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ABSTRACT

Morgan, P. and Swanberg, C. A, 1985. On the Cenozoic uplift and tectonic stability of the Colorado
Plateau. Journal of Geodynamics, 3: 39-63.

The Colorado Plateau is a major tectonic and physiographic province in the southwestern United
States which has been relatively stable during the Phanerozoic, but has been epeirogenically uplifted
about 2 km in the Cenozoic. Minor deformation occurred within the Plateau during Late Cretaceous-
early Tertiary compressional orogeny, and three phases of Cenozoic igneous activity are represented on
the Plateau. Constrains on timing of plateau uplift are poor, but there appears to have been at least two
phases of uplift, the most recent being during the last 5 Ma. Numerous mechanisms for plateau uplift can
be divided into three groups: 1. Thermal expansion, 2. crustal thickening, and 3. phase changes, and
simple models indicate that each of these models seems physically capable of producing the required
uplift. When the geologic and geophysical data for the Plateau are considered, however, it seems likely
that more than one mechanism is required to explain the 2 km of uplift. Thermal expansion associated
with lithospheric thinning and magmatic crustal thickening seem the most reasonable mechanisms to
have caused Cenozoic uplift of the Plateau. Early Cenozoic stability of the Plateau was possibly related
to the relatively cool geotherm and thus high strength in the Plateau lithosphere relative to the adjacent
Basin and Range and Southern Rocky Mountain-Rio Grande rift provinces. Local topography could
also have been a factor in maintaining the mechanical integrity of the Plateau. As the Plateau lithosphere
has been heated and uplift has occurred, the stability of the Plateau appears to have decreased, and it
may now be breaking up, especially in its margins.

INTRODUCTION

In an address to the Washington Philosophical Society in 1889 C. E. Dut-
ton opened with a statement of what were, in his opinion, the three greatest
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problems of physical geology (Dutton, 1892). The second of these problems
was, “What is the cause of the elevation and subsidence of restricted areas
of the earth’s surface?” Dutton’s interest in this problem was undoubtably
inspired by his geological studies of the Colorado Plateau during the
previous ten years (Dutton, 1880, 1882a, b, 1885) which he discussed later
in his address. He concluded his address with the statement:

“Hence I infer that the cause which elevates the land involves an expan-
sion of the underlying magmas, and the cause which depresses it is a
shrinkage of the magmas. The nature of the process is, at present, a com-
plete mystery.”

Almost a hundred years later we are still studying the problem of uplift of
the Colorado Plateau, and attempting to constrain and quantify the density
changes in what we now call the lithosphere, alluded to as “expansion of the
underlying magmas” by Dutton, that appear to have caused the uplift. In
the present contribution to this debate we present models of plateau uplift
applied to the Colorado Plateau and briefly examine the sequence and con-
sequences of uplift of the Plateau and volcanism and rifting in the adjoining
Basin and Range and Southern Rocky Mountain-Rio Grande rift provinces.
In an accompanying paper (Swanberg and Morgan, this volume), we
present new heat flow estimates and a new heat flow map of the Colorado
Plateau adjoining areas.

CENOZOIC GEOLOGIC HISTORY OF THE COLORADO PLATEAU

The Colorado Plateau is a major tectonic and physiographic province in
the southwestern United States. It covers an area of approximately
3.5x 10° km? in northwestern New Mexico, western Colorado, and central,
southern and eastern Utah (Fig. 1), which appears to have been relatively
stable during most of the Paleozoic and Mesozoic, suggesting that its
general plateau structure, which is of Cenozoic age, is an inherited feature
(e.g., see Hunt, 1956). Widespread occurrence of the marine Mancos shale
on the Plateau (e.g., Oetking and others, 1967) indicates that the Plateau
was close to sea level in the Late Cretaceous, and from present mean
altitude indicates approximately 2 km of uplift during Cenozoic. Although
minor orogenic structures formed within the Plateau during early Tertiary
time, the Plateau escaped most of the major Late Cretaceous-Tertiary defor-
mation and magmatic events that were pervasive in the Basin and Range
and Southern Rocky Mountain-Rio Grande rift provinces which border the
Plateau to the west, south and east. Valuable reviews of the geology and
tectonics of the Plateau region include those by Hess (1954), Kelley (1955),
Hunt (1956), Eardley (1962), Gilluly (1963), Pakiser (1963), and
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Fig. 1. Sketch map showing the location of the Colorado Plateau and the distribution of Cretaceous
and Cenozoic igneous rocks on and immediately adjacent to the Plateau (adapted from Hunt, 1956).

Age dates are given where available for igneous rocks primarily in the interior of the Plateau from
Armstrong (1969) and Naeser (1971).

McGetchin and others (1980), and the reader is referred to these studies for
general details of the Cenozoic geologic history of the Plateau. For the
present purposes of understanding the Cenozoic uplift and stability of the
Plateau, a summary of the Cenozoic history of the Plateau will suffice,
emphasizing only details directly relevant to the problems under
investigation. The following summary of the Cenozoic geologic history of
the Plateau, illustrated in Figure 2, was taken primarily from Hunt (1956).
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Age Ma
80 60 40 20 0
Shelf deposition Uplift? Uplift
Minor compressional deformation Diatremes in southern
and deposition of a few km Plateau interior and
lacustrine and fluviatile sediments extensive marginal
———- e om e - basalts
Diorite volcanism in Diorites and diatremes °
extension of Colorado in Plateau interior

Mineral Belt into the
Four Corners Area

Fig. 2. Late Cretaceous and Cenozoic time chart for the main tectonic and volcanic events affecting the
Colorado Plateau.

Prior to the Laramide (Late Cretaceous-ecarly Tertiary) orogeny in the
western U.S. the Plateau was a shelf area. It was transformed into a basin or
trough, surrounded by newly formed mountains during Laramide folding,
and the deposition of several thousand feet of lacustrine and fluviatile
sediments in the lower parts of this depression indicates that it was still
close to sea level during the early Tertiary. After the Eocene, general
aggradation ceased in the Plateau, and general degradation began. Igneous
activity, volcanism and intrusion, became common, although much less
extensive than that in the neighboring provinces, and faults developed,
especially along the west and south edges of the Plateau; uplift began. Uplift
and erosion have continued to the present, with volcanism and faulting
being mostly confined to the Plateau margins. The general erosion-sedimen-
tation history of the adjacent Basin and Range province is opposite to that
of the Plateau, with highlands undergoing erosion during the Paleocene,
Eocene and Oligocene, and extensive aggradation during Late Miocene and
Early Pliocene in the Basin and Range.

The general distribution of Cenozoic igneous rocks on the Colorado
Plateau and approximate age dates for igneous rocks in the central portion
of the Plateau are shown in Figure 1. Sporadic and sometimes extensive
igneous activity has occurred adjacent to and sometimes overlapping the
western, eastern and southern margins of the Plateau throughout the
Cenozoic (e.g., Snyder and others, 1976), and young (Late Miocene to
Holocene) volcanic rocks are common on the Plateau margins (e.g., Luedke
and Smith, 1978a, b). Hunt (1956) considered most of the Plateau igneous
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activity to be late Cenozoic in age, primarily from geomorphic relationships.
From their K-Ar isotopic age and fission-track ages, however, igneous rocks
in the central portion of the Plateau can be divided into three age groups:
Laramide (80 to 50 Ma), mid-Tertiary (46 to 24 Ma), and late Tertiary (less
than 15 Ma), and these periods of activity roughly correspond to increases
in igneous activity around the Plateau.

Laramide igneous activity in the central Plateau was primarily represen-
ted by dioritic laccoliths which extend from the Four Corners area of the
Plateau (the junction of the four states of Utah, Colorado, New Mexico and
Arizona) northeast into Colorado along the projection of a trend of
Laramide mineralization which crosses central Colorado (the Colorado
Mineral Belt) (Fig. 1; and Armstrong, 1969). Dioritic laccoliths are also the
dominant form of mid-Tertiary igneous activity in the central portion of the
Plateau, but these intrusions do not follow any discernable spatial trend.
During the same period, contrasting kimberlite, carbonate and minette
(alkali-lamprophyre) dikes and diatremes of the Navajo field were also
intruded, primarily in the Four Corners area of the Plateau (Fig. 1,
Williams, 1936; Watson, 1967; McGetchin and Silver, 1970a, b, 1972;
Naeser, 1971; McGetchin and others, 1973). Late Cenozoic igneous activity
in the central portion of the Plateau is primarily represented by monchi-
quite diatremes of the Hopi Buttes volcanic field in northeastern Arizona
with ages around 2 to 5.5 Ma (Fig. 1; and Williams, 1936; Hack, 1942;
Hunt, 1956; Naeser, 1971), and late Tertiary-Quaternary, primarily basaltic
volcanic rocks are common on the Plateau margins (Hunt, 1956; Snyder
and others, 1976; Luedke and Smith, 1978a, b).

The timing of uplift of the Colorado Plateau from below the sea level in
Late Cretaceous to about 2km now, is crucial for interpreting the
mechanism of uplift, but unfortunately details of this timing are elusive. The
following summary is taken primarily from McGretchin and others (1980),
based upon studies by Damon (1979), Kelly (1979), Lucchitta (1979),
Mayer (1979), Otton and Brooks (1978), Pierce and others (1979),
Shoemaker (1978), and Young (1979). Prior to 24 Ma the Plateau was
topographically low with internal drainage, although some relatively high
spots may have existed as a result of Laramide (Late Cretaceous-early Ter-
tiary) deformation and Eocene and Oligocene magmatic activity. Hunt
(1976) reports 1000 m of downcutting below the present top of the Plateau
by the Colorado River in Peach Springs Canyon at 18 Ma, indicating a
Plateau elevation of at least 1 km at 18 Ma. Prior to about 10 Ma the
Plateau was topographically low with respect to the adjacent Basin and
Range province, but this topographic relationship was reversed at about
10 Ma. At the end of Basin and Range faulting (about 8 Ma), the Plateau
was 1.1 km above adjacent basin floors in western Arizona, which were
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Fig. 3. Compilation of uplift and altitude data for the Colorado Plateau.

thought to be close to sea level (Lucchitta, 1979). Deposits from the
Colorado River draining the Plateau indicate that during the last 5.5 Ma
the Basin and Range adjacent to the Plateau has been uplifted at least
550 m, and the Plateau has risen at least 880 m in western Arizona relative
to sea level (see also Hamblin and others, 1981). Thus, there is evidence
that Plateau uplift has occurred in at least two stages, and that the later
stage was very recent. Uplift data for the Plateau are summarized in
Figure 3.

GEOPHYSICAL STUDIES OF THE COLORADO PLATEAU

Geophysical data provide information about the subsurface structure of
the lithosphere, and thus provide constraints on modern lithospheric struc-
ture that any models for uplift of the Colorado Plateau must meet.
Geophysical reviews of the Colorado Plateau have recently been published
by Thompson and Zoback (1979) and Keller and others (1979), and the
salient points of these reviews and of later relevant publications are sum-
marized here.

Seismic data indicate that the crust of the Colorado Plateau is about
45 km thick, which is significantly thicker than the adjacent Basin and
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Range province to the west and south (about 30 km thick) and the Rio
Grande rift to the east (30 to 35 km thick). No significant change in crustal
thickness is associated with the northern boundary of the Plateau. Heat
flow in the interior of the Plateau is probably in the range 55 to
65 mW m 2 (Keller and others, 1979; Bodell and Chapman, 1982; Reiter
and Clarkson, 1983a; Swanberg and Morgan, this volume), but low upper
mantle compressional wave velocities (P, =7.8 km s ~!; Keller and others,
1979) and high mantle electrical conductivities (e.g., Pedersen and Her-
mance, 1981) suggest relatively high upper mantle temperatures, higher
than those suggested by simple extrapolation of the surface of heat flow.
Gravity data indicate that the Plateau is regionally close to isostatic
equilibrium. Very low upper mantle seismic velocities, belts of active
seismicity, anomalously thin crust, and late Cenozoic volcanism and
faulting are associated with the western, southern and eastern margins of
the Plateau, and these anomalous zones extend as much as 100 km into the
Plateau. Thus, geophysical data indicate that the Plateau is approximately
in isostatic equilibrium, and although heat flow in the interior of the
Plateau is not particularly high, upper mantle temperatures beneath the
Plateau are high, and conditions in the lithosphere of the Plateau margins
are more similar to conditions in the adjacent provinces than in the Plateau
interior.

ISOSTATIC UPLIFT MECHANISMS

Numerous mechanisms have been suggested for uplift to the Colorado
Plateau (e.g., see McGetchin and others, 1980, Table III), many of which
are genetically related to the Cenozoic plate tectonic evolution of the
western United States. The physical concepts of uplift behind many of these
mechanisms are similar, however. The Plateau is in approximate isostatic
equilibrium at present, and if it is assumed that it was also in approximate
isostatic equilibrium prior to uplift, its present altitude must be supported
by a relative mass deficiency at depth. The suggested causes of this mass
deficiency can be divided into three groups: 1. Thermal expansion (heating
and/or thinning of the lithosphere); 2. Crustal thickening; and 3. Phase
changes. Suggested uplift mechanisms divided into these three types of mass
deficiency are listed in Table I.

Thermal expansion in various forms is the most commonly quoted
mechanism for uplift of the Colorado Plateau (Table I). It basically
depends upon the mean coefficient of thermal expansion of the lithosphere,
and the integrated difference between the geotherm prior to uplift and the
modern geotherm down to the depth of isostatic compensation. Unfor-
tunately, although we now have reasonable estimates of the modern surface
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heat flow from the Colorado Plateau (e.g., Swanberg and Morgan, this
volume), as it is likely that the Plateau lithosphere is not in a state of ther-
mal equilibrium (e.g., Bird, 1979; Bodell and Chapman, 1982) and as at
present we have no estimates of the contribution of crustal radiogenic heat
production to the Plateau heat flow, even the modern geotherm is subject to
great uncertainties. We have even less constraints upon the pre-uplift

TABLE 1

Summary and grouping of Uplift Mechanisms suggested for the Colorado Plateau.

Physical Process Mechanism Reference

Thermal Expansion Heating of lithosphere by deep mantle plume, 1,2
hot spot or unspecified thermal event.
Heating due to overriding and subduction of 345
an oceanic ridge.
Heating due to viscous shear heating between 6,7
lithosphere and asthenosphere (not suggested
for Colorado Plateau).

Heating following cessation of subduction and 8,9
resulting thermal equilibration of subducted
slab.
Heating due to delamination of mantle portion 10
of lithosphere and resultant rise of
asthenosphere.
Crustal Thickening Horizontal transfer of mass in lower crust by 11,12
compression or unspecified.
Underplating or subduction at very shailow 13,14
angle.
Phase Change Expansion accompanying partial melting, 15
Hydration reactions such as serpentinization. 16
Introduction of volatiles resulting in deep- 17,18
seated hydration.
Temperature dependant solid-state phase changes 19,20

such as eclogite-basalt or spinel-olivine
(not suggested forColorado Plateau).

Table and references are intended to illustrate uplift mechanisms suggested for the Colorado Plateau and
are not intended to be comprehensive. Some mechanisms and references incorporate features of other
mechanisms and/or physical processes. Key to references: 1-Crough (1979); 2-Bodell and Chapman
(1982); 3-Lipman and others (1972); 4-Damon (1979); 5-Damon (1983); 6-Melosh and Edel (1979); 7-
Shaw and Jackson (1973); 8-Christiansen and Lipman (1972); 9-Thompson and Zoback (1979); 10-Bird
(1979); 11-Hess (1962); 12-Gilluly (1963); 13-Helmstaedt and Schulze (1977); 14-McKenzie (1984); 15-
McGetchin and others (1980); 16-Hess (1954); 17-McGetchin and Silver (1972); Silver and McGetchin
(1978); 19-O’Connell and Wasserburg (1967); 20-Lovering (1985); 21-Green and others (1980,
Table III).
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geotherm. It is easy to demonstrate that thermal expansion is a viable
mechanism for uplift of the Colorado Plateau, but less easy to place reliable
constraints upon this mechanism.

If we assume that the Plateau was in thermal equilibrium prior to uplift it
is possible to use a simple model to estimate the maximum uplift possible by
thermal expansion alone. As shown by Morgan (1983), maximum uplift is
predicted for thermal expansion if the heated (or thinned) lithosphere is in a
state of thermal equilibrium, and thus we compare hypothetical pre- and
post-uplift equilibrium geotherms (Fig. 4). Maximum temperatures in the
lithosphere are controlled by temperature of the asthenosphere, T,, which
we assume to be constant as a first approximation. We limit lithospheric
thinning to the level of the Moho because any thinning of the buoyant crust

Temperature
_
AT

T,

Depth

Fig. 4. Schematic equilibrium geotherms to illustrate the change in geotherm associated with
lithospheric thinning and plateau uplift by thermal expansion. T, is the temperature of the base of the
lithosphere (assumed to be constant here as a first approximation), and AT is the effective temperature
drop across the lithosphere, defined as the temperature drop across the lithosphere minus the tem-
perature increment in the crust due to crustal radiogenic heat production and due to the thermal con-
ductivity contrast between the crust and mantle (geotherms for effective temperature drop illustrated by
dashed curves).
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would cause subsidence, and this limitation allows us to ignore the crust in
our models as a first approximation. The geotherms are adjusted for the
effects of crustal heat production and conductivity variations as these effects
remain essentially unchanged during heating (dashed lines, Fig. 4). Using
these series of simplifying assumptions, we can calculate the mean density of
the lithosphere, p;, relative to the asthenosphere density, p,, as

prL=pall +a 4T/2) (1)

where o is the mean coefficient of volume expansion, and 4T is the effective
temperature drop across the lithosphere (asthenosphere minus surface tem-
perature, corrected for crustal heat production and conductivity). Assuming
conditions of isostasy, it is easily shown that the ratio of surface uplift, U, to
the lithospheric thinning (or that portion of the lithosphere heated to the
asthenosphere temperature), 4L, is given by

U/AL = (pL—pa)/pa=0adT/2 (2)

and plots of uplift as a function of lithospheric thinning are shown in Fig. 5.
Comparison of this simplified analysis with a more complete treatment of
the problem (e.g., Crough and Thompson, 1976; Bird, 1979; Mareschal,
1981; Morgan, 1983; Morgan and Phillips, 1983) indicates that the error
involved with ignoring the crust is only a few percent, much less than the
uncertainties in o« and A4T. As the Plateau is probably not in thermal
equilibrium, its geotherm will not conform to the equilibrium heat flow
assumptions used for the geotherms in the uplift calculations here. However,
these simple calculations are useful for constraining the amount of heating
and/or lithospheric thinning required to uplift the Plateau by thermal
expansion.

Data recently compiled by Roy and others (1981) indicate that the
volume coefficient of expansion for olivine from about 0 to 1000°C is in the
range 3.0 to 3.8 x 10 3°C~', and that for pyroxene and hornblende it is in
the ranges 1.65 to 7.8 x 1073 and 2.4 to 3.6 x 10 ~3°C !, respectively. Thus,
assuming an upper mantle mineralogy dominated by olivine, « is probably
in the range of 3.0 to 4.0x 10 °°C~". To estimate AT both an estimate of
the asthenosphere temperature and the crustal temperature increment is
required. Lachenbruch and Sass (1978) suggest that the asthenosphere tem-
perature can be estimated from the basalt dry solidus (BDS, Fig. 4) which
they approximate by 1050 + 3z °C, where z is depth in km. Using this
approximation, the asthenosphere temperature ranges from about 1200°C
at 50 km to 1650°C at 200 km. The crustal temperature increment due to
crustal heat production and conductivity variations will be laterally variable
as these parameters vary, but for average crustal parameters (e.g., see
Morgan, 1984), will probably be about 150°C. Thus, 4T is expected to be
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Fig. 5. Uplift due to thermal expansion in the lithosphere as a function of the amount of lithospheric
thinning, and the potential uplift of Colorado Plateau as a function of its initial lithospheric thickness
assuming that thinning continues to the Moho (45 km). Curves are shown for different values of the
volume coefficient of expansion, «, and the effective lithospheric temperature drop, AT (see text for
definition).

within the range 1050 to 1400°C. Uplift as a function of lithospheric thin-
ning is shown in Figure 5 for these ranges of a and AT. If 2 km of uplift of
the Colorado Plateau is due to simple thermal expansion, between 70 and
130 km of lithospheric thinning, or an equivalent heating of the crust and
mantle down to the depth of isostatic compensation is suggested.

The second group of uplift mechanisms suggested for the Colorado
Plateau invokes crustal thickening, either tectonic or magmatic. If tem-
perature changes associated with the process of crustal thickening are
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Fig. 6. Ratio of uplift, U, to crustal thickening or thickness of layer affected by a phase change, t, as a

function of the density contrast at the Moho or the density change during the phase change, Ap, assum-

ing a mantle or pre-phase change density of 3.3 Mgm ~*.

ignored, and assuming that the crust is in isostatic equilibrium both before
and after thickening, it is easily shown that the ratio of the uplift, U, to
crustal thickening, t, is given by

U/t=dp/pm 3)

where 4p is the density contrast between the crust and the uppermost man-
tle, and p,, is the density of the uppermost mantle. This ratio is plotted as a
function of Ap in Figure 6 for a value of p,, of 3.3 Mg m—3. Seismic and
gravity data indicate that 4p is probably in the range 0.3 to 0.5 Mgm ?
(e.g., Drake and others, 1959; Woollard, 1966) which suggests that 13 to
22 km of crustal thickening is required if 2 km of uplift is caused solely by
this mechanism.

Uplift caused by phase change in the lithosphere, either anhydrous or
associated with hydration, can be calculated in the same manner as uplift
due to crustal thickening, again assuming isostatic equilibrium before and
after uplift and ignoring any thermal effects. In fact, if the phase change
results in the conversation of mantle to crustal material, i.e., the Moho is a
phase change, the phase change results in crustal thickening, and equation 3
applies directly as before, t being the thickness of the layer affected by the
phase change and 4p the density change during the phase change. If the
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phase change does not result in an interchange between the crust and the
mantle, 4p is the density change during the phase change, p, is the density
of the zone affected by the phase change prior to the phase change, and t is
the thickness of the zone affected by the phase change. The ratio of uplift to
thickness affected by the phase change as a function of density change dur-
ing the phase change is again shown by the plot in Figure 6. If the Moho is
a phase change, 4p is probably in the range 0.3 to 0.5 Mgm—* as before,
and 2 km of uplift requires 13 to 22 km of mantle to be converted to crust
by the phase change. Intra-crustal or intra-mantle phase changes are likely
to be associated with smaller density changes than the Moho. Thus, if 2 km
of uplift is the result of a phase change not associated with the Moho, the
thickness of the layer affected by the phase change would probably be in
excess of 25 km.

DISCUSSION OF UPLIFT MECHANISMS

As shown above, most of the uplift mechanisms suggested for the
Colorado Plateau listed in Table I are physically capable of producing 2 km
of uplift. However, the time scales required for some of the mechanisms and
manifestations of the mechanisms other than uplift are not always com-
patible with the implications of available geological and geophysical data.

Low upper mantle seismic velocities and high electrical conductivity
suggest that the upper mantle is anomalously hot beneath the Plateau, and
thus some thermal expansion is to be expected if the pre-uplift Plateau
lithosphere was relatively cold. For net uplift, thermal expansion must occur
in the lithosphere underlying the Plateau in addition to any density effects
in a postulated underlying remnant subducted slab (e.g., Damon, 1979).
Thermal relaxation of a subducted slab cannot cause a net uplift on its own
as it can only reverse subsidence caused by the original emplacement of the
cool subducted slab.

Bird (1979) predicted about 1 km of uplift of the Plateau by thinning of
the lithosphere from about 100 to 40 km by delamination. If the original
lithospheric thickness was greater than 100 km, more uplift might be expec-
ted. However, dioritic magmatism in the extension of the Colorado Mineral
Belt suggests temperatures of 700 to 900°C at depths of about 16 to 33 km
at least locally prior to any uplift (D. Gust, pers. comm., 1984), indicating
that the Plateau lithosphere was not very thick and cool prior to uplift, and
thus the 1 km uplift predicted by Bird may be an upper rather than a lower
limit to uplift by thermal expansion. Bird suggested two delamination events
to explain mid-Tertiary and Pliocene to Recent uplift and volcanism, but
the magnitude of the second predicted uplift is considerably less than that
deduced from observations (Fig.3), and there is poor correspondence
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between the delamination events and the timing of volcanism (Fig. 1 and 2).
Bodell and Chapman (1982) predict nearly 2 km of uplift associated with
unspecified thermal thinning of the lithosphere from 120 to 80 km, but most
of this uplift comes not from thermal expansion but from the assumption of
a constant density contrast between the lithosphere and asthenosphere.
Unless the base of the lithosphere is associated with a phase or com-
positional change, this assumption is almost certainly incorrect. The
lithosphere-asthenosphere density contrast assumed by Bodell and Chap-
man (1982) of 0.1 Mgm ~? is about twice that predicted from reasonable
thermal expansion considerations, and their model does not meet the con-
straints on uplift timing especially the young uplift event (Fig. 3).

The results of a refined version of the thermal thinning model of the
Plateau lithosphere with resulting uplift and increased surface heat flow are
shown in Figure 7. This model is based upon the analytical solution for a
moving plane heat source in which the lithosphere is assumed to thin in
response to a constant increase in heat flux at its base (Appendix; see also
Morgan, 1983; Crough and Thompson, 1976; Wendlandt and Morgan,
1982; Spohn and Schubert, 1983; and others). This type of model can
explain the uplift of the Plateau and apparently high mantle temperatures
but moderate surface heat flow, but probably cannot explain more than
1 km of uplift of the Plateau, and again does not satisfy the constraints on
uplift timing. Thus, while thermal expansion may make an important con-
tribution to uplift of the Colorado Plateau we conclude that an additional
uplift mechanism is also required, especially with respect to very young
uplift of the Plateau.

The thickness of about 45 km for the crust of the Colorado Plateau is not
anomalously thick for its present elevation, but it is considerably thicker
than crust generally at sea level (e.g., see crustal thickness maps of the U.S.
in Allenby and Schnetzler, 1983, and L. Braile and G. R. Keller, pers.
comm., 1984). Thus it is probable that unless sea level was at least several
hundred meters higher during the deposition of Cretaceous marine shales
on the Plateau, the Plateau crust was thinner at this time. Minor crustal
thickening (up to a few km) probably occurred during Late Cretaceous-
early Tertiary crustal shortening and subsequent deposition on the Plateau.
However, if modern crustal thicknesses on the eastern and southern margins
of the U.S. can be used as a guide to the Plateau crustal thickness when its
surface was at sea level, it is not unreasonable that its thickness has
increased by about an additional 10 km during Cenozoic. This increase in
thickness would explain about 1 km of uplift in addition to the uplift by
thermal expansion.

Crustal thickening can occur by crustal shortening or underthrusting,
magmatic underplating or intrusion, and by a phase change at the Moho.
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Fig. 7. Example of uplift and surface heat flow predicted by moving plane source model of lithospheric
thinning (see text). Model parameters: initial surface heat flow - 50 mW m ~?; surface radiogenic heat
production - 2 uW m~3; heat production depth parameter 10 km; heat production depth distribution -
average of exponential decrease with depth and constant heat production to 10 km; crustal thickness -
40 km; crustal thermal conductivity - 2.5 W m~! K ~!; mantle thermal conductivity - 34 Wm 'K ~!;
volume coefficient of expansion - 3x 10-°K ~!; lithosphere-asthenosphere boundary temperature -
1200°C; initial lithospheric thickness - 115 km,; increase in heat flux at base of lithosphere - 60 mW m ~2;

mantle diffusivity - 1 mm?s~1.

As there is little evidence of major Cenozoic crustal shortening on the
Plateau, and uplift does not correlate with compressional events, crustal
shortening and underthrusting are not thought to be important for the late
uplift of the Plateau. There is no evidence for major low rigidity zones
beneath the Plateau, and thus expansion accompanying partial melting is
thought to be insignificant. Hydration in the upper mantle and/or lower
crust were thought to be significant and the possible cause of uplift of the
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Plateau by Hess (1954), McGetchin and Silver (1972) and Silver and
McGetchin (1978). However, recent studies of lower crustal xenoliths from
the mid-Tertiary diatremes in the center of the Plateau in conjunction with
studies of seismic velocity profiles of the Plateau by Padovani and others
(1982) suggest that the Plateau lithosphere has not undergone hydration at
depths greater than 15 km, and that uplift is not the result of a hydration
phase change. Temperature dependent phase changes at the Moho or
elsewhere in the lithosphere are possible, but the lack of correlation of the
Moho or other seismic-density discontinuities with the temperature and
pressure conditions of known phase changes (e.g., Bullard and Griggs, 1961;
Mareschal and others, 1982), suggest that these phase changes are of secon-
dary importance if they occur. Magmatic thickening of the crust of the
Plateau is not unreasonable, however, especially with respect to the impor-
tance of Cenozoic magmatism in the western U.S. (e.g., Lipman and others,
1972; Christiansen and Lipman, 1972). Cenozoic volcanism has been
relatively minor volumetrically on the Plateau, and we speculate that this
could be at least in part due to deep crustal intrusion rather than eruption
of the magmas.

Other data which suggest the possible significance of the uplift of the
Plateau by magmatic crustal thickening come from the adjacent provinces,
the Basin and Range, Southern Rocky Mountains-Rio Grande rift, and
Great Plains. There is evidence that all of these areas have experienced
recent (about 5 Ma or younger) uplift (e.g., Axelrod and Bailey, 1976;
Lucchitta, 1979; Seager and others, 1984) and thus at least the most recent
phase of Plateau uplift may not be restricted to the Plateau itself. Recent
models of the thermal evolution of the Rio Grande rift in northern New
Mexico by Morgan and Golombek (1984) conclude that recent uplift in this
area must be due at least in part to crustal thickening, and there is evidence
of very young magmatic intrusion in this area and the adjacent Plateau
from seismic, heat flow and geomagnetic data (e.g., Sanford, 1983; Cook
and others, 1978; Reiter and Clarkson, 1983b; Decker and others, 1984;
Towle, 1980). Thus there is evidence that at least the latest phase of uplift of
the Colorado Plateau should not be studied in isolation of the surrounding
provinces.

Until further data are available, especially with respect to the timing of
plateau uplift, the timing and significance of volcanism on the Plateau, and
details of the structure of the deep crust and upper mantle, it will be very
difficult to reliably constrain uplift models of the Plateau. From the analysis
of the physical processes given above, and consideration of the available
geological and geophysical data, it seems likely that at least two, possibly
related, mechanisms are responsible for the uplift. Thermal expansion is a
reasonable mechanism to account for about 1 km of uplift of the Plateau,
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although the details of this thermal expansion, lithospheric thinning by sub-
lithospheric heating or lithospheric delamination, are poorly constrained. It
seems likely that heating and thermal expansion is not yet complete as sur-
face heat flow in the center of the Plateau is not yet high. Crustal thickening
is probably the additional uplift mechanism, again accouting for about 1 km
of uplift. Magmatic crustal thickening seems the most reasonable
mechanism, and may not be restricted to the Plateau.

TECTONIC STABILITY OF THE COLORADO PLATEAU

Perhaps the most remarkable feature of the Cenozoic evolution of the
Colorado Plateau has been its stability relative to the adjacent Basin and
Range and Southern Rocky Mountain-Rio Grande rift tectonic provinces. It
should be emphasized that the Plateau has not escaped Cenozoic tectonic
deformation, e.g., early Cenozoic compressive warping and late Cenozoic
faulting on its margins, but it has been deformed much less than adjacent
crust. As discused above, Cenozoic uplift of the Plateau seems to require at
least some heating of the Plateau lithosphere, and if the Plateau lithosphere
was relatively cool at the end of the Mesozoic, strength in this lithosphere
seems the most reasonable explanation for the relative resistance of the
Plateau to Late Cretaceous-early Tertiary Laramide deformation. Studies of
lithospheric strength as a function of the geotherm (e.g., Lynch, 1983; Smith
and Bruhn, 1984; Morgan and Golombek, 1984) indicate that the
lithosphere becomes considerably weaker as it is heated and thinned.

Until we have better definition of the uplift and magmatic history of the
Plateau, it is difficult to reliably constrain geotherms and strength curves for
different stages in the Cenozoic evolution of the Plateau relative to the
adjacent provinces. However, as the modern Plateau has lower surface heat
flow in its interior than the adjacent provinces, and Cenozoic volcanism has
generally been much less abundant on the Plateau than in the adjacent
provinces, it is not unreasonable to speculate that it has been cooler and
thus stronger than the adjacent provinces. An example of the simplified
hypothetical lithospheric strength curves for the mid-Tertiary Plateau, the
modern Great Plains, and various stages in the evolution of southwestern
New Mexico are shown in Figure 8. As the Plateau lithosphere has been
heated in the Neogene and Quaternary, however, it has probably become
weaker, especially in the Plateau margins where young volcanism is com-
mon. Thus, part of the reason for the relative stability of the Plateau may
have been that it was cooler than the surrounding provinces, but heating of
the Plateau may be causing it to lose strength.

In addition to lithospheric strength, local topography may also have con-
tributed to stability of the Plateau. After early Tertiary compressive defor-
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Fig. 8. Hypothetical lithospheric strength curves for the modern Great plains and mid-Tertiary
Colorado Plateau (left) and various stages in the evolution of the southwestern New Mexico (right)
(adapted from Morgan and Seager, 1983). Strength curves are for an extensional stress field and were
generated using the deformation parameters of Lynch (1983). Great Plains and mid-Tertiary
(30 m.y.b.p.) Colorado Plateau strength curves were generated assuming a surface heat flow of
50 mW m~2 Southwestern New Mexico strength curves were generated assuming heat flow of
125 mW m 2 for the modern southern Rio Grande rift (RGR), 85 mW m~2 for the modern Basin and
Range (B&R), and 90 mW m~? for the lithosphere at 10 Ma (m.y.b.p.), prior to the most recent episode
of volcanism in this area. It is thought that the geotherm in this area was probably similar to the modern
rift geotherm during the Late Oligocene and early Miocene, and thus there was a strong strength con-
trast at this time between the Colorado Plateau and the adjacent provinces. Additional examples of
strength curves calculated for this region and further discussion of the geotherm evolution are given by
Morgan and Golombek (1984).

mation, the western U.S. has experienced primarily extensional tectonism.
Prior to about 10 Ma the Plateau was topographically low with respect to
the adjacent Basin and Range province, and this topography would have
generated a compressional stress field at least in the uppermost crust of the
Plateau (e.g., see Bott, 1981; Crough, 1983). At about 10 Ma when the
Plateau first rose above the adjacent Basin and Range, this stress field
would have been reversed, especially in the Plateau margins, as illustrated
in Figure 9. This reversal of the locally generated stress field, combined with
the effects of the regional stress field and heating of the Plateau margins is
probably responsible for the development of young faults on the periphery
of the Plateau, and if these trends continue, may mark the initiation of
breakup of the Plateau.


https://www.researchgate.net/publication/236406941_Thermal_mechanical_and_tectonic_evolution_of_the_southern_Rio_Grande_rift_Abstract_only_-_not_available_for_download?el=1_x_8&enrichId=rgreq-bac30d5f7e02be4249fd675cd0695fc5-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAxMzE0O0FTOjIzNDEwNDgxMzc4MDk5MkAxNDMyODI2MzQ1MTQ5
https://www.researchgate.net/publication/248240435_Rifts_and_Swells_Geophysical_Constraints_on_Causality?el=1_x_8&enrichId=rgreq-bac30d5f7e02be4249fd675cd0695fc5-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAxMzE0O0FTOjIzNDEwNDgxMzc4MDk5MkAxNDMyODI2MzQ1MTQ5
https://www.researchgate.net/publication/223032285_Crustal_doming_and_the_mechanism_of_continental_rifting?el=1_x_8&enrichId=rgreq-bac30d5f7e02be4249fd675cd0695fc5-XXX&enrichSource=Y292ZXJQYWdlOzIzNjAxMzE0O0FTOjIzNDEwNDgxMzc4MDk5MkAxNDMyODI2MzQ1MTQ5

CENOZOIC UPLIFT AND TECTONIC STABILITY 57

Pre-10 Ma
W E
Basin and Range Colorado Plateau South;rlguﬁzfil:‘gs;
N Compression
Post-10 Ma
E

W

Southern Rocky
Basin and Range Colorado Plateau Mountains

/ Extension %

Fig. 9. Cartoon to illustrate the change in relative altitudes and related stress fields between the
Colorado Plateau and the adjacent Basin and Range and Southern Rocky Mountain provinces at about
10 Ma.

CONCLUDING REMARKS

No simple single-event model seems able to explain the Cenozoic uplift of
the Colorado Plateau and satisfy the available geological and geophysical
constraints on the geological evolution of the Plateau. It seems probable
that the uplift is related at least in part to a thermal process, and we
estimate that about half the uplift has been caused by thermal expansion
related to lithospheric heating and thinning, and that about half the uplift
could have been caused by crustal thickening, probably primarily magmatic
thickening. There is little definitive data to constrain the timing of these
events, but the young uplift of areas adjacent to the Plateau concurrent with
plateau uplift suggests that the most recent uplift has at least a component
of crustal thickening, and that this process is not restricted to the Plateau.

The source of the relatively stability of the Plateau is probably related
primarily to its thermal evolution. While it has been cooler than the
surrounding regions it has been stronger, and this effect may have been
amplified by further heating of the adjacent provinces during their defor-
mation. Heating and uplift of the Plateau during the Cenozoic have both
probably contributed to a reduction in the tectonic stability of the Plateau.
However, before this problem, and the problems of Plateau uplift can be
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addressed in greater detail, additional geological and geophysical data are
required especially with respect to the timing of uplift and magmatic activity
in the Plateau, and the structure of the lower crust and upper mantle of the
Plateau.
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APPENDIX

Analytical thermal model for lithospheric thinning

The thermal effects of lithospheric thinning in response to a constant
increase in heat flux at the base of the lithosphere can be modeled using the
analytical solution for a plane heat source in a moving medium (Morgan,
1983). In modeling lithospheric thinning, the medium (the lithosphere) is
kept stationary, the plane heat source is moved and assumed to lie on the
base of the lithosphere, its strength being equal to the constant increase in
heat flux at the base of the lithosphere to be modeled. A moving image
source is used to maintain the boundary condition of a stable temperature
(arbitrary zero) at the Earth's surface. The geometry of the problem is
illustrated in Figure 10.

If the lithosphere has an arbitrary temperature distribution (geotherm)
prior to thinning given by Ty(z), where z is depth, the temperature at any
time during thinning is given by the superposition of the temperature per-
turbations due to the moving heat sources upon the original geotherm.
Thus, using the notation in Figure 10, and using the solution given by
Morgan (1983), the temperature T, at any depth z within the lithosphere,
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Fig. 10. (Appendix) Geometry used to compute the thermal perturbation due to a moving planar heat

source analogous to thermal thinning of the lithosphere in response to a constant increase in heat flow at
its base.
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when the lithosphere has thickness d and is being thinned at a rate W, is
given by:

T, =To(z) + (a/pcW){exp[ —W(d —z)/k ] —exp[ —W(d + z)/k ]} (A1)

where q is the plane heat source strength, per unit time, per unit area, and
p, ¢ and k are the density, specific heat and thermal diffusivity of the
medium into which the heat is propagating. At the base of the lithosphere
(on the heat source), the temperature T, is given by setting z=d in
equation Al:

Ty =To(z) + (a/pcW)[1 —exp(—2Wd/k) ] (A2)

The condition for lithospheric thinning, however, requires that the tem-
perature at the base of the lithosphere is equal to the asthenosphere tem-
perature. Thus, if an asthenosphere temperature is assumed, the rate of
lithospheric thinning for a particular lithospheric thickness can be deter-
mined for any basal heat flux increase, q, by solving equation A2
numerically for W. Once the thinning rate W has been determined, the
instantaneous temperature for any point in the lithosphere can be deter-
mined using equation Al.

The mean temperature increase above the base of the lithosphere is of
interest for calculations of thermal expansion within the lithosphere and
resulting uplift. This mean temperature increase T, is given by the integral

Toe=1/d [ [T, To(z)]dz

= qk[ 1+ exp(—2Wd/k) — 2exp(— Wd/k)]/pcW?d) (A3)

If no mass is lost from the lithospheric/asthenospheric column during thin-
ning, surface uplift can be calculated from the thermal expansion in the
lithosphere due to its mean temperature increase (see also Morgan, 1983).

Surface heat flow during thinning can be calculated from the surface
geothermal gradient calculated by differentiating equation Al and setting
z=0. This gradient Gis given by:

G, = dT,(z)/dz + (2q/kpc)exp(— Wd/k) (A4)

By integrating the rates of lithospheric thinning derived from equation
A2, lithospheric thickness as a function of time can be determined, with

corresponding uplift and surface heat flow values calculated using equations
A3 and A4
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