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Gravity constraints on lithosphere flexure and the structure 
of the late Paleozoic Ouachita orogen in Arkansas 
and Oklahoma, south central North America 

Dennis L. Harry 
Department of Geology, University of Alabama, Tuscaloosa 

Kevin L. Mickus 

Department of Geosciences, Southwest Missouri State University, Springfield 

Abstract. Spectral analysis of Bouguer gravity anomalies in 
western central Arkansas and eastern Oklahoma indicates that 

the thickness of the crust in the Ouachita fold and thrust belt 

increases from 38 km in the western Ouachitas to 44 km in 

the eastern Ouachitas. The change in crustal thickness occurs 
near the western end of the Broken Bow uplift and coincides 
with an abrupt decrease in the flexural rigidity of the litho- 
sphere from 1.8x1024 N m in the western Ouachitas to 
5.0x10 23 N m in the eastern Ouachitas. The flexural rigidity 
in the western Ouachitas is similar to values determined in the 

Appalachian fold and thrust belt and coincides with the depth 
of the 450øC isotherm predicted by conductive cooling mod- 
els for the thermal evolution of the early Paleozoic southern 
Laurentian rifted continental margin. The thick crust in the 
eastern Ouachitas results in lithosphere that is anomalously 
weak for rifted continental crust of this age. The thicker crust 
is attributed to an eastward transition from a rift segment to a 
transform segment of the Paleozoic continental margin. A 
layered density model derived from the gravity data shows 
that strata interpreted to be deformed Ouachita facies rocks 
are thickest in the eastern Ouachitas and are consistent with a 

greater amount of shortening in the central thrust belt in Ar- 
kansas as compared to Oklahoma. The opposite relationship 

'is observed in the frontal Ouachita province, where shorten- 
ing appears greater in Oklahoma. The cross-strike changes in 
the locus of shortening, crustal thickness, flexural rigidity, 
and the inferred transition from rift to transform segments of 
the early Paleozoic continental margin all coincide with the 
location of a previously hypothesized zone of diffuse right- 
lateral shear located at the western end of the Benton uplift. 
Flexural modeling indicates that the load required to produce 
the observed Bouguer gravity low in the Arkoma foreland ba- 
sin trends parallel to the Benton and Broken Bow uplifts but 
is located 114 to 276 km farther south. In the western 

Ouachitas, the position of the load coincides with the northern 
edge of the Sabine uplift and is interpreted to mark the south- 
ern extent of Ouachita facies rocks that were emplaced on the 
Laurentian continental margin and/or attached remnant oce- 
anic crust. 

Copyright 1998 by the American Geophysical Union 
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1. Introduction 

The Ouachita orogen is a Paleozoic fold and thrust belt that 
extends more than 2100 km from Alabama to northern Mex- 

ico, with approximately 80% of the orogen being buried be- 
neath Cretaceous sedimentary rocks [Flawn et al., 1961; Viele 
and Thomas, 1989] (Figure 1). The orogen developed during 
the Mississippian and Pennsylvanian periods as the southern 
margin of Laurentia changed from an early to middle Paleo- 
zoic passive continental margin dominated by thermal subsi- 
dence and carbonate shelf buildup to a late Paleozoic active 
margin characterized by contractional deformation, clastic 
sedimentation, and the formation of flexural foreland basins 

[Viele and Thomas, 1989]. Deep seismic data are scarce, and 
well control is limited primarily to the hydrocarbon-bearing 
foreland basins and immediately adjacent segments of the 
fold and thrust belt. As a consequence, the deep structure of 
the orogen is understood only in general terms, and little is 
known about the amount of crustal attenuation on the under- 

lying Paleozoic rifted continental margin or the location of the 
Paleozoic ocean-continent transition. 

The Ouachita Mountains of Arkansas and Oklahoma con- 

tain the largest exposure of strata deformed during the 
Ouachita orogeny. Geologic mapping, Consortium for Conti- 
nental Reflection Profiling and Program for Array Seismic 
Studies of the Continental Lithosphere (PASSCAL) deep 
seismic reflection and refraction profiles, and gravity model- 
ing provide a relatively good record of the structural and 
stratigraphic evolution of this portion of the orogen [Nelson et 
al., 1982; Lillie et al., 1983; Arbenz et al., 1989; Keller et al., 
1989a; Mickus and Keller, 1992]. Nevertheless, questions 
remain concerning the amount of allocthonous material em- 
placed during contractional deformation, the southern extent 
of Ouachita facies rocks, and the structure of the underlying 
rifted margin. In this paper, gravity and topography data from 
the Ouachita Mountains and Arkoma foreland basin are used 

to develop a model of synorogenic flexural deformation of the 
lithosphere along this portion of the orogen. The flexural 
model constrains the total excess mass emplaced during for- 
mation of the fold and thrust belt, the distribution of the mass 
in the subsurface, and the strength of the underlying rifted 
continental margin. These parameters are determined from 
the analysis of nine gravity and topography profiles oriented 
perpendicular to the strike of the Bouguer gravity minimum 
associated with the Ouachita fold and thrust belt and the Ark- 
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Figure 1. Tectonic setting of the Ouachita orogenic belt. Bold line indicates geometry of early Paleozoic 
continental margin [Thomas, 1993]. Solid area indicates exposed Benton and Broken Bow uplifts. Subsur- 
face continuation of the Broken Bow uplift is indicated by dark shaded pattern. Exposed Paleozoic rocks in 
the Ouachita Mountains external to the Benton and Broken Bow uplifts are indicated by light shading. Me- 
dium shading indicates structural uplifts in the subsurface (Sabine uplift) and surface (Ozark and Llano up- 
lifts). Stippled pattern indicates Paleozoic foreland sedimentary basins. 

oma basin. The profiles are spaced at 25 km intervals be- 
tween the eastern and western limits of the Paleozoic outcrop, 
traversing the Arkoma basin and the Ouachita Mountains and 
extending roughly 75 km south onto the coastal plain (Figure 
2). Bouguer gravity power spectra from each profile are used 
to determine a layered density model of the crust in this re- 
gion. Estimates of the Bouguer gravity coherence and admit- 
tance along each profile simultaneously constrain the flexural 
rigidity of the lithosphere and how the excess crustal mass 
emplaced during the Ouachita orogeny is partitioned between 
the surface and subsurface. An inverse flexural model is then 

used to estimate the magnitude and location of the excess 
mass. 

2. Ouachita Fold and Thrust Belt and Arkoma 
Foreland Basin 

The Ouachita fold and thrust belt and associated foreland 

basins generally follow the trend of the southern Laurentian 
Paleozoic passive continental margin [Viele and Thomas, 
1989]. The geometry of the Paleozoic continental margin was 
established by Late Proterozoic to Early Cambrian rifting, 
followed by thermal subsidence and passive margin sedi- 
mentation between Late Cambrian and Early Mississippian 
time [Rankin, 1976; Thomas, 1976; Viele and Thomas, 1989]. 
In the Ouachita Mountains, the onset of contractional defor- 
mation is inferred from an abrupt increase in clastic sedimen- 
tation rates and the appearance of locally abundant volcanic 
debris in the Upper Mississippian Stanley Formation [Niem, 
1977; Morris, 1989; Loomis et al., 1994]. The time at which 

contractional deformation ended is poorly constrained, but 
low-amplitude, long-wavelength compressional folds in the 
Arkoma basin extend at least into the Late Pennsylvanian 
Hartshorne Formation [Sutherland, 1988; Arbenz, 1989; 
Denison, 1989; Elmore et al., 1990]. 

Five distinct stratigraphic and structural provinces are rec- 
ognized in the Ouachita Mountains region (Figure 2). From 
north to south, these include the Arkoma basin, the frontal 
imbricated thrust zone, the northern central thrust belt (central 
Ouachitas), the Benton and Broken Bow uplifts, and the 
southern central thrust belt (southern Ouachitas) [Arbenz, 
1989; Morris, 1989]. The Arkoma basin contains Pennsylva- 
nian deltaic, shallow marine, and flysch deposits that overlie 
carbonate rocks deposited on the former continental shelf 
[Sutherland, 1988]. The deeper southern parts of the basin 
contain normal faults that are inferred to have developed as a 
consequence of flexural subsidence of the basin 
[Houseknecht, 1986]. The leading edge of the frontal thrust 
zone is generally taken to be the Choctaw and Ross Creek 
faults, which place Lower Pennsylvanian (Jackfork Group and 
Johns Valley Shale) to Middle Pennsylvanian (middle Atoka 
Formation) strata over upper Atokan foreland basin strata 
[Blythe et al., 1988]. The frontal thrust zone in Oklahoma is 
characterized by tightly spaced imbricated. thrust faults in- 
volving mainly Pennsylvanian strata. Thrust faults are more 
widely spaced in the central and eastern Ouachitas, suggesting 
more shortening in the frontal thrust zone toward the west 
[Arbenz, 1989]. The northern central thrust belt consists of 
relatively widely spaced northwest verging thrust faults, broad 
synclines, and tight anticlines in mainly Pennsylvanian strata. 
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Figure 2. Simplified geologic map of Ouachita Mountains in Arkansas and Oklahoma. Bold lines indicate 
location of profiles analyzed in this study. The frontal imbricate zone discussed in text is restricted to the vi- 
cinity of the Choctaw (west) and Ross Creek (east) thrust faults. The Broken Bow and Benton uplifts sepa- 
rate the central thrust belt (medium gray) into north and south provinces. 

The northern central thrust belt is structurally and 
stratigraphically similar to the southern central thrust belt, 
which is also characterized by north vergent thrust faults and 
broad thrust-faulted synclines in Pennsylvanian strata. The 
southern central thrust belt is exposed mainly in the central 
and eastern Ouachitas and is separated from the northern 
central thrust belt by the Broken Bow and Benton uplifts. 

The Benton uplift in west central Arkansas and the Broken 
Bow uplift in southeastern Oklahoma expose the oldest strata 
in the Ouachita Mountains. These uplifts consist of Late 
Cambrian through Middle Mississippian preorogenic and 
synorogenic strata, termed the Ouachita facies, that are dis- 
tinctly different in their degree and style of deformation from 
the clastic sequence found in the Arkoma basin and frontal 
Ouachitas [Flawn et al., 1961; Nielsen et al., 1989]. Both 
uplifts have a similar anticlinal structure and are formed by 
predominantly north verging listtic thrust faults and attendant 
folds that in some places have been overturned [Milliken, 
1988; Arbenz, 1989]. The thrust faults place Late Cambrian 
to Early Mississippian deep water sedimentary strata on top of 
Upper Mississippian to Early Pennsylvanian turbidites and 
deep water marine clastics. The Early Mississippian deep 
water strata are generally interpreted to have been deposited 
in a deep oceanic trough south of the Laurentian shelf, with 
the Upper Mississippian clastic sediments deposited during 
the early stages of closure of the ocean basin and the onset of 
the Ouachita orogeny [Houseknecht, 1986; Viele and Thomas, 
1989]. Seismic data [Lillie et al., 1983; Milliken, 1988; 

Keller et al., 1989a], geological cross sections [Blythe et al., 
1988; Arbenz et al., 1989] and gravity models [Kruger and 
Keller, 1986; Mickus and Keller, 1992] indicate that Ouachita 
facies strata are between 15 and 20 km thick beneath the 

Benton and Broken Bow uplifts. However, the total thickness 
of the thrust pile and the maximum depth of compressional 
deformation during contraction are unknown. 

It is generally accepted that attenuated continental crust 
that was extended during Cambrian rifting lies beneath the 
Ouachita Mountains [Keller et al., 1989a; Thomas, 1991]. 
However, the structure of the southern Laurentian margin and 
it's relationship to the deep water sedimentary rocks that 
comprise the Oauchita facies has been the subject of debate. 
Lillie et al. [1983] argue that the southern extent of Oauchita 
facies rocks lies beneath the southern Ouachitas. Milliken 

[1988], Keller et al. [1989a], and Mickus and Keller [1992] 
suggest that Ouachita facies strata extend as far as 300 km 
south of the Benton uplift. If this is the case, Ouachita facies 
rocks extend well south of the edge of the Laurentian conti- 
nental crust interpreted by Keller et al. [ 1989a] on the basis of 
PASSCAL seismic data. The debate is complicated by the 
fact that the Ouachitas probably formed near the juncture of a 
northeast striking rifted segment of the Paleozoic Laurentian 
margin (the "Ouachita rift segment" of Thomas [1993]) and a 
southeast striking transform segment of the margin (the 
"Oklahoma-Alabama transform" segment) (Figure 1). The 
precise geometry of the Paleozoic margin is not well con- 
strained, but this hypothesis suggests that the western Ouach- 
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Figure 3. Bouguer gravity map of the Ouachita fold and thrust belt and the Arkoma basin region. Contour 
interval is 10 mGals. Gray scale ranges from -120 mGals (dark) to 30 mGals (light). Bold lines indicate lo- 
cation of profiles analyzed in this study. 

itas overlie rifted margin crust and that the eastern Ouachitas 
overlie less attenuated crust on the transform margin. 

3. Spectral Analysis of Gravity 
and Topography 

The central to northern Ouachitas and Arkoma basin are 

associated with one of the largest-amplitude Bouguer gravity 
minima in the United States, reaching a minimum value of <- 
110 mGals in west central Arkansas and southeastern Okla- 

homa (Figure 3). A parallel Bouguer gravity maximum is lo- 
cated immediately south of the trend of the Broken Bow and 
Benton uplifts and reaches maximum values +10 mGals ap- 
proximately 75 km south of the axis of the Bouguer gravity 
minimum. The Bouguer gravity maximum is best defined in 
Oklahoma and becomes less pronounced toward the east. 
This coupled Bouguer gravity maximum and minimum is 
characteristic of fold and thrust belts, with the gravity mini- 
mum being produced by subsidence of the foreland basin and 
the gravity maximum being created by a buried excess mass 
within the thrust belt. The mass excess may represent either 
thrust emplacement of deep crustal or allocthonous rocks onto 
less dense shelf facies or deep crustal synorogenic metamor- 
phism [Karner and Watts, 1983; Forsyth, 1985]. 

Nine gravity and topography profiles in the Ouachita 
Mountains region were constructed by projecting 2x2 km 
gridded gravity and topographic data onto profiles oriented 
perpendicular to the trend of the regional Bouguer gravity 
minimum (Figure 3). Only data lying within 5 km of the 

projected profiles were used. The resulting profiles had a 
maximum sample interval of about 0.5 km. To minimize ali- 
asing, the data were filtered to remove wavelengths shorter 
than 4 km and resampled to a uniform 2 km interval using 
spline interpolation. Each profile is 350 km long and extends 
from approximately 75 km south of the southern exposure of 
the Ouachita orogenic belt to 150-200 km beyond the thrust 
front. The topography and Bouguer gravity profiles are 
shown in Figure 4. 

A layered density model of the lithosphere was determined 
from the slope of the Bouguer gravity power spectrum. Sub- 
surface density interfaces result in distinct linear segments in 
the logarithmic Bouguer gravity power spectrum [Banks et 
al., 1977; Karner and Watts, 1983]. The depth of each inter- 
face is given by one half of the slope of the appropriate seg- 
ment of the power spectrum, with steep slopes corresponding 
to deep interfaces. The Bouguer gravity spectra for the nine 
profiles (Figure 5) show well-resolved linear segments that 
are interpreted as the density interface at the crust-mantle 
boundary (at depths of 38 to 44 kin) and the base of the clas- 
tic section in the Arkoma basin (9.5 to 11.7 kin). Two addi- 
tional interfaces are indicated in the shallow crust at depths of 
1.3 to 3.1 km and 5.1 to 7.7 km. Comparison with forward 
gravity models in the region [Kruger and Keller, 1986; 
Mickus and Keller, 1992] suggest that the interface between 
5.1 and 7.7 km represents the base of allocthonous Ouachita 
facies sediments within the central Ouachitas. The interface 

between 1.3 and 3.1 km is only observed at wavenumbers 
greater than one fourth the Nyquist wavenumber (n/2 kin-l), 
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Figure 4. (top) Topography and (bottom) Bouguer gravity profiles analyzed in this study. Profile 1 is the 
westernmost profile; profile 9 is the easternmost. Abbreviations are as follows: AB, Arkoma basin; BBU, 
Broken Bow uplift; BU, Benton uplift; OF, Ouachita front; and OU, Ozark uplift. 

so it questionable whether the data sampling interval is suffi- 
cient to adequately constrain the depth of this interface. If the 
depth estimates are correct, it may reasonably be interpreted 
to indicate either the base of clastic sediments within a Trias- 

sic rift basin that has been seismically imaged south of the 
Ouachita Mountains [Milliken, 1988; Keller et al., 1989a] or 
the base of coastal plain sediments south of the Ouachita out- 
crop. An interface detected on line 7 at 17.9 km probably 
represents a midcrustal density contrast within autocthonous 
North American crust that has been modeled by previous 
workers [Mooney and Weaver, 1989; Taylor, 1989]. This in- 
terface is not clearly resolved on the other profiles. 

4. Admittance and Coherence 

The Bouguer gravity anomaly in the Ouachitas is produced 
primarily by density contrasts in the subsurface arising from 

flexural subsidence of the lithosphere and from emplacement 
of excess subsurface mass during the orogeny. These two 
phenomena are coupled, since flexural deformation is a re- 
sponse to excess mass emplacement. The mass emplaced 
during the orogeny may include a surface load due to topog- 
raphy and a subsurface load. The subsurface load is probably 
primarily due to emplacement of a thick wedge of deep water 
Ouachita facies rocks onto the edge of the Paleozoic conti- 
nental shelf, but it could conceivably also involve placement 
of some midcrustal and deeper rocks onto less dense shal- 
lower strata and/or metamorphism of rocks in the lower crust 
during the orogeny. Flexural subsidence of the crust produces 
a broad-wavelength Bouguer gravity minimum in the fore- 
land, whereas the buried excess mass produces an adjacent 
shorter-wavelength Bouguer gravity maximum. The flexural 
rigidity of the lithosphere and the ratio of surface to subsur- 
face loading can be simultaneously determined by considering 
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Figure 5. Bouguer gravity power spectra. Dashed lines indicate linear segments of the power spectra corre- 
sponding to density interfaces at the indicated depths. 

the Bouguer gravity admittance and coherence [Forsyth, 
1985]. 

Admittance is defined as the ratio of the Bouguer gravity 
and topography spectral estimates. The form of the admit- 
tance function depends primarily on the flexural rigidity of 
the lithosphere and the partitioning of the total load between 
the surface and subsurface [Dorman and Lewis, 1970; Banks 
et al., 1977]. It is not possible to distinguish between these 
two factors on the basis of admittance alone, and flexural ri- 

gidity estimates obtained from admittance modeling may 
therefore be biased toward lower values if a subsurface load is 

present [Forsyth, 1985]. This situation can often be recog- 
nized by a pronounced peak in the admittance function at in- 
termediate wavelengths. An independent estimate of the 
flexural rigidity can be obtained from the coherence between 
the Bouguer gravity and topography spectra [Forsyth, 1985]. 
Coherence is not very sensitive to the relative magnitudes of 
the Bouguer gravity and topography but is simply a measure 
of how well the topography and gravity correlate at various 

wavelengths. Coherence is less sensitive to the manner in 
which loading is partitioned between the surface and subsur- 
face than the admittance as long as the surface and subsurface 
loads are uncorrelated and is therefore a good indicator of 
flexural rigidity. 

Following Forsyth [ 1985], we first estimate the flexural ri- 
gidity from the coherence assuming no subsurface loading. 
This is accomplished by comparing the observed coherence 
function to theoretical curves calculated at various assumed 

rigidities. The estimated flexural rigidity is then used in con- 
junction with the admittance to estimate the ratio of surface to 
subsurface loading by comparing the measured admittance to 
theoretical curves calculated for various loading ratios. The 
estimated loading ratio is then used to refine the coherence 
model, and the procedure is repeated until the flexural rigidity 
and loading ratio am consistent on successive iterations. This 
procedure relies on the assumption that the surface and sub- 
surface loads are uncorrelated. If the loads am correlated, as 
is likely in fold and thrust belts, the rigidity estimate will be 
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averaging over a sliding window, with error bars indicating variance. Dashed lines indicate theoretical coher- 
ence for lithosphere with indicated flexural rigidities and best fitting subsurface:surface loading ratio (Table 
1). See text for further discussion. 

biased toward lower rigidity values [Macario et al., 1995]. 
However, the inverse models discussed in section 5 show that 
the rigidity estimates obtained from the coherence allow for a 
flexural model that provides a good fit to the observed grav- 
ity, suggesting that the rigidity estimates are representative of 
the true value. 

The coherence and admittance estimates are shown in Fig- 
ures 6 and 7, respectively. The density interfaces used in cal- 
culating the theoretical curves were taken from the Bouguer 
gravity power spectra, and the density contrasts were chosen 
by comparison with the forward model of Mickus and Keller 
[1992]. Only well-resolved interfaces with relatively large 
density contrasts were used in the analysis. Experimentation 
with models that included all of the interfaces yielded similar 
results. The results are summarized in Table 1. Flexural ri- 

gidity generally decreases from west to east, from 2.0 + 1.0 x 
1024 N m at the location of line 1 to 5.0 + 3.0 10 23 N m at the 

location of line 9. Assuming a Young's modulus of 10 ]]Pa 
and Poisson's ratio of 0.25 [Turcotte and Schubert, 1982], 
these correspond to effective elastic thicknesses of 60 and 38 
km, respectively. The relatively high admittance values at 
wavenumbers between 0.006 and 0.02 km -• on profiles 2 to 4 
result from the large-amplitude Bouguer gravity anomaly and 
subdued topography at these wavelengths. Such a pattern in 
the admittance function is characteristic of a relatively large 
subsurface component of the total load [Forsyth, 1985]. This 
is consistent with the positive Bouguer gravity anomaly seen 
on the southern ends of profiles 1 through 3 in the western 
Ouachitas (Figure 4). The positive Bouguer gravity anomaly 
is less pronounced in the central and eastern Ouachitas 
(profiles 6-8), and the admittance functions for these profiles 
do not display the high amplitudes at intermediate wave- 
lengths characteristic of large subsurface loads. Thus the ad- 
mittance models and gravity data both indicate a general 
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discrete wavenumber bands. Dashed lines indicate theoretical admittance for indicated subsurface:surface 
loading ratios and best fitting flexural rigidity (Table 1). See text for discussion. 

Table 1. Crustal Density Model, Rigidity, and Load Ratio 

Base of Base of Base of 
Rigidity, Arkoma Basin Ouachita Facies Crust 

Profile x 10 24 N rn Load Ratio Depth Ap, g cm '3 Depth Ap, g cm --• Depth Ap, g cm --• 

1 2.00 + 1.00 1.75 + 0.25 10 0.15 - - 39 0.23 
2 1.75 + 0.80 2.00 + 0.25 10 0.15 - - 39 0.23 
3 1.75 + 0.80 2.25 + 0.15 11 0.15 - - 38 0.23 
4 1.75 + 0.80 2.00 + 0.25 12 0.15 6 0.06 41 0.23 
5 1.25 + 0.80 1.75 + 0.25 - - 7 0.06 44 0.23 
6 0.50 + 0.20 1.25 + 0.25 - - 6 0.06 44 0.23 
7 0.50 + 0.20 1.25 + 0.25 - - 6 0.06 43 0.23 
8 0.50 + 0.20 1.50 + 0.25 10 0.15 5 0.06 44 0.23 
9 0.50 + 0.30 2.50 + 0.50 8 0.15 - - 39 0.23 

Dash indicates interfaces that are not resolved in the gravity spectra. 
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eastward decrease in the ratio of subsurface to surface loading 
from 2.25 + 0.15 at the location of profile 3 to 1.25 + 0.25 at 
the location of profile 7 (Table 1). The loading ratio de- 
creases slightly westward from profile 3 to 1.75 + 0.25 at pro- 
file 1. The load ratio for profile 9 is much higher than the 
other profiles in the eastern Ouachitas, but the high variance 
in the coherence (Figure 6) leads to a large uncertainty in both 
the rigidity and loading ratio on this profile. Taken together, 
the coherence and admittance models indicate that the litho- 

sphere is stronger beneath the western Ouachitas than beneath 
the eastern Ouachitas and that the subsurface load is propor- 
tionally larger. 

5. Estimation of the Load 

A least-squares inverse modeling method is used to esti- 
mate the magnitude and position of the point load which best 
approximates the excess mass emplaced in the crust during 
the Ouachita orogeny (see Appendix). The excess mass is in- 
directly constrained by the flexural deformation required to 
produce the observed Bouguer gravity minimum. The inverse 
method iteratively searches for the point load which results in 
a calculated flexural deformation profile that produces a 
Bouguer gravity anomaly similar to that which is observed. 
Each of the nine profiles were modeled separately, with the 
optimum solution for each profile being that which minimizes 
the squared misfit between the calculated and observed grav- 
ity data. The amount of flexural deformation is calculated 
from the equations governing bending of a two-dimensional 
elastic plate that is broken on the south end, with the load 
acting on the broken edge of the plate. The location of the 
plate's edge (and therefore the load's center of mass) and the 
magnitude of the point load are the unknown parameters in 
the inverse models. The flexural rigidity of the elastic plate is 
specified a priori in the inverse models and is taken from the 
coherence and admittance modeling (Table 1). The Bouguer 
gravity anomaly is calculated using Parker's [1973] method, 
assuming a simple layered density structure for the crust. Of 
the five interfaces identified from the Bouguer gravity power 
spectra, only the interface interpreted to represent the base of 
the Arkoma basin clastic fill was used in the inverse model- 

ing. It was assigned a density contrast of 0.17x103 kg m -3 by 
comparison with previous gravity modeling studies in the 
western Ouachitas [Kruger and Keller, 1986; Mickus and 
Keller, 1992]. On profiles 5 through 7, where this interface 
was not well resolved, its depth was estimated by interpolat- 
ing from adjacent profiles. The density interface at the base 
of the crust was neglected in the inverse modeling because 
seismic refraction and gravity studies have shown that it is 
much less pronounced than the flexural subsidence of the 
shelf carbonate rocks that underlie the Arkoma basin. This is 

most likely due to Mesozoic crustal attenuation during open- 
ing of the Gulf of Mexico [Keller et al., 1989b], which has 
resulted in subdued topography at the base of the crust along 
the strike of these profiles. The shallower interfaces shown in 
Figure 5 were interpreted to be due to Coastal Plain sediments 
or other features not associated with flexural deformation in 

the Arkoma basin and so were also neglected. 
The inverse procedure attempts to fit that portion of the 

Bouguer gravity anomaly that is the result of flexural subsi- 

dence in the basin and uplift of the outer bulge. The positive 
anomaly produced by the excess subsurface mass that domi- 
nates the Bouguer gravity field south of the gravity minimum 
is not modeled and is not used as a constraint. Therefore only 
the portions of the gravity profiles lying north of the Bouguer 
gravity minimum (approximately the northern 200 km of the 
profiles) are used. However, the load that produces flexural 
subsidence is allowed to lie at any position along the trend of 
the profile and was, in fact, found to lie far south of the 
Bouguer gravity minimum. A spatially distributed load 
(rather than a point load) is obviously more realistic, but test- 
ing of synthetic models showed that the distribution of the 
load is poorly constrained by the gravity data in this inversion 
scheme. The center of mass and total mass are well con- 

strained by the gravity data, so inverting for the best fitting 
point load results in a geologically meaningful solution with a 
stable algorithm and low estimated parameter variances. Ex- 
perimentation showed that the position of the point load esti- 
mated from the inverse method does not vary greatly with re- 
alistic changes in the density contrast at the interface. 

The results of the inverse models are shown in Figure 8, 
and the load parameters are summarized in Table 2. For all 
profiles, the RMS misfit between the predicted and observed 
gravity is less than 5 mGals. The predicted gravity systemati- 
cally underestimates the observed gravity in the vicinity of the 
Bouguer gravity minimum and southward because the model 
does not include the effects of the positive anomaly produced 
by the excess mass. The modeled deflection of the crust 
reaches a maximum of about 18 km beneath the gravity 
minimum on profile 4 in the western Ouachitas, consistent 
with the thickness of clastic sedimentary rocks in the southern 
Arkoma basin and the frontal zone of the Ouachitas in this 

area [Lillie et al., 1983; Keller et al., 1989a; Mickus and 
Keller, 1992]. Little subsidence is predicted farther than 125 
km north of this position in good agreement with the distance 
between the frontal zone and the northern extent of the Ark- 

oma basin strata in Arkansas and Oklahoma. Eastward, the 
model predicts a monotonic decrease in the amount of deflec- 
tion, reaching 4 km at profile 9 in the eastern Ouachitas. The 
width and depth of the modeled basin on profiles 7 through 9 
are markedly less than beneath the more westerly profiles. 
This is reflected in the abrupt decrease in the width and am- 
plitude of the Bouguer gravity minimum in the eastern 
Ouachitas (Figure 3). All of the modeled profiles have a low- 
amplitude outer bulge located approximately 150 to 200 km 
north of the gravity minimum. 

6. Discussion 

The Bouguer gravity power spectra indicate that the crust 
is thickest beneath profiles 5 through 8 in the central and 
eastem Ouachitas (Figure 9). Corresponding changes in the 
depth of the midcrustal density interface (interface 3 in Figure 
9) show that some of the thickening occurs in the upper crust. 
This is partly due to changes in depth of the Arkoma foreland 
basin, which attains its maximum depth between Lines 3 and 
4 (Figure 3). Changes in the thickness of the upper crust be- 
tween interfaces 1 and 2 (Figure 9) are probably due to along- 
strike differences in synorogenic deformation of Ouachita fa- 
cies rocks. Precisely how much thickening occurs in the up- 
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Figure 8. Results of inverse modeling. (top) Flexural deformation of the preorogenic crust and (bottom) 
comparison of the calculated (dashed line) and observed (solid line) gravity. 

Table 2. Point Load Inversion Results 

Load Magnitude, Load Position South of RMS Error, 
Profile x1013 N m Gravity Minimum, km mGals 

1 12.60 276 + 26 2 
2 7.89 230 + 22 2 
3 9.68 243 + 48 3 
4 10.50 247 + 60 5 
5 6.86 207 + 48 4 
6 4.74 170 + 47 3 
7 3.67 175 + 35 3 
8 2.48 179 + 60 5 
9 0.57 114 + 68 3 
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from each profile. Bars indicate estimated error. Profile 1 is 
toward the west; profile 9 is toward the east. 

lithosphere would have been where the crest was thickest 
[Kusznir and Karner, 1985]. The mean flexural rigidity of 
the lithosphere in the western Ouachitas (1.8x1024 N m) is 
similar to that of the central Appalachian fold and thrust belt 
and is consistent with the cooling half-space model for the 
thermal evolution of rifted continental crest (Figure 11). Like 
the Ouachita orogen, the Appalachians underwent an episode 

per crest in the central Ouachitas is unknown because inter- 
face 3 is not well resolved in the gravity data on profiles 5-7. 
However, on the profiles where interface 3 is resolved, it is 
clear that much of the variation in crustal thickness occurs at 

midcrustal and deeper levels. Because the depth of the Ark- 
oma basin decreases toward the east, the thicker crest in the 
eastern Ouachitas cannot be attributed to a greater amount of 
flexural subsidence. It may instead result from along-strike 
variations in synorogenic deformation in the middle or lower 
crest, or it may simply reflect variations in the thickness of 
the crust that existed on the Paleozoic rifted continental mar- 

gin prior to the Ouachita orogeny. Since the Ouachitas devel- 
oped near the juncture of a rift segment of the Paleozoic mar- 
gin and a transform segment of the margin, preexisting varia- 
tions in the thickness of the crust are likely. 

The eastward increase in the crust's thickness roughly cor- 
relates with changes in the flexural rigidity, which decreases 
abruptly at the position of profile 5 near the western end of 
the Benton uplift (Figure 10). The weaker lithosphere in the 
eastern Ouachitas is clearly indicated by the systematic shift 
in the coherence comer frequency toward higher wavenum- 
bers in the more easterly profiles (Figure 6) and is also re- 
flected in the pattern of flexural deformation in the Arkoma 
basin as indicated by the Bouguer gravity anomaly, which is 
much narrower at its eastern end (Figure 3). This eastward 
decrease in the strength of the lithosphere is consistent with 
the previously suggested structure of the Paleozoic rifted 
continental margin [Viele and Thomas, 1989; Thomas, 1991]. 
The western Ouachitas are inferred to have formed near a rift 

segment of the margin, with the eastern Ouachitas overlying 
less highly extended crust on a transform segment of the mar- 
gin (Figure 1). Since the rifting episode predates the Ouachita 
orogeny by about 200 m.y., the lithosphere would have ther- 
mally reequilibrated. As a result, the weakest portion of the 
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Figure 11. Flexural rigidity versus thermal age of the litho- 
sphere at the time of loading. Triangles indicate continental 
compressional orogenic belts; circles indicate oceanic studies. 
Bars indicate estimated errors. Solid line indicates flexural 

rigidity if the effective elastic thickness of the lithosphere is 
given by the 450øC isotherm predicted by the cooling half- 
space model. Ouachita points are from this study. Other data 
are the Apennines [Royden, 1988], southern Applachians and 
Alps SW [Stewart and Watts, 1997], Urals [Kruse and 
McNutt, 1988], Alps M [Macario et al., 1995], and central 
Appalachians and Himalayas [Karner and Watts, 1983]. 
Oceanic data were compiled by Karner and Watts [1983]. 
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of Late Proterozoic rifting followed by a late Paleozoic colli- 
sional event, so the similarity of the flexural rigidities is not 
surprising. However, the rigidity of the lithosphere in the 
eastern Ouachitas is anomalously low for a 250 m.y. old rifted 
margin (Figure 11). This is attributed to the fact that the east- 
ern Ouachitas overlie a transform continental margin rather 
than a rifted margin. Stewart and Watts [ 1997] make a simi- 
lar argument to explain along-strike variations in the flexural 
rigidity of the lithosphere in the southern Appalachians, 
which they believe are related to the structure of the eastern 
North American rifted continental margin. Stewart and Watts 
[1997] argued for some form of strength recovery in rifted 
continental crust, noting that the lithosphere in the southern 
Appalachian Mountains and Ural Mountains is much stronger 
than that beneath orogenic belts that developed on rifted mar- 
gins with a shorter elapsed time between rifting and compres- 
sional deformation. The consistency of the flexural rigidity 
estimates with the cooling half-space model (Figure 11) sug- 
gests that strength recovery is a result of cooling of the litho- 
sphere following rifting, which would result in substantial 
strengthening of the uppermost mantle. This affect is most 
obvious in the Ouachita and Appalachian orogens because a 
relatively large amount of time elapsed between rifting and 
orogenesis. 
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Figure 12. (a) Ratio of subsurface to surface load estimated 
from the admittance. Bars indicate estimated error. (b) Total 
uncompensated load estimated from the inverse modeling. 
Profile 1 is toward the west; profile 9 is towards the east. 

If the flexural rigidity of the lithosphere in fold and thrust 
belts represents the strength of the crust just prior to thrust 
emplacement [Forsyth, 1985], the correspondence between 
crustal thickness and flexural rigidity changes in the Ouachi- 
tas indicates that at least some of the eastward thickening of 
the crust predates the Ouachita orogeny. As mentioned previ- 
ously, synorogenic thickening in the upper crust, and possibly 
the middle to lower crust, also appears to increase toward the 
eastern and central Ouachitas. This may indicate more pro- 
nounced shortening in the central Ouachita province in Ar- 
kansas as compared to Oklahoma, a contention supported by 
the presence of overturned folds north of the Benton uplift. 
In contrast, shortening in the frontal Ouachita province ap- 
pears greatest in the western Ouachitas. Arbenz [1989] sug- 
gested that the difference in the amount of apparent shorten- 
ing in the frontal Ouachitas is accommodated by a zone of 
diffuse right-lateral shear displacement crossing the Ouachita 
Mountains near the western end of the Benton uplift. The 
Bouguer gravity maximum associated with the Broken Bow 
uplift abruptly terminates near this position at the Arkan- 
sas/Oklahoma border (Figure 3). The proposed shear zone 
may allow the intense shortening in the frontal Ouachitas of 
Oklahoma to be transferred to more intense shortening in the 
central Ouachita province in Arkansas. The location of the 
shear zone proposed by Arbenz [1989] coincides with the 
abrupt change in flexural rigidity at the position of profile 5 
(Figure 10), which is interpreted to approximately mark the 
boundary between rift and transform segments of the Paleo- 
zoic continental margin. These associations suggest that pre- 
existing weaknesses in the lithosphere arising from differ- 
ences in crustal thickness served to focus contractional de- 

formation in the eastern Ouachitas, as has been demonstrated 

by numerical modeling studies of contractional deformation 
[Harry et al., 1995]. Apparently, along-strike variations in 
deformation over relatively short distances in fold and thrust 
belts may be closely related to the preexisting structure of the 
underlying crust. 

With the exception of profile 9, the ratio of subsurface to 
surface loading determined from the admittance modeling is 
lower beneath the eastern Ouachitas than the western Ouach- 

itas (Figure 12a). This is evidenced by the decrease in the 
amplitude of the peak in the admittance at intermediate wave- 
numbers (Figure 7). The eastward decrease in the loading ra- 
tio may be due to either a decrease in the amount of the load 
in the subsurface, an increase in the magnitude of the surface 
load, or an eastward decrease in both the surface and subsur- 
face loads, with the decrease being most pronounced in the 
subsurface. The latter scenario, involving an eastward de- 
crease in the total load, is supported by the inverse modeling 
(Figure 12b) and is consistent with the fact that the maximum 
thickness of clastic sedimentary rocks in the Arkoma basin 
decreases east of profile 5 in spite of the smaller flexural ri- 
gidity on the eastern side of the basin. The need for a larger 
buried load in the western Ouachitas is evident from the posi- 
tive Bouguer gravity anomaly in the vicinity of the Broken 
Bow uplift (Figure 3). Furthermore, the topographic expres- 
sion of the Ouachita Mountains is narrower and more sub- 

dued west of profile 4, indicating a smaller surface load in 
this region. The amplitudes of both the Bouguer gravity 
minimum and the more southerly gravity maximum decrease 
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eastward, consistent with less flexural subsidence and a di- 
minished subsurface load. These observations could indicate 

that the excess mass emplaced during the Ouachita orogeny is 
greatest to the west, which is in agreement with regional cross 
sections that show involvement of a thicker section of 

Ouachita facies rocks in the Broken Bow uplift than in the 
Benton uplift [Arbenz et al., 1989]. Alternatively, the load 
emplaced on the North American crust during the Ouachita 
orogeny may have been similar along strike of the Ouachitas, 
with erosion having removed a larger portion of the load in 
the eastern Ouachitas. However, metamorphic grade and the 
thermal maturity of exposed rocks suggest little difference in 
the amount of exhumation between the eastern and western 

Ouachitas [Houseknecht and Mathews, 1985; Keller et al., 
1985]. A third possibility is that the eastward decrease in the 
load magnitude and the ratio of subsurface to surface loading 
simply reflects the increasing buoyancy of the thicker crust. 
The variations in crustal thickness discussed previously and 
the presence of overturned folds north of the Benton uplift 
support the argument for more intense deformation in the 
central and eastern Ouachitas, which presumably could be as- 
sociated with emplacement of a greater mass of allocthonous 
material. Associated synorogenic thickening of the middle 
and lower crust might partially balance the excess mass. In 
this interpretation, the reduced strength of the lithosphere in 
the eastern Ouachitas allows for a larger degree of Airy style 
isostatic compensation, leaving a relatively small mass to be 
compensated by flexural deformation. This is not inconsistent 
with the admittance or inverse modeling, which are sensitive 
only to the uncompensated portion of the subsurface mass. 

The location of the best fitting point load determined from 
the inverse models is located 207 to 276 km south of the 

Bouguer gravity minimum in the western Ouachitas and 114 
to 179 km south of the gravity minimum in the eastern 
Ouachitas. The load position follows a trend that generally 
parallels the Broken Bow and Benton uplifts and the south- 
westerly trending positive Bouguer gravity anomaly associ- 
ated with their subsurface continuation into east Texas. In the 

western Ouachitas, the load lies immediately north of the 
Sabine uplift along the Texas/Louisiana border (Figure 1), 
which has previously been interpreted to be formed in part by 
emplacement of allocthonous material near the southern edge 
of the Laurentian plate during the Ouachita orogeny [Viele 
and Thomas, 1989; Mickus and Keller, 1992]. The associa- 
tion of the load with the broken edge of the Laurentian plate 
is an assumption in the inverse modeling, but the location of 
the load and the edge of the Laurentian plate were not speci- 
fied a priori. Therefore the coincidence of the north edge of 
the Sabine uplift with the estimated position of the load lends 
credence to the interpretation that the Sabine uplift lies near 
the southern edge of the Paleozoic Laurentian margin, or pos- 
sibly an attached remnant of Paleozoic oceanic crust, and rep- 
resents the southern limit of Ouachita facies in the subsurface 

[Keller et al., 1989a, Mickus and Keller, 1992]. The south- 
erly position of the load's center of mass indicates that the 
Broken Bow and Benton uplifts do not represent the surface 
expression of the primary load. Instead, they are probably 
best viewed as foreland features that involve more distal fa- 
cies than those in the Arkoma basin and frontal Ouachitas. 

On all of the profiles, the maximum topographic relief is 
less than 0.8 km and the width of the Ouachitas is less than 

about 150 km. Assuming a density of 2.6x103 kg m -3 for the 
surface rocks [Mickus and Keller, 1992], topography is un- 
likely to account for a total load greater than about 3x10 •2 N 
m -•. The total load estimated from the inverse modeling 
ranges from about l x10 TM N m -• in the western Ouachitas to 
5.6x10 •2 N m -1 at the east end of the study area. This indi- 
cates a subsurface to surface load ratio of 30:1 or greater in 
the western Ouachitas, much larger than the loading ratios 
determined from the admittance modeling (Figure 7 and Table 
2). Several factors contribute to the discrepancy. First, the 
admittance modeling as formulated here is based on the as- 
sumptions that the subsurface load lies at the base of the crust 
and that its spatial distribution is not correlated with the to- 
pography. In reality, the subsurface load may be correlated 
with topography (this is particularly true in fold and thrust 
belts), and it may be distributed at different levels throughout 
the crust. Second, and more importantly, the admittance 
modeling is only capable of estimating the loading ratio 
within the region traversed by the gravity profile. As the in- 
verse models show, the major subsurface load in the western 
Ouachitas actually lies far south of the southern terminus of 
the profiles, and so the two methods are not measuring the 
same load. In the eastern Ouachitas, the point load is esti- 
mated to lie near the end of the profiles. The magnitude of 
the point load in this region is similar to that of the surface 
load in agreement with the low subsurface to surface load ra- 
tio in this region. Most of the load on the crust can be ac- 
counted for by surface topography in the eastern Ouachitas, 
with the subsurface becoming increasingly important toward 
the west. 

The results discussed above support an interpretation in 
which the subsurface load is primarily attributed to emplace- 
ment of an excess thickness of Ouachita facies rocks onto 

highly attenuated continental or transitional crust on the 
southern edge of the Laurentian margin (Figure 13). This in- 
terpretation is consistent with the subsurface density model 
developed by Mickus and Keller [1992] on the basis of for- 
ward gravity modeling and with the structural interpretation 
of the PASSCAL seismic data reported by Keller et al. 
[ 1989a]. The Ouachita facies rocks are not particularly dense, 
so there is no significant positive gravity anomaly associated 
with the load. In this interpretation, the flexural shape of the 
Arkoma basin is viewed as a relict of Paleozoic tectonism and 

is not associated with a large modern subsurface load. 

7. Summary 

Analysis of Bouguer gravity power spectra indicates that 
the crustal thickness beneath the Ouachitas ranges from 38 to 
44 km, with the thicker crust lying beneath the eastern 
Ouachitas. A major density contrast interpreted to indicate 
the base of Arkoma basin clastic fill lies at average depths of 
7.7-11.7 km. Additional density interfaces are resolved at 
5.1-7.7 km (interpreted as either the base of Ouachita facies 
rocks in the central Ouachitas or the base of sediments in one 
or more Triassic rift basins located in southern Arkansas and 

northern Louisiana) and 1.3-3.1 km (interpreted as either the 
base of Cretaceous sediments south of the Ouachitas or a pre- 
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Figure 13. Schematic cross sections illustrating evolution of the Ouachita orogen in western Arkansas and 
northern Louisiana. (a) Early Mississippian. Deposition of deep water Ouachita facies rocks in narrow oce- 
anic basin between Sabine Arc and southern Laurentian passive continental margin. Subduction polarity is 
conjectural. (b) Late Mississippian. Deposition of clastic sediments in Arkoma basin and deep water clastic 
Ouachita facies rocks record subsidence of southern Laurentian carbonate shelf and onset of Ouachita 
orogeny. (c) Present structure, modified from cross sections by Mickus and Keller [1992], Roberts [1994], 
and G.W. Viele and J.K. Arbenz [Arbenz et al., 1989]. Asterisks indicate the approximate range of locations 
for the point loads estimated from the inverse modeling of each gravity profile as discussed in the text. The 
Sabine uplift is interpreted as the remnant of the Paleozoic island arc, with Ouachita facies strata emplaced by 
thrusting on the northern edge of the arc and the southern edge of the Paleozoic passive continental margin. 

viously unrecognized density interface within the Arkoma ba- 
sin clastic section). Bouguer gravity coherence and admit- 
tance indicates that the flexural rigidity of the lithosphere in 
the Ouachitas is 2.0 +_ 1.0 x1024 N m in the western Ouachitas 
and 5.0 + 3.0 x1023 N m in the eastern Ouachitas. The east- 
ward decrease in flexural rigidity is attributed to the thicker 
crust in the eastern Ouachitas and probably indicates a transi- 
tion from a rift segment of the early Paleozoic continental 
margin beneath the western Ouachitas to a transform segment 
of the margin beneath the eastern Ouachitas. The change in 
flexural rigidity occurs abruptly near the western end of the 
Benton uplift and is coincident with a previously proposed 

zone of distributed shear [Arbenz, 1989] that may allow for 
fight-lateral displacement between the eastern and western 
Ouachitas. This accommodates differences in shortening on 
either side of the shear zone, with the eastern Ouachitas un- 
dergoing more shortening in the central Ouachita province 
and the western Ouachitas undergoing more shortening in the 
frontal imbricate zone. The association of the change in flex- 
ural rigidity and crustal thickness with the location of the pro- 
posed shear zone and cross-strike differences in shortening 
implies a close association between the structure of the early 
Paleozoic continental margin and synorogenic tectonism in 
the Ouachita Mountains. 
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Eastward decreases in the magnitude of the flexurally 
compensated load and the ratio of subsurface to surface 
loading within the Ouachitas may also be attributed to 
changes in crustal thickness, with the thicker crust in the east- 
ern Ouachitas partially compensating the excess mass em- 
placed during the Ouachita orogeny. Alternatively, the mass 
emplaced during the orogeny may have varied significantly 
along strike, with a greater mass emplaced in the western 
Ouachitas than in the eastern Ouachitas. Flexural modeling 
indicates that the primary load responsible for subsidence in 
the Arkoma basin lies 207 to 276 km south of the Broken 

Bow uplift in the western Ouachitas and 114 to 179 km south 
of the Benton uplift in the eastern Ouachitas. The position of 
the load in the western Ouachitas coincides with the northern 

edge of the Sabine uplift and is inferred to mark the southern 
extent of autocthonous North American crust and alloc- 

thonous Ouachita facies emplaced during the orogeny. 

Appendix 

The deflection of a broken elastic plate subjected to a ver- 
tical end load at position x 0 is 

where 

w(x- Xo) = Wo e-(x-xø)/a cos[(x- x0) / 

W 0 ] 1/4 P0oc 3 4D 
2D (Pm - P f )g 

(A1) 

gorithm was found to be unstable when this third unknown 
was included. Therefore the flexural parameter was specified 
a priori using the rigidity estimates obtained from the coher- 
ence modeling. The inverse algorithm is based on the general 
linear inverse method for overdetermined problems. Given a 
vector containing initial estimates of the model parameters 
b=[P0 est, x0 est] and a vector of Bouguer gravity observations at 
discrete points d=[g•, g2, g3 ..... gs] r, a perturbation parame- 
ter vector •Sb=[•SP0, •Sx0] r can be calculated to determine how 
the parameter estimates must be revised in order to minimize 
the square error between the calculated and observed Bouguer 
gravity anomalies. The solution is obtained from the linear 
system of equations 

•Sb = [ArWAI-IArWd, (A3) 

where W is a diagonal weighting matrix whose elements are 
the variance of the data and A is the matrix of partial deriva- 
tives describing the dependence of the gravity misfit on the 
parameter perturbation vector, 

d-dest = A•Sb. (A4) 

The revised estimate of the model parameters is given by 
b=b+•Sb, and the procedure is iterated until the modeled and 
observed gravity agree to within a specified error or the 
change in parameter estimates is less than a specified value. 
The vector of parameter variances is given by 

S b ---- HTHW, (A5) 

Deflection is positive downward, P0 is the force exerted by a 
point load at the broken edge of the plate, D is the flexural ri- 
gidity, g is the acceleration of gravity, Pm is the mantle density 
and pf is the density of the sediment filling the basin [Turcotte 
and Schubert, 1982]. The Bouguer gravity spectrum gener- 
ated by a density contrast Ap at depth z within the flexurally 
deformed lithosphere is determined using the method of 
Parker [1973]: 

G(k) = 2zc7Ape -tCz • k n-1 W n (k), 
n=l rt ! 

(A2) 

where W(k) is the deflection spectrum and k is the wavenum- 
ber. Multiple density interfaces within the flexed lithosphere 
are dealt with individually, and their spectra are summed to 
get the total Bouguer gravity spectra. The Bouguer gravity 
anomaly in the spatial domain is then calculated by perform- 
ing an inverse Fourier transform on the net Bouguer gravity 
spectrum. We use (A1) and (A2) to calculate the Bouguer 
gravity anomaly for a flexed plate with flexural parameter ot 
subjected to a vertical load P0 at x0, which marks the broken 
edge of the plate. 

The forward-modeling method described above was 
adapted for use with a linear least squares inverse method to 
determine the magnitude and position of the point load that 
produces flexural deformation that best fits the observed 
Bouguer gravity anomaly. An attempt was made to simulta- 
neously estimate the flexural parameter or, but the inverse al- 

where H is the generalized inverse of A. 
Experimentation showed that stable and accurate solutions 

for synthetic gravity models were obtained if the elements of 
the weighting matrix W are specified by the variance of the 
gravity observations. This also has the effect of nondimen- 
sionalizing the data vector. The parameters should also be 
nondimensionalized by weighting them by an estimate of their 
final values (lx10 •2 N m and 1 km were used as weights for 
the load magnitude and position, respectively). The parame- 
ter variance (A5) was then multiplied by the parameter 
weights to get the variance in the proper dimensions. The 
components of A were determined numerically by solving the 
forward problem with two parameter choices: P0 est and p0est/2 
and X0 est and X0est/2. The derivatives were then approximated 
by the differences •Sg•/$Po and •Sg•/•SXo, where •SP0 = p0½st/2, 
•Sx0 = x0eSt/2, and •Sg•, is the difference in the modeled gravity 
at the two choices of parameter values. Comparison with 
synthetic models showed that this simple method was robust 
and stable for a wide range of flexural parameters, loading 
scenarios, and initial parameter estimates. 
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