad-

stage for the devastation of Hurricane Katrina
by lowering the elevations of the land and sur-
rounding levee defenses (Shinkle and Dokka,
2004). It has been long recognized that areas

joining states. Their results indicate that coast-
al areas have been sinking at higher rates than
previously thought and that the area of sub-
sidence extends beyond the wetlands of the
Mississippi River delta and alluvial valley
(Fig. 1). Here, benchmark vertical velocities
computed from data collected between 1955
and 2005 are used to test the current paradigm
that considers subsidence to be largely the re-
sult of young sediment compaction and
human-related activities.

APPROACH AND GEOLOGIC
SETTING

The study area at Michoud, Louisiana, (Fig.
1) was selected for three reasons. First, sub-
sidence rates implied by benchmark motions
were among the highest in the south-central
United States (Shinkle and Dokka, 2004). Sec-
ond, the area has a wealth of geodetic data,
having been surveyed multiple times over the
past 50 yr. Third, because the area contains an
array of closely spaced benchmarks attached
to wells and rods that penetrate to varying lev-
els, subsidence could be determined as a func-
tion of depth (see Fig. 2).

Earth materials of the area consist of 20—

bordering the Gulf of Mexico are subsiding,
resulting in slow inundation of the coast (Fig.
LA: e.g., Kolb and Van Lopik, 1958; Holdahl
and Morrison, 1974). Subsidence is widely re-
garded as a near-surface effect, being the con-
sequence of shallow sedimentary processes or
the result of human activities (e.g., Boesch et
al., 1994; Reed and Wilson, 2004). This view
has been shaped by the obvious degradation o of

of coastal marshes as well as measurements ~28'N Mexico Al PrOV'mce’
based on peat chronostratigraphy of samples \?

taken exclusively in wetland areas, and anal-
ysis of water-level gauges (e.g., Penland et al.,
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Figure 1. A: Index map of
south Louisiana showing
regional features and lo-
cation of study area
(star). Entire region with
exception of areas la-
beled “uplift” have under-
gone late twentieth cen-
tury subsidence (Shinkle
and Dokka, 2004). Mich-
oud fault (MF) is updip
projection of fault
mapped in subsurface by
Hickey and Sabate (1972).

1988: Penland and Ramsey, 1990; Roberts,
1997: Kulp, 2000). Although tectonic pro-
cesses, e.g., faulting, salt migration, and re-
gional warping due to sediment loading, are
widely held to have modified the lithosphere
to accommodate as much as 20,000 m of sed-
iments in the Gulf of Mexico (e.g., Worrall
and Snelson, 1989), tectonism is rarely in-
voked as a control on modern subsidence. It
is only recently that faulting has been pro-
posed as a significant cause of subsidence
(e.g.. Gagliano, 1999). Some, however, con-
sider faulting to be human induced and related
to groundwater withdrawal (e.g., Holzer and

Coupled extensional-
contractional complex
(Eastern Province) is

from Peel et al. (1995).
MRD—Mississippi River
delta; Lkse—Late Creta-
ceous shelf edge. B: Lo-
cation map showing
benchmarks considered
in this report. Bench-
marks are marked with
National Oceanographic
and Atmospheric Admin-
istration-National Geo-
detic Survey identifica-
tion code, e.g., BH1089
(Table DR2; see footnote
1). LP—Lake Pontchartrain.
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Figure 2. A: Cross section showing nature of benchmarks near Michoud, Louisiana. Bench-
marks with associated rods are shown to length. Water wells and attached benchmarks:
OR-78, BH1088; OR-79, BH1090; OR-80, BH1091. Well casing attached to benchmark BH1089
is not shown to scale. Stratigraphy is generalized from Dial (1983) and Bebout and Gutierrez
(1983). B: Corresponding NAVD88 related vertical velocities (in mm/yr). Errors are explained
in Appendix; see also Table DR2 (see footnote 1).

30 m of Holocene deltaic marsh sediments
(Fullerton et al., 2003), which overlie Pleis-
tocene deltaic deposits containing a regional
aquifer at 150-200 m (Dial, 1983). This is un-
derlain by ~10 km of mainly Pliocene—
Jurassic deltaic and shelf deposits (Bebout and
Gutierrez, 1983; McBride, 1998). Subsurface
mapping previously identified a large fault,
named the Michoud fault, on the basis of well
cutoffs and seismic surveys (Hickey and Sa-
bate, 1972). Sedimentary growth implies that
movement along the Michoud fault has been
intermittent since Oligocene time (data pre-
sented in Bebout and Gutierrez, 1983). A
cross section in McBride (1998) shows a high-
angle normal fault that is correlated here with
the Michoud fault. This fault merges with a
low-angle detachment at ~—7 km that is de-
veloped along the top of a slightly south-
dipping zone of allochthonous salt and shale.
These structures are considered to be related
to a regional south-vergent extensional-
contractional complex described by Peel et al.
(1995: Fig. 1). Movement of the complex was
powered by gravity instabilities created during
times of high sedimentation (Peel et al., 1995).

METHODS, DATA, AND RESULTS
Geodetic leveling is a highly precise meth-
od of determining the difference in height be-
tween (wo points (e.g., Vanicek et al., 1980).
Shinkle and Dokka (2004) used first-order lev-
eling data from the National Oceanographic
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and Atmospheric Administration (NOAA)—
National Geodetic Survey and the tide gauge
at Grand Isle, Louisiana, to compute vertical
velocities of benchmarks relative to the North
American Vertical Datum of 1988 (NAVDSS).
Velocities were independently verified through
comparison with motions determined by other
tide gauges and global positioning system
base stations. The same method was applied
here to compute velocities for the time inter-
vals 1955-1969, 1969-1971, 1971-1977, and
1977-1995 (Fig. 1. Data Repository Tables
DRI and DR2'). The Appendix (see footnote
1) describes the NOAA data sources, methods,
and error analysis. Additional leveling was
conducted in 2005 using the same NOAA
methods (see Appendix).

DISCUSSION
Quantification of Subsidence

Current consensus holds that modern sub-
sidence of the Louisiana coast is the result of
compaction and consolidation of young sedi-
ments and particular deleterious activities of

IGSA Data Repository item 2006059, Table DRI
(NOAA data used in the study), Table DR2 (vertical
velocities of benchmarks relative to NAVDSS), Ta-
ble DR3 (relative vertical motions of benchmarks
near the Michoud fault), and the Appendix (data
sources, methods, and error analysis). is available
online at www.geosociety.org/pubs/ft2006.htm, or
on request from editing@ geosociety.org or Docu-
ments Secretary, GSA, PO. Box 9140, Boulder, CO
80301-9140. USA.

humans (e.g., Reed and Wilson, 2004). The
former is thought to be concentrated in the
Holocene delta and alluvial valley of the Mis-
sissippi River (e.g., Roberts, 1997). Activities
associated with the latter include oil and gas
extraction (e.g., 2002), ground-
water offtake (e.g.. Kazmann and Heath,
1968), and drainage of organic soils (e.g.,
Kolb and Saucier, 1982). These processes, al-
though present here and/or elsewhere along
the coast, are inadequate to explain the veloc-
ity data in the study area. Instead, the data
suggest that subsidence here includes a large,
deep-seated component. I offer an alternative
hypothesis proposing that this component is
related to faulting.

Depth characteristics of studied benchmarks
are shown in Figure 2A. This array allowed
for the estimation of three components of sub-
sidence. (1) A deep, <—2011 m component
that includes a local vertical strain is associ-
ated with slip along the Michoud fault and
possibly motion associated with regional tec-
tonic warping (Jurkowski et al., 1984). Both
of these processes are likely driven by gravi-
tational instabilities associated with sediment
loading of the modern Mississippi River delta
on the lithosphere. (2) An intermediate depth
component is due to the compaction of sedi-
ments between the Quaternary aquifer at
~—170 m and the bottom of the 2011 m well
that ends in middle Miocene strata. (3) A shal-
low component occurs from the surface to
—170 m. Subsidence here includes the com-
bined effects of groundwater offtake and com-
paction and/or consolidation processes in shal-
low upper Quaternary sediment deposits.

Deep Component. This component is based
on the motions of benchmark BHI1089. The
2011 m well to which the benchmark is at-
tached penetrates young sediments undergoing
natural compaction and/or consolidation, and
oxidation due to drainage projects. The well
passes below aquifers where locally large
amounts of water have been extracted in the
past 60 yr (Dial, 1983), and terminates in mid-
dle Miocene strata. Thus, the subsidence re-
corded at BHI089 contains no contribution
from any process operating above —2011 m.
Studies of regional porosity and bulk density
as a function of depth in the Gulf of Mexico
suggest that minor compaction continues
within strata below the 2011 m well (middle
Miocene-Jurassic). Eaton (1969) indicated
that sediments at a depth equivalent to that of
the bottom of the well attached to BHI1089 are
~92% compacted. Given the short time inter-
vals considered here, subsidence related to
such compaction would likely be small, yet
constant over time. Thus, the only contributor
to subsidence at BH108Y9 that cannot be ruled
out is tectonic. The tectonic subsidence re-
corded by BHI1089 was —16.9 mm/yr and

Morton et al.,
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—7.1 mm/yr in 1969-1971 and 1971-1977,
respectively. Tectonism therefore accounts for
73% and 50% of total subsidence in this local
area of the footwall during 1969-1971 and
1971-1977, respectively. The dearth of pro-
duction wells in the area precludes petroleum
extraction as a contributor to subsidence in the
area.

Intermediate Component. The intermediate
component is based on the difference in
benchmark motions between the 2011 m well
(BH1089) and three adjacent water wells
(BH1088, BH1090, BH1091) that penetrate to
depths between —170 and —178 m; for com-
parison, the average velocity of the three wells
was used. The intermediate component in-
cludes subsidence effects that occur in Pleis-
tocene to middle Miocene strata. Compaction
is the only likely process operating in this in-
terval. During 1969-1971 and 1971-1977, in-
termediate depth compaction was constant and
contributed —4.6 mm/yr to the total
subsidence.

Shallow Component. This category in-
cludes contributions from processes that occur
from the surface (BH1087) down to the bot-
tom of the aforementioned water wells (~0 to
—178 m; Fig. 2), including Holocene-
Pleistocene compaction and/or consolidation,
organic soil oxidation due to drainage pro-
jects, and groundwater offtake in the deep
aquifer that are tapped by the water wells. The
contribution of the shallow component was es-
sentially constant over time: —1.5 mm/yr and
—2.5 mm/yr during 1969-1971 and 1971-
1977, respectively. The stability of water lev-
els over this time (Dial, 1983) suggests that
groundwater offtake effects may have been
small.

Integration of geologic and geodetic data
suggests that tectonic subsidence is most like-
ly related to slip along and strains associated
with the Michoud fault. Two lines of evidence
suggest that the Michoud fault was active be-
tween 1969 and 1995 and had significant slip
and nonpermanent vertical strains that affected
areas beyond the Michoud area. First, bench-
marks of the hanging wall near the fault, i.e.,
BH1084 and BHI1083, show significantly
more subsidence than nearby footwall coun-
terparts, i.e., BH1088, BH1087, BH1090,
BH1089, and BH1091 (~—39 mm/yr com-
pared to ~—21 mm/yr, respectively [1969—
1971], and ~23 mm/yr compared to ~11 mm/
yr, respectively [1971-1977]). Changes due to
shallow and deep compaction can be ruled out
because these processes would not be expect-
ed to vary significantly over the short time
intervals considered here. Subsidence due to
groundwater extraction could certainly in-
crease with time due to increases in offtake.
Studies by Dial (1983), however, document
that offtake from the main aquifer in the re-
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Figure 3. Cumulative displacement of
benchmarks straddling Michoud fault as
function of time. Data and methods are pro-
vided in Appendix (see footnote 1). All level
lines indexed to BH1104. Note that relative
fault motion stopped between 1995 and
2005. Data suggest that retrograde motion
on fault has occurred recently.

gion actually declined slightly from ca. 1968
to 1982 and that the annual water levels at
well OR-78 (to which BH1088 is attached) re-
mained constant. I propose that relative dif-
ferences in subsidence between blocks of the
Michoud fault generally reflect fault motion.
Assuming that the slip vector was oriented
180° and plunging 70°, the observed relative
vertical motion implies the following slip
rates: 24 mm/yr (1969-1971) and 15 mm/yr
(1971-1977). Figure 3 suggests that normal
slip ended between 1995 and 2005 and was
followed by small retrograde motion. The sec-
ond line of evidence involves the recognition
of the marked difference in behavior of the
two fault blocks during deformation. As
shown in Figure 2, subsidence of the hanging
wall progressively slowed with time following
initiation. In contrast, the footwall shows a be-
havior similar to elastic unloading. After ini-
tial slip during 1969-1971, in which the hang-
ing wall was removed from a small part of the
footwall, subsidence of footwall slowed sig-
nificantly (1971-1977). This was followed
during 1977-1995 by more rapid subsidence.
Relations in Shinkle and Dokka (2004)
showed that vertical motions were not uniform
across the footwall, but rather displayed a pat-
tern suggestive of a relative up then down os-
cillation following fault initiation.

Comparison with Previous Subsidence
Estimates

Measurements of subsidence inferred from
benchmarks from the Michoud area are sub-
stantially different from previous estimates.
Gagliano (1999) created a regional map show-
ing areas of supposed similar subsidence char-
acter to support planning efforts by the State
of Louisiana in their effort to stem coastal
land loss. In the Mississippi River delta plain
(including the Michoud area), the mapping
units were primarily based on leveling data

along natural levee ridges from the most re-
cent epoch of record and other methods in oth-
er areas. No vertical datum was specified in
order to accurately relate measurements col-
lected with different methods. The Michoud
area was classified to be an area of low sub-
sidence, i.e., 0-0.3 m/100 yr. In comparison,
subsidence indicated by benchmark motions
reported in this study during 1969-1971 was
8-14 times the rates of Gagliano (1999). The
discrepancy between the geodetic rates pro-
vided here and previous estimates can be un-
derstood through a review of the methods em-
ployed and the quality of vertical datum used
to reference measurements.

Precision, Accuracy, and Practical Range
of Methods

Geodetic leveling is demonstrably the most
accurate and precise method commonly used
to measure modern subsidence, i.e., today
plus/minus human lifetime. Leveling can mea-
sure submillimeter vertical changes that occur
over short periods, i.e., days, resulting in a
resolution of millimeters per year or better.
Furthermore, subsidence measured by leveling
in the region was independently validated by
other methods (e.g., Shinkle and Dokka,
2004). In contrast, estimates based on peat
chronostratigraphy average changes in posi-
tion of a peat horizon over hundreds to thou-
sands of years (e.g., Kulp, 2000). Yearly to
decadal changes such as measured here are be-
yond the resolution of peat chronostratigraphy
methods. Furthermore, the accuracy of previ-
ous studies has not been verified indepen-
dently using other methods of comparable or
superior resolution. Other studies using inland
water-level gauges failed to account for un-
correlated effects such as changes to the sur-
face hydrology (e.g., canal building, drainage
projects) and climatic changes to the water-
shed (e.g., freshwater input, wind patterns;
Penland and Ramsey, 1990; Turner, 1991).

Vertical Datum

This paper provides the first depth-
dependent analysis of subsidence in the Gulf
of Mexico coast region within the context of
a spatially and temporally precise vertical da-
tum. All previous attempts to measure subsi-
dence in south Louisiana, except that of Shin-
kle and Dokka (2004), employed an imprecise
vertical datum to reference measurements.
Unfortunately, failure to use a precise vertical
datum such as NAVD88 has several unintend-
ed negative consequences. First, by using a
datum that does not extend beyond the sub-
siding area to a point of vertical stability (or
to a point of known motion), all measurements
will be in error by the amount that the refer-
ence point is actually moving. Studies that use
a local informal datum will thus underesti-
mate, or even neglect entirely any regional
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component (e.g., Jurkowski et al.,, 1984;
Kuecher et al.,, 2001; Morton et al., 2002).
Second, the use of an areally restricted datum
like sea level precludes users from defining
the spatial limits of subsidence. If one cannot
access the datum during measurement, no
meaningful measurement can be made. Thus,
studies using water-level gauges or peat
chronostratigraphy that rely on sea level as a
datum were unable to detect subsidence in ar-
eas beyond the coast. In contrast, the use of
NAVDS88 explains why Shinkle and Dokka
(2004) were able to measure subsidence of
benchmarks well beyond the limits of the del-
ta and alluvial valley of the Mississippi River
(Fig. 1A). Different areas with subsidence
measurements based on locally contrived da-
tums cannot be compared. Previous attempts
to map subsidence regionally using disparate
data have yielded unsatisfactory results (cf.
Gagliano, 1999, and Shinkle and DokKa,
2004). This statement also holds for studies
that relied on sea level as a vertical datum to
reference measurements, i.e., water-level
gauges and peat chronostratigraphy. It is now
recognized that the elevation of sea level is
not the same everywhere and that its position
has changed globally over recent time (e.g.,
Miller and Douglas, 2004). Thus, any local
measurement that is related to sea level is un-
certain. Problems are compounded for studies
using peat chronostratigraphy because this
method relies on unconfirmed ancient posi-
tions of sea level.

CONCLUSIONS

I reached the following conclusions in this
study of first-order geodetic leveling data col-
lected between 1955 and 2005 in the Michoud
area of coastal Louisiana.

1. Three depth-related subsidence compo-
nents were identified and quantified based on
the array of benchmarks set at different depths
and measured multiple times. Measurements
from 1955 to 1995 were made with respect to
a precise vertical datum (NAVDS8).

2. Data do not support the prevailing the-
ory that modern subsidence is due solely to
shallow sedimentary processes and the activ-
ities of humans. Instead, relations suggest that
motions contain a large deep-seated compo-
nent that is argued to be of tectonic origin.
Tectonic subsidence in the area reached its
maximum during 1969-1971 (—16.9 mm/yr)
when it constituted 73% of the total subsi-
dence. Subsidence coincided with an interval
of rapid slip (23.7 mm/yr) along the Michoud
fault, a regional, down-to-the-south normal
fault. Between 1971 and 1977, slip on the
fault slowed to 15 mm/yr and the tectonic con-
tribution to total subsidence dropped to 50%.
Additional leveling across the fault trace in
2005 suggests that normal fault motion ended
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between 1995 and 2005. An intermediate
depth component due to compaction of sedi-
ments was constant over these time intervals
(—4.6 mm/yr). Subsidence related to shallow
processes, i.e., compaction of surface sedi-
ments and groundwater offtake, was also es-
sentially constant over time: —1.5 mm/yr and
—2.5 mm/yr during 1969-1971 and 1971-
1977, respectively. The lack of production
wells in the area precludes oil and gas extrac-
tion as a contributor to subsidence in the area.
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