Dynamic elevation of the Cordillera, western United States
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Abstract. We introduce a methodology that synthesizes topography, gravity, crustal-scale seis-
mic refraction velocity, and surface heat flow data sets to estimate dynamic elevation, i.e., the
topography deriving from buoyancy variations beneath the lithosphere. The geophysical data
independently constrain the topographic effects of surface processes, crustal buoyancy, and ther-
mal boundary layer thickness. Each of these are subtracted from raw elevation of the west-
ern U.S. Cordillera to reveal dynamic elevation that can exceed 2 km and is significa®bé
confidence. The largest-(L000 km diameter) of the dynamic elevation anomalies resembles

a numerical model of a hypothetical Yellowstone hotspot swell, but the swell model does not
account for all of the significant features seen in the dynamic elevation map. Other dynamic
elevation anomalies are spatially correlative with Quaternary volcanism, but partial melt can
contribute no more than a few hundred meters of elevation. Hence much of the dynamic el-
evation likely derives from other thermodynamic anomalies. Possible alternative mechanisms
include both superadiabatic upwelling and adiabatic phase boundary deflections maintained by
latent heat effects. Comparison of seismicity and volcanism to effective viscosity gradients,
estimated from lithospheric flexural rigidity to facilitate the numerical swell model, suggests

that tectonism focuses where lithosphere with negligible mantle viscosity abuts lithosphere with
significant uppermost mantle viscosity.

1. Introduction at a rate of~1 cm yr ! [Bennett et a.1999]. Correspondingly,
rifted portions of the Cordillera exhibit elevated surface heat flow ex-
Topography of the actively deforming western U.S. Cordillera igeeding 80 mwW m?, as compared te:60 mW 2 in undeformed
characterized by high relief and regionally high elevation, typicalljroyinces to the east ichenbruch and Sass978;Blackwell et al,
exceeding 1.5 km (Plate 1). Intriguingly, much of the high elevatiofigg1]. The variation of thermal boundary layer thickness implicitin
coincides with thin or attenuated continental crust, necessitating {fz heat flow would significantly affect surface elevation. However,
pographic support by anomalous buoyancy of the ma&ilgpe guantitative analyses suggest that thinning of the thermal boundary
et al, 1975;Smith 1978;Eaton 1982;Jones et al.1992; 1996]. |ayer is not sufficient to account for all mantle-derived elevation of

Mantle buoyancy has been attributed to one or more of three eRfle western United Statesdchenbruch et a).1994; Saltus and
member processes: (1) variable thickness of the conductive thermgbmpson1995].

boundary layer, maintained by extensional thinning; (2) thermal
heterogeneity of the asthenosphere, generated by convective fe@: Hotspot Buoyancy
tures such as the Yellowstone hotspot or other upwelling; and (3)

thermodynamic and compositional variations associated with ma%_lﬂistorically, the properties of hotspots have been defined from
magenesis. their expressions in oceanic regions. Characteristic features such as

age progression of volcanic chairwijson 1963] and bathymetric

1.1. Conductive Thermal Buoyancy anomalies or “swells”\atts 1976] were _f_irst recognized at mid-

) ) ) ] plate oceanic volcanoes such as Hawaii. The Yellowstone-Snake

McKenzig[1978] noted that extension thins the conductive theRjyer plain (YSRP) volcanic field, @700 km long, 50 to 100 km

mal boundary layer and replaces it with lower-density convectivgige curvilinear system stretching from north central Nevada to
material. Cordilleran lithosphere has extendedy860 km inlate  yg|lowstone National Park (Plate 1b), is among the strongest can-
Cenozoic Wernicke etal.1988], and east-west extension continuegjgates for a continental hotspot. Key elements of the YSRP’s geo-
physical signature are consistent with a stationary asthenospheric
melt source $mith and Braile 1994], including K/Ar ages of sili-
cic volcanism that track the North American plate motion vector
[Armstrong et al. 1975]. The scale and amplitude of regional to-
Paper number 2000JB900182. pographic ar_1d geoid aqomalies are also similar to those of oceanic
0148-0227/05/2000JB900182$9.00 hotspots $mith and Braile1994;Waschbusch and McNutt994],
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Plate 1. Topography and volcanotectonics of the western U.S. Cordillera. (a) Cordilleran elevation. (b) Location map

depicting seismicity (yellow circles) and volcanic expression, superimposed on topographic relief.



leading several researchers to suggest that high elevationtled complex interplay of tectonic strain partitioning with erosion
the Yellowstone-Snake River Plain and the northern Basin-Ranged deposition, the thickness and bulk composition of the crust, and
provinces corresponds to a Yellowstone swell supported by cdhermal structure and composition of the mantle lithosphere. In the
vective thermal buoyancySuppe et a).1975;Smith 1978;Pierce  western United States, lithospheric terranes have diverse origins and
and Morgan 1990; Parsons et al.1994; Smith and Braile1994; crustal differentiation histories [e.¢1offman 1989]. Following as-

Waschbusch and McNuit994;Saltus and Thompseh995]. sembly, the lithosphere experienced rifting during the Precambrian,
passive margin deposition through much of the Paleozoic, shorten-
1.3. Magmagenic Buoyancy ing and arc magmatism during Cretaceous and early Tertiary, and

. ) . . extension from late Tertiary on [e.gAnderson 1989]. The topo-

Mantle magmagenesis entails the preferential melting and s@aphic expression has a complex dependence on all of these events,
aratlon_of Fe and Al S|I|c_ate_s in a mantle aggregate. In a majy aqdition to the modern active processes.
tle partial melt, both the liquid phase and the solid residuum will prior investigations of Cordilleran topography have established
be less dense than the original aggregatedan 1978;Fuijiiand  that high elevations, particularly in the northern Basin-Range prov-
Kushirg, 1977]. Various investigations have suggested a correlgce, require a mantle buoyancy anomaly. However, none of these
tion of mantle-derived high elevation with magmagenesis in easteffudies attempted a careful three-dimensional assessment of the
California [Fliedner and Ruppert1996; Park et al, 1996; Wer-  source of lithospheric buoyancy. Existing analyses describe buoy-
nicke et al, 1996], andHumphreys and Duekgfl994] postulated ancy from a single type of geophysical data [eJgnes et a].1992;
a magmagenic origin for Cordilleran high elevations based on tikimphreys and Dueket994] and thereby underconstrain the rele-
observation of very lowP velocity, requiring the presence of partialvant physical parameters of temperature, composition, and phase; or
melt, in the Cordilleran upper mantle. If magmagenic buoyancy &se they describe a very limited geographical area [Batus and
sufficient to generate significant dynamic elevation, magmagenesikompson1995;Wernicke et al.1996], thus limiting comparison
might also play a role in extensional processes via the lithosphewith surface geospatial data that might be used to infer process.
extensional stress generated by deep gravitational potential anoma- )
lies [Jones etal.1996]. Structural analyses ofthe Cordillerasugge 1. Deconvolution of Near-Surface and Subsurface Loads
a broad space-time association between extension and volcanisnThe first step in isolating mantle-derived elevation should be
[Christiansen and Lipmaril972;Wernicke et al.1987]. That re- to remove the topographic effects of surface and near-surface pro-
lationship has been variously attributed to decompression meltiogsses such as erosion, deposition, fault displacements, volcanic
driven by passive upwelling of the asthenosphere beneath extendiogstruction, and lithospheric strain. Previous studies have used
lithosphere Christiansen and McKed 978], thermal weakening of regional averaging or smoothing of the topography to attenuate the
the crust following magmatic intrusiorspnder et al.1987], and surface process topographic signdaunphreys and Dueket994;
asynchronous triggering of volcanism and extension by removal oEmith and Braile 1994; Waschbusch and McNutt994; Jones et
remnant slab from Mesozoic subductidxgn et al. 1993]. Studies al., 1992, 1996]. However, smoothing introduces a bias error if the
of rifts in other areas, particularly Africa, have postulated that excale of the smoothing window is less than the wavelength at which
tension is gravitationally driven by magmagenic uplift or “doming'isostatic response approaches an Airy state (typically 200 to 600
[Burke and Whitemari973;Sengdr and Burke 1978]. km in the western United States). Smoothing also degrades reso-

In actuality, high elevation of the western U.S. Cordillera probution, as subsurface loads can generate a topographic response at
ably derives from some combination of lithospheric extension#favelengths as short as 50 km.
thermodynamics, convective thermal buoyancy, and magmagenicAS an alternative to smoothing, structures generated by surface
buoyancy. The objective of this paper is to better understand tRE’CESSes can be segregated via analysis of isostatic response. The
relative importance of various contributors to western U.S. elevifoStatic response to surface loads is distributed by flexure of the
tion. We attempt to isolate the topographic expression of each Off@osphere, and consequently, these features are undercompensated
processes that influences elevation of the western U.S. Cordille?¥,0cal subsurface mass (as observed from the relationship of grav-

using a combination of geophysical constraint, signal processiﬁ to topogra_phy; see I_:lgureul). On the other"hand, mantle buoy-
and three-dimensional geodynamic modeling. We first remove t cy anomalies will slightly “overcompensate” local topography
Qf,more accurately, the topography undercompensates these mass

topographic effects of various near-surface processes (e.g., eros}on : o
pograp P g andmalies). Hence one can decrease the near-surface “noise” by

deposition, volcanic construction, fault displacements, and Stral&‘gmparing elevations with gravitational potential and removing the

using an isostatic analysis of lithospheric loading. Next, we Co'ﬁ_ndercompensated components of topography.

Stra"? th(_e crustal_contribuyipn to surfa_ce elevation from regress_ion Surface and subsurface loads can be separated by exploiting spec-
of seismic refragthn velocities .to density. The effects of conductl\fgal coherence and transfer functions of gravity and topography
geothermal variations are estimated f_rom surface heat flo_w mj?()rsyth 1985]. The relationship of Bouguer gravity to topogra-
surements. We also assess the contribution of a hypothetical Yy is modeled as the isostatic response of a thin elastic plate with
lowstone hotspot swell with the aid of a numerical flow model ofiensity 5, at the Earth’s surface:(= 0), p: at the baseA = 1),
thermally driven upwelling. Finally, we consider the possible efanq () between (Figure 1). We assume an unknown Fourier am-

fects of magmagenic buoyancy using a simple melt model. plitude of inital surface loading{; (k) at z = 0 and subsurface
loading W; (k) at some loading depth = zp (corresponding to
2. Topographic Analysis a density contras\pg). Herek = (27 /\;,27/)y) is the two-

dimensional wavenumber. The amplitudes of topograjph(k)
The topography of the western U.S. Cordillera is among its mo8hd Bouguer gravity3(k) depend on the initial loads adwry
striking and enigmatic geophysical expressions (Plate 1). Many d#d Smith1994]
ferent processes have shaped the landscape, and often they occur at
overlapping scales and depths, or have complex interrelationships(k) — {w - PO} Hi (k) — [APB] Wr (k),
From a geodynamical perspective, we are particularly interested in (U ()
observing and modeling the elevation response to sublithospheric bpo
mantle processes. Isolation of hotspot swells, for example, is relg-(k) = {w] Hi (k) (1)
tively straightforward for oceanic lithosphere [e Grough 1983],
but continental topography is dominated by processes that are typ- _ ¢App
ically much less well constrained than in oceans. These include )

+ 2rGApp exp (—sz):| wr (k),



(e.g., Moho undulation)

Subsurface Load w; ()|

Figure 1. Relationship of Bouguer gravity to topography depends on location of the load. A subsurface load will be
undercompensated by local topography, whereas surface loads are undercompensated by local mass anomalies.

in which & = k|, G is the gravitational constantg is weighted by distance to those estimates in the spatial domain. The

the acceleration of gravity)y = p1 + (D/g)k*, and ¢ = resulting estimate ofr is given in Plate 3a.

_onGd fl (dp/dz) exp (—kz)dz. The linear equations (1) are  The range of error in the estimate of surface load topography is
—h : : @II o indicated in Plate 3a. Inaccuracies in the surface load eleva-

solved for the two unknown load amplitudes given an assumed va S

- . . _tion map derive principally from errors in the estimate of apparent
of the flexural rigidity D, and then the topography is separated Ir'tﬁexuralprigiditylg of trl?e Ii){hosphere. We estimated the stre)t%dard

amplitudes of a component due to surface loadihg(k) and & grror of surface load elevation by perturbing the surface load es-

component due to subsurface loadifig (k) via timate using the standard error I, which was derived from the
error function as part of the coherence analys®\ry and Smith
Hr (k) = [w - Po] Hi (K) 1994]. Also, this analysis used GTOPO30 topographic data, which
P ’ in the United States are derived from digital elevation models with

@) standard erroK 18 m [U.S. Geological Surveyl993]. The total
standard error in the surface process elevation estimate is the root-
Hp (k) = H (k) - Hr (k). mean-square (RMS) sum of these two sources of error. Surface
) ) process elevation that is less than the one-sigma error is represented
Conceptuallyhr (= F ' {Hr}, whereF {-} is the Fourier trans- in plate 3a as white with contours, elevations between one-sigma
form operator), represents surface loads emplaced on top of el two-sigma are depicted with half-saturated color, and full color
lithosphere plus the flexural isostatic response to those loads, wisiguration indicates elevation that is significar@%tt confidence.
h s, the topographic remainder, is the flexural isostatic response§spite being approximately zero mean, surface process elevation
mass anomalies within and beneath the lithosphere. exceeds two-sigma error for more thes?% of the map area.
The flexural rigidityD used for this calculation is determined bydi Surface loads in the western United States (Plate 3a) result from

. . - p-slip faulting, erosional and mechanical unloading, deposition,
comparing the coherence function relating the obsefeahd B volcanic construction, and strain. At long wavelengths the surface

with coherence predicted frofr, Hp, Br, Bp for various as- oad map predominantly reflects the viscoelastically supported el-
sumed values ab. D has been estimated at a 50 km spacing ovefyation response to lithospheric strain. Contraction and extension
much of the western United States, using a maximum entropy-basegociated with bends in the San Andreas fault appear as elevation
coherence analysis of topography and Bouguer grakiwfy and highs and lows, respectively. Extensional necking lows and rift
Smith 1994, 1995]. Estimates of the equivalent effective elastftank uplifts are prominent features at the edges of the Basin-Range
thicknessT, = [12(1 — v*)D/E]"/? are shown in Plate 2. The province. At $horter Wavglengths, dip-slip faults are manlfest_ed in
estimation method assumes constantithin a window of esti- both contractlonal Laramide structures a_nd t_axtensmnal faultlng of
- . A o . the Basin-Range, and volcanic construction is apparent in the Cas-
mation, butin fact[ varies significantly over short spatial scales.,jeg and other major volcanic centers. Of particular relevance to
Consequently, the surface and subsurface components of topogigspot studies, the so-called “crescent” or “parabola” of high el-
phy were calculated by summing the load deconvolutions correvation surrounding the Snake River Plain that has been attributed
sponding to the nearest estimates/yfthe summation is linearly to
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a Yellowstone swellPierce and Morgan1990;Smith and Braile  those areas which are depicted white with contours: Full color sat-
1994] is composed mostly of surface loads. uration, in this instance, simply means that the crustal mass differs
from that of “average” continental crust at95% confidence.
2.2. Crustal Mass Variations

Subsurface loads result from heterogeneity of thermal, comp%‘-s' Conductive Thermal Variations
sitional, and phase buoyancy of the upper mantle and variations ofThe raw elevation (Plate 1a) that is not accounted for by surface
thickness and average density of the crust. One example of a lgading (Plate 3a) and crustal mass variations (Plate 3b) corresponds
pographic anomaly with a crustal source is the Snake River Pldinthe elevation response to mantle buoyancy. At this point in the
downwarp, which results from a dense mafic body intruded infnalysis, we would like to begin to distinguish elevation signals
the midcrust by the Yellowstone hotspMdibey 1982;McQuarrie  according to their root processes. Namely, how much of the topog-
and Rogers1998]. We are primarily interested in mantle-derivedaphy is a consequence of variable thickness of the thermal boundary
topography, however, so as an additional step in processing, @ger, how much is due to thermal variations in the asthenosphere
would like to strip away the crustal contribution to elevatidones (€.g., hotspots and other convective processes), and how much re-
etal. [1992] demonstrated that crustal mass can be approximateddts from the thermodynamics of magmagenesis?
relating crustal refraction seismic velocities to density. We perform To assess the contribution due to variable thickness of the thermal
a similar analysis here using 76 profiles from throughout the westetundary layer, we are interested only in the portion that is steady
United States, located as shown in Plate 3b. Compressional w&l@te (i.e., unperturbed by dynamic processes such as convection).
velocities were converted to density using the nonlinear velocitpteady state conductive geotherms can be constrained, to first order,
density regression parametersQiristensen and Moondg995].  from reliable surface heat flow measurements. Surface heatflow
The regression densitigs, (z) and crustal thickness were then is & notoriously noisy measure of the deep conductive geotherm,
used to calculate the crustal mass anonisly relative to a refer- as it also reflects perturbations by hydrologic flow, variable crustal

ence crustal density profije.(z), using heat production, refractory effects around sedimentary basins, and
advective effects associated with intrusion and exhumation. Never-
max{te,terer} theless, these measurements contain significant information about
Am = [op(2) = pret(2)] dz. (3) lithospheric thermal structure. We used measurements from the cur-
tmin rent U.S. compilation of heat flow data first describedtgckwell

ret al. [1991], supplemented by the global compilationRafilack

& al. [1993]. Duplicate data and outliers<{5 and>160 mW
m~2) were removed. The surviving measurements were interpo-
|&ed using kriging with first-order linear drift. We then designed
a continuation filter [afteMareschal et al. 1985] to identify and
remove heat flow anomalies with sources at crustal depths.

Here prer(2) andte.et correspond to average crustal paramete
tabulated byChristensen and Moon€t995]; a different choice
of reference crust would change the results only by introducing,
static shift. The upperifin =) 5 km of the crust was ignored in
(3) to reduce noise associated with velocity-density regression
the near-surface sediments. The map distributioAof was inter- We mapy, into geothermal variation using a one-dimensional so-

polgted using a _kriging algo_rithm with first-order linear drift [e'g'iu ion of the governing equations for conductive heat transfer. Our
Daw_s .1986]' Th'? interpolation pro_cedure has”.‘e dugl a_dvantage Lrting pointis the classic error function solution for an impulsively
providing an “optimal” representation of Gaussian-distributed daﬁ%oled half-space

and an estimate of standard error that varies according to sampling ’
and local statistical properties of the measurements. Amplitudes
AM = F{Am} of the interpolated crustal mass anomaly were
used to calculate amplitudes of the corresponding crustal compo-

nent of topographyH.. via the thin plate approximation of flexural WhereTs is surface temperaturé;. (= 1300°C) is the mean ref-
isostatic response: erence temperature at which the conductive geotherm intersects the

adiabat, and... is a thermal length scale. If the half-space is un-

T(z) =T+ (T, - Tert () ®)

con

H.— _ AM 4) dergoing uniaxial strain at a constant rate
v 2K 1/2
As with the surface load calculation, variable flexural rigidityin leon = {? [1— eXp(—QEtﬂ} ; (6)

the study area was accommodated by a spatial domain summation

over the nearest estimates bf The corresponding estimate ofWherex is thermal diffusivity. Note that this reduces to the familiar

elevation due to crustal buoyanay is shown in Plate 3b. expression for half-space coolifig,, = v/2xt whené = 0. A uni-
There are two sources of error in the estimated crustal conti@rmly extending half-space is a valid approximation for the western

bution to elevatiorh.. One corresponds to errors in crustal velocUnited States, where heat transfer is dominated by extensional ad-

ity estimates by refraction profiles, stemming from variable qualityection [Lachenbruch and Sas4978; Mareschal and Bergantz

of the seismic data and inversion methods used, effects of thré@90].

dimensional structure on profiles, sparse sampling, and an ambigu\When perturbed by radiogenic heat production that decreases

ity between thickness and internal velocity of refracting layers. Thxponentially with depth, (5) becomes

first source of error is reflected in the semivariogram, and so we as- 5

signed uncertainty associated with the velocity structure according,) — 7, 4 Aolrag {1 — exp (_ d )]

to the kriging estimate of standard errordamn. Error associated K lrad

with the regression of velocity to density was estimated by integrat- (7)

ing the standard errors quoted B\ristensen and Moond$995] Agl? 4 z

+<TT—T—T5>erf< )

over the crustal thickness. The total standard error depicted in Plate

3bis the RMS sum of these two estimates of error. One-sigma error

in the crustal elevation estimate ranges freB00 to 800 m~50% in which K is thermal conductivity/,.q (=5400:1700 m) is an

of the map area exceeds the one-sigma error-a2@% exceeds empirically-derived characteristic depth for distribution of radio-
two-sigma error. Note that the estimated crustal elevation that egenic elementslfachenbruch and Sas$978] andA is heat pro-
ceeds two-sigma error is not necessarily any less uncertain thamirction per unit volume at the Earth’s surface, which we interpolated



from measurements in thillack et al.[1993] andBlackwell et al. and refractory perturbations, as well as processes of mechanical and
[1991] compilations. Surface heat flow is given by: magmatic advection; these are attenuated by continuation filtering to
remove effects of crustal heat sources and so are upper-bounded by
oT T . .
qs = - the standard error of the kriging interpolation. (2) Sampling errors
0z for measurements of surface radiogenic heat production are repre-
sented by the standard error from kriging4f measurements. (3)
The characteristic depth for exponential decay of radiogenic heat-
Vtleon ing, l:aa, Was estimated from linear regression of the relationship
between surface heat flayy and heat productioA; standard error
of £1700 m was derived from the statistics of the regression. (4)
2 [K (T — T.) — Aol? ] The mean temperature at the intersection of the conductive and adia-

z=0

®)

ra oK (T, — T,
= AOlrad <1 2 d >+ ( )

 Vleon
Equivalently,

rad

leon = . (9)  batic geothermd., is assumed to have standard errat60°K. (5)
ﬁ (QS - AOlrad) . .. .
Measurements of thermal conductivify of olivine-bearing rocks
Thermal transfer properties andx vary with depth as a func- in the Siepold[1998] compilation have standard errors-625%;
tion of both compositional layering and pressure/temperature carustal rocks also have abati25% variability when all of the likely
ditions. Crustal rocks generally have low thermal conductivitgrustal compositions are included. (6) Standard error in the ther-

(~2-3 W' °K™" at 290K) that decreases with temperaturemal expansion coefficient of olivine-bearing rocks is abotit10%
as K = 1/(a + bT) [Siepold 1998]. Mantle aggregates have[goyhifd et al, 1996].
higher K (~5) at surfacep andT and a similar temperature de-

One-sigma errors in the estimate of thermal boundary layer ele-
L . " ! %tion were calculated independently for each of the possible error
component of radiative transfer in addition to the lattice conduc-_ . . . .
tivity such thatX = 1/(a + bT) + ¢I®. We useda = 0.28, _contn_butors. Most of these errors map npnllnearly _|nto elevation,
b = 3.16 x 10~* for the crust (corresponding to the mean fol" which case the larger of the two possible elevation errors was
crustal rocks in thésiepold[1998] compendium), and = 0.073, adopted. All six error estimates were combined in RMS sum to pro-
b = 454 x 107, andec = 1.96 x 10~ '° for the mantle [after duce the confidences depicted in Plate 3c. The errors are skewed,
Kukkonen et a).1999]. Then we solved numerically for the uniquewith larger error on lower elevations because the nonlinear mapping
geotherm satisfying (5)—(9) that was continuous at the moho. Th&heat flow to mass is more sensitive to errors when geotherms are
range of geotherms calculated for the western U.S. Cordilleradsld. Although the elevation estimate is approximately zero mean,

depicted in Figure 2. more than 58 of the map area exceeds the one-sigma error.
The relationship of density to thermally induced crystal lat-

tice dynamics, i.e., thermal expansiar(T’, z), is relatively well- . ) )
constrained from both theory and observation in the case of olivind. Dynamic Elevation Estimate
Densityp is related to pressure and temperature by the equations of

state [e.g.Reynard and Price1990]: Elevation contributions from surface loads (Plate 3a), crustal
mass anomalies (Plate 3b), and mantle thermal anomalies (Plate
a p —or 3c) were subtracted from the observed topography (Plate 1a). The
(CTO) = <p0> ) (0)  remainder (Plate 3d) approximates the elevation response to as-

thenospheric buoyancy, i.e., the dynamic elevation. Dynamic el-

o = — (L) (8&) (11) evation in the western United States contributes a very significant

Kra aor /,’ fraction to the total signal: In the northern Basin-Range province

inwhicha is the thermal expansion coefficient at arefergipcd’)  the magnitude is comparable to that of the raw topography. Er-
(2.8 x 107° kg m™2 °K~! at 300K and 1 atm Bounhifd et al, ror in the estimate of dynamic elevation is simply the RMS sum

1996]), po is density at the referendg, T') (here 3400 kg m*),  of errors associated with the various measurements and parameters

Kr is bulk modulus £ 1.3 x 10'" at referencép, T)), anddr is  that factored into estimation of surface process, crustal, and ther-
the Anderson-Gruneisen parameter .5 to 6.0 for upper mantle | houndary layer contributions to elevation. Confidence in the
minerals above th(_e Debye tem_perature) and is approximately INEhamic elevation estimate is indicated by color saturation, similar
pendent op. Density as a function of temperature and depth, usind | -tes 3a-3c. Nearly 60of the map area exceeds one-sigma

(10) and (11), is also shown in Figure 2. . )
Geotherms from the numerical solution of (5)—(9) were convertéd'o" ~25% exceeds 9% confidence.

to a mass anomaly via
o 4. A Numerical Model of Yellowstone Plume
Am:/ [0(T, 2) — p(Tuv, 2)] dz, (12) Buoyancy
t

l Having established that a portion of Cordilleran elevation is dy-

n Wh'Ch Ta IS an averaged geo_therm forthe area_stud|ed. Them]%mic, we should begin to consider which geodynamical processes
expansion within the crust was ignored because, ideally, this shou . . . . .

. - 2 . - ight be responsible. In this section we use a three-dimensional (3-
be reflected in the crustal seismic velocity and thickness usedg

estimate crustal mass variations. The mantle mass anomaly ass Sipumerical convection model to estimate the dynamic elevation
ated with variable thickness of the thermal boundary layer was thft could be produced by a mantle plume beneath the western U.S.
converted to its corresponding elevation anomaly via (4). The res@erdilleran lithosphere. The numerical model consists of a rectan-
is depicted in Plate 3c, with error indicated by color saturation as @lar box filled with a fluid whose viscosity varies as a function
previous elevation estimates. of depth and temperature according to

Errorinthe estimate of thermal boundary layer elevation can arise
from six different sources: (1) Surface heat flow measurements are
subject to sampling limitations and unmodeled shallow hydrologic

(H" + poghV) (T = T) — pogzV'T,
RTT,

1 = 1) eXp [ (13)



Temperature ("C)
600 800

1000 1200 1400 1600
_ |

0 200 400

20

40

60

[0}
o

Depth (km)

120
154 E
el N
1®
1.0 §
160 w
0.5 -
180 T, (°C)
0.0 ’ .
1300 1400 1500
200

3000 3050 3100 3150 3200 3250 3300 3350 3400 3450 3500
Density (kg m™)

Figure 2. Mantle density variation from combined effects of equations of state and melting. The range of geotherms
calculated for the western U.S. Cordillera is shown as thick white lines. Thick black line is MORB-type solidus;
dashed white line is% melt saturation. Inset shows magmagenic elevation in the Airy limit, in function of reference
temperaturd’.. Solid line is 3% melt saturation; dashed line%0melt saturation.

where H™* is activation energyy’ is the activation volumey, = tion of plate motion, and decreasing elevation downstream of the
10%! Pa s is a reference viscosity, apd = 3300 kg m~2 is a hotspot Crough 1983]. These features are consistent with predic-
reference density. Motion of the upper surface with velotity) tions by flow models of the dynamic response to buoyancy of hot
generates a shear flow inside the box. A thermal plume is generapddime material sheared by the motion of a viscous plate [Rige
by a temperature anomaly on the bottom of the box and intera@igd Christenseri994]. The rheological properties and geodynam-
with the shear flow as it rises to the base of the lithosphere. Furtlies of the western U.S. Cordillera are distinct from those of oceanic
details of the model can be found in Appendix A. lithosphere, however. Significant differences include (1) nonuni-
Oceanic swell characteristics include symmetry about the hotsjjetm velocity relative to a fixed mantle because of extension of the
track, an~1000 km cross-sectional width, elongation in the dired3asin-Range province and (2) variable thickness of viscous litho-
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Plate 4. Cordilleran lithospheric properties and modeling of a hypothetical Yellowstone hotspot swell. (a) Effective
activation energy;;, of the Cordillera, from the relationship of flexural rigidify to surface heat flow. (b) Depth

of the 10%! Pa s isopoise of viscosity. (c) Numerical model of swell elevation for the variable-thickness lithosphere
depicted in part b and x 10716 s7! uniaxial extension southwest of the plume. (d) Cross section of temperature

field along the track of the hotspot. White line is the 10@isotherm from surface heat flow; black line is depth to

the 1¢* isopoisdl.



sphere in the various tectonic provinces. Hence we have motligh elevation: Topography derived from thermal boundary layer
fied the model method dribe and Christensef1994] to more ac- thickness (Plate 3c) accounts for at leB3% of the total isostatic

curately approximate the Cordilleran environment. The buoyangysionse to mantle buoyancy, a lower-bound estimate from averag-
flux of the plume is 4800 kg's', and the easternmost IIthOSpherefng over all wavenumberk > 0 the real portion of the transfer

moves at velocityy = 3.5 cm yr-!. However, uniaxial NE-SW : . .

lithospheric extension at a rated 1016 s~ (corresponding to funcFlon relgtln.g mantle and thermal elevation. .Neverthel.e.ss, ex-

~1cm yr_l Opening across the Basin_Range province) is imposmslonal thlnnlng of the thermal bOUndary Iayer is not sufficient to

downstream (SW) of Yellowstone. Also, the viscous lithosphere haffset the effects of crustal thinning, even given the relatively large

anonuniform thickness approximating that expected for the westeincertainties on these estimates (compare Plates 3b and 3c), and

U.S. Cordillera. The latter feature of the model is motivated by thgence it is not nearly sufficient to account for all of the mantle buoy-

expectatlon Fhat _buoyant plume rr‘]aterlgll V‘,/,'” flow anng gradlen%lcy. Several other studies similarly conclude that mantle-derived

of lithospheric thickness, thereby “ponding” preferentially beneat . . .

regions of thinner lithospher&[eep 1997]. e evatpn of thg ngrthern Basin-Range cannot be attributed solely to
Lithospheric thickness variations are represented as lateral \V&tensional thinning of the thermal boundary layea¢ghenbruch et

cosity variations derived from flexural rigiditfp and surface heat al., 1994;Saltus and Thompsoh995].

flow g5 via an algorithm detailed in Appendix B. The resulting litho-

spheric thicknesk(defined as the depth at which effective viscositys.2. Hotspot Swell Buoyancy

is 10%! Pa s) incorporates spatial variability of both temperature . .

and material properties. Material properties are expressed in termd2Ur 9éodynamical model of Yellowstone hotspot swell elevation

of an effective mantle activation enerdy;,, depicted in Plate 4a. (Plate 4c) improves upon previous plume-lithosphere interaction

Heterogeneou#l;, is necessary because variations in lithospherimodels with the inclusion of independently constrained variable

strength integrated i) cannot be accommodated by geothermaithospheric thickness, lithospheric strain, and buoyancy of melt-

variations alone. Estimated lithospheric thicknéss depicted in  gepleted residuum in the numerical modeling. The model produces

Plate 4b. Swell topography (Plate 4c) modeled with the nonunlformgh dynamic elevation in the northern Basin-Range, and like the

lithospheric viscosity structure is not axisymmetric and is less ax: . . .
ially elongate than when a uniform lithospheric thickness is use@PServed anomaly in Plate 3d, the modeled swell is elongate in the

Ponding of plume material results in steepened swell elevation getirection of North American plate motion. Also, the edges of the
dients where the lithospheric thickness gradient is steep, particulampdeled swell match reasonably well with steep gradients in the
at the Basin-Range transition to the Colorado Plateau and midekstimated dynamic elevation anomaly. However, the amplitude of
Rocky Mountains. However, first-order features such as the overgle modeled swell anomaly is less than half that of the dynamic
amplitude and width of the swell are approximately the same @f.ation, and while the model is consistent with the largest of the

would be predicted for uniform lithosphere. tern U.S. dynamic elevation anomalies. it d not reprod
Plate 4d depicts an axial cross section of the thermal structf&S® ->- dynamic elevation anomales, O€s not reproduce

responsible for the modeled swell elevation. Also shown are tREher smaller features. The model would explain onB5% of the
depths along section of tHE#)?! Pa s isopoisé and the 1000C  estimated dynamic elevation map.

isotherm estimated from surface heat flow (i.e., the steady stateThe model fit could be improved by increasing the buoyancy
geotherm before it has been perturbed by the modeled plume €yix and/or by introducing additional complexities into the plume-

gglqgﬁi)ét-rrlrglﬁ)rlgrz:lﬁglgg:gcg&z?h%ﬁsggz g;izﬂizftfﬁgtfspz lri;gﬂttrllé)sphere interaction model. The Cordilleran elevation anomaly is
has virtually no strength downtrack and the plume is just beginni uch larger than the 1000 m peak swell elevation beneath Hawail,

to interact with stronger lithospheric mantle to the northwest. SuPUt the buoyancy flux used for this model was only slightly greater
face heat flow is unperturbed in this model because the timescHlan that of the Hawaii model lfi§ibe and Christens€i994] (4800

of conduction through the lithosphere~g.00 Myr, and the model versus 4100 kgs'). Also, the Yellowstone model assumes con-
does not account for magmatic advection. However the plume dagant plume buoyancy flux and ignores plate boundary interactions,
influence the basal thermal boundary layer structure. Geothermgt the absence of YSRP volcanic expression before 17 Ma argues

structure from Cordilleran surface heat flow was used to define t$ : : o
initial conditions of the model (see Appendix A), but the therma Samst simple, steady state boundary conditions. The abrupt onset

boundary layer is much thinner downtrack, particularly at arounQI YSRP anatectic volcanics and effusive plateau basalts has led

900-1200 km, after perturbation by convective flow. some researchers to suggest the Yellowstone hotspot initiated as a
large “plume head” in mid-MiocendPhrsons et al.1994;Zoback
5. Processes of Mantle Buoyancy et al, 1994; Saltus and Thompspri995], while others infer the

hotspot’s surface expression was disrupted by the subducting Juan
Inthe course ofthe analysis thus far, we have estimated the congié Fuca slabGeist and Richards1993]. One could modify the nu-
bution of thermal boundary layer buoyancy from surface heat flolerical model to accommodate plate boundary kinematics or plume

measurements, and we have numerically modelgd the EXPresgiehtion. However, much of the significant misfit between the
of convective thermal buoyancy from a hypothetical Yellowstone

plume. While both of these processes can contribute significaanel and estimated dynamic elevation is associated with smaller-
to elevation, each by itself, and indeed both of them combinegale anomalies in areas that should be unperturbed by Yellowstone
are inadequate to explain the mantle-derived elevation of the Corldbtspot dynamics.

llera. Compositional and melt buoyancy has also been hypothesized

to contribute to Cordilleran mantle elevation. We will examine this.3. Magmagenic Buoyancy

possibility more closely using a simple model of magmagenesis. Fi- . ) . )

nally, we will consider some other alternative models for generating PYnamic elevation that varies on scales of the order of a few times

dynamic elevation. the lithospheric thickness is consistent with growth of Rayleigh-
Taylor instabilities [e.g.Turcotte and Schuberii982]. These in-
5.1. Thermal Boundary Layer Buoyancy stabilities can develop as a gravitationally driven flow response to

Extensional thinning of the thermal boundary layer, invoked b§ denser layer (e.g., the thermal boundary layer) overlying a more
Eaton[1982] andJones et al[1992], does contribute to Cordilleran buoyant layer. Some of the Cordilleran high elevation that is not



attributable to Yellowstone hotspot buoyancy correlates with othstill exploit water remnant from Laramide subduction processes, for
volcanic fields (compare, for example, Plate 1b with Plate 3d), wittkample. However, the MORB to ocean island basalt (OIB) com-
the clearest examples occurring in the Salton Sea region of the e@sisitions of most U.S. Cordilleran basaltic volcanism imply that
ern California volcanic belt and just south of the southern boundattyermodynamics plays a greater role than oxygen fugacity.
of the Colorado Plateau. This suggests that a portion of Cordilleran One may also observe from the inset of Figure 2 that compo-
dynamic elevation is related to magmagenesis, consistenTai#y ~ sitionally controlled variability in density of the uppermost mantle
ley and Stevenstn[1993] model of Rayleigh-Taylor instabilities conceivably could suffice to explain the entire “dynamic elevation”
driven by melt buoyancy andumphreys and Dueker[1994] sub-  sjgnal in Plate 3d. However, other geophysical measurements of
sequent hypothesis of melt buoyancy modulated by compositiomﬁi uppermost mantle exhibit variability exactly opposite that which
variations. ) . _ would be expected if the northern Basin-Range were more basalt-
Magmagenesis entails a thermodynamic anomaly, a small Pgkpleted than the Colorado Plateau and Rocky Mountain provinces
centage of basaltic melt, and compositional alteration of thg ihe east. A dense gamet Iherzolite composition would have lower
residuum. Each of these can enhance the aggregate buoyancy. Mafyye seismic velocityJordan 1981] and lower activation energy
tle olivines hover around (Mg Fe.1)2Si0s composition, and a (¢ 4. Poirier, 1991] than a peridotite, but the eastern stable plat-
magmatically fertile aggregate will also contain dense garnet a‘%jrm has relatively highP velocity [Humphreys and Dueket994]

pyroxene constituents; the denser ferrous and aluminum silicagl effective activation energ§l”, (Plate 4a). We infer from this
are first to .be consqmeq b.y.basalt productidorgian 1978, 1981]. trkat the dynamic elevation anomaly is truly dynamic rather than
The resulting melt is significantly less dense than the parent roc - . . L

. . compositional. Moreover, given that partial melt variations proba-
[Fujii and Kushirg 1977]. The aggregate density depends on trlﬁ . : .

. ” - contribute only slightly to elevation, we expect that some sort
percentage of partial melt and composition of the melt and residuuny’ th heric th d ) Vi ired
Composition depends in turn upon pressure, temperature, and cGigsthenospheric thermodynamic anomaly IS required.
position of the source rockPfesnall et al, 1979; McKenzie and
Bickle 1988], while melt fraction is limited by processes of mel
migration [Stolper et al. 1981]. The density of the residuum de- There are several other possible sources for Cordilleran dynamic
pends principally on the amount of iron and aluminum removed klevation in addition to those discussed thus far. These include (1)
melting, expressed in terms of the molar fraction 0@} (Xa1) another form of superadiabatic upwelling (different than, or in ad-
and the molar ratio of iron to magnesiufh= Xr./(Xr. + Xmg)  dition to, the Yellowstone hotspot modeled previously), (2) phase

?.4. Alternative Sources of Dynamic Buoyancy

as: boundary deflections as a result of passive (strain-driven) vertical
O1ln po &1n po flux, and (3) deeper buoyancy (i.e., from below the 660 km phase
p=ppT) |1~ X n AXa+ 3R AR|. (14) transition of spinel to perovskite and magnesiowustite). Given that

the influence of the Yellowstone hotspot is effectively limited to

The partial derivative terms are estimated to-b&70 and0.32, the northern Basin-Range and melt buoyancy is likely inadequate to
respectively Jordan 1981]. generate the dynamic elevation observed along the southern bound-

We have calculated an example relationship between densityan§ of the Colorado Plateau, one or more of these mechanisms may
a fertile garnet Iherzolite, temperature, and depth, using (10), (1p)ay a significant role.
and (14), laboratory measurementg@b, T') of basaltic meltsifu- Savage and Sheeh#000] suggest that patterns of shear wave
ji and Kushirg 1977], and the empirical relations for chemistrysplitting polarization in the Cordillera are most consistent with
of melting 18-22; A2—A3 in the work of McKenzie and Bickle strains due to a large vertical upwelling centered approximately in
[1988]. The result is shown in Figure 2. The density variatioghe middle of the northern Basin-Range province. They cite a pre-
depends only on equations of state below the solidus (indicatg@inary version of the dynamic elevation map (Plate 3d) to bolster
by the thick solid black line) and is dominated by the melt phasgieir hypothesis. Upwelling centered in the Basin-Range might be
and preferential extraction of dense components above the solidiigected in passive response to rifting if, for example, extensional
The aggregate density change between the solidus and the pagigbrgence could not be accommodated by return flow of material
melt saturation point (here taken to bgbpis about equivalent to ah6ye the 410 (e.g., because of impedance by subducted slab). In
that for a 500K change in temperature. However, integration ofyer to generate dynamic elevation, however, the upwelling would
amagmagenic buoyancy anomaly yields an elevation response {igle 14 he superadiabatic. In a perfectly isentropic mantle, up-
is dominated by depletion of the residuum as opposed to buoyangy,i, \vouid not generate the thermal anomaly needed to produce

01_‘ the melt itself, as _deplcted for the Airy-isostatic limit in inset IN4vnamic elevation. Extension-driven upwelling would be supera-
Figure 2. The elevation anomaly from a partial melt that saturates gt

5% (solid line in inset) is only slightly larger than that which would labatic if, for example, the deeper maFerlaI tappgd by upwelllr]g
i : - were, by chance, anomalously hot. This mechanism is appealing
result from compositional depletion alone (dashed line |nd|cat|rbqe f the sianificant d . i incide with
0% melt saturation). cause most of the significant dynamic anomalies coincide wi
One will note that the geotherms derived earlier from surfa ge rifted northern and S°”t_he”? Basm-Ra_nge provinces and a_Iso
heat flow never intersect the dry solidus depicted in Figure 2. TH$Cause MORB;t){‘pe voI’f:anlsm inthe Cordillera appears to require
may indicate that asthenospheric temperatures in volcanic regighd€rmodynamic “push. o ] _
locally exceed those for a typical isentropic adiabat, as implied by O the other hand, an adiabatic (passive) upwelling can also
the variable reference temperatdieused to examine magmagenicdenerate dynamic topography via deflection of phase boundaries by
buoyancy in the Figure 2 inset. Alternatively, it is possible thdftentheateffects [e.g:hrlstensen1998l. Surface topographic re-
western U.S. volcanism is facilitated by anomalous mantle watgponse toa660 deflection would be small{00 minthe Airy limit)
content. TheMcKenzie and Bickl§1988] melt relations used to and negative for upwellingGhristensen1998], so is an unlikely
generate Figure 2 are specific to mid-ocean ridge basalt (MORBgndidate for the anomalies observed here. Deflection of the 410
type melting of a dry lherzolite. However, water can lower th&vould produce dynamic elevation of the correct sign, and the large
solidus temperature by several hundred degrees and is gener@ai¢5 km) deflection imaged bpueker and Sheehdt997] at the
thought to be the agent for subduction volcanism such as that of thensition from the extending Basin-Range to the stable WWyoming
Cascade range. Western U.S. volcanism outside the Cascades anaton would equate t92 km of dynamic elevation in the Airy limit,



assuming a density contrast of 200 kg #rfMatsui 1999]. To our note that heat flow has been lowered by subduction processes near
knowledge, no one has closely examined the dynamic topogragthg Pacific and Juan de Fuca plate boundaries, and this (essentially
that might be generated by deflection of the 410. How&eellad-  dynamic) effect results in underestimation of thermal boundary layer
chikov et al.[1994] examined the dynamic topography that woulgy,oyancy (Plate 3c), overestimation of dynamic topography (Plate
be generated by the-60 km) garnet-spinel transition (which also3qy and underestimation of effective mantle activation enéfgy

has positive Clapeyron slope), and they estimated a transient Uplifjate 4a). Consequently, dynamic elevation estimates in those ar-

effect of ~500 m. Phase boundary deflection by extension-drivqgis exhibitingf7, <300 kJ mot ! (and perhaps even those850

upwelling is another appealing mechanism for passive generatilgymoi_l) should be viewed with some skepticism

of dynamic elevation, given the distribution of anomalies in Plate Other sianificant implications of this work relate to the root pro-
3d. However, we caution that there are significant uncertainties in 'gnificantimplications ot this w . P
es of tectonism and volcanism in the U.S. Cordillera. The es-

both the experimental measurements of phase transition parame‘fgrcsgl . ) . : o
and the velocity structures used to transiat® S conversion times timation of lithospheric viscosity and effective activation energy
into depths. described in Appendix B is relegated to an almost ancillary status
Finally, dynamic elevation can arise from deeper (i.e., mid arifi this paper, but these have very far-reaching implications. We
lower mantle) buoyancy anomalie®ari and Peltier[2000] esti- have noted previously pwry and Smith1995] that there are strik-
mate dynamic topography of several kilometers from mantle veloiig correlations between the loci of seismicity, volcanic centers and
ity structure (though their calculations effectively include thermdhrge gradients in effective elastic thicknegsof the lithosphere.
boundary layer buoyancy). However, their isostatic response k§thenT, is combined with thermal structure to estimate rheology,
nels suggest that surface response of a viscous Earth diminish@gcomes apparent that the seismicity and volcanism is focused at
rapidly with depth of the buoyancy anomaly and is nearly negligipcations where the £0 isopoise of viscosity diverges significantly
ble for spherical harmonic degrée8 (<2500 km wavelength) at from the moho depth (Plate 4b), that s, at the boundaries separating
~800 km depth. Response kernels are sensitive to viscosity stryosphere with negligible mantle strength from stable lithosphere
ture, which remains somewhat uncertain. However, on the smgh, high uppermost mantle viscosity. Moreover, the variation of ef-
scale of anomalies considered in this study, deeper buoyancy is Htive activation energyl*, would suggest that stable lithosphere

likely to be a significant contributor. is defined as much or more by intrinsic material properties as by
) ) transient thermal properties, providing a tidy explanation for why
6. Discussion consecutive deformation events will often reactivate the same blocks
It is worth noting that the original purpose of this analysis wagf lithosphere, des_p_)ite separation by timescales over which temper-
simply to isolate and numerically model the Yellowstone hotspGtures should equilibrate. _
swell, and only after careful consideration of the results did we Finally, itis becoming increasingly clear that modern deforma-
conclude that dynamic elevation in the Cordillera has more corfion of the western U.S. Cordillera results from a combination of
plex origins. The analysis performed here permits us to concluBerizontal boundary conditions imposed by right-lateral shear at the
to >95% confidence that the mantle component of buoyancy ifacific-North American plate boundary and vertical normal stresses
cludes a large~2 km) dynamic contribution. Extensional thinningowing to deep buoyancy heterogeneitigsies et al.1996;Shen-Tu
of the conductive thermal boundary layer certainly contributes &t al,, 1998;Flesch et al. 2000]. The magnitude of the deviatoric
elevation, but not enough to generate the observed mantle anomatiess produced by buoyancy anomalies is sensitive to the depth
However, while a part of the dynamic elevation signature is similgf support of surface topography (with deeper buoyancy hetero-
inlocation and appearance to the flow model of Yellowstone dynajeneities inducing larger stress moments) and to viscosity structure
ics, this by no means provides a “smoking gun” as to the preseng&ne Earth.Jones et al[1996] based their estimates of deviatoric
or absence of a Yellowstone swell, and moreover, we can offerhtté@ress in the western United States on the conservative assump-

insight |r)t0 the relatlvg contnbutpns (.)f convection, magmatlsn?j,on that all relevant buoyancy variations occur in the lithospheric
superadiabatic upwelling, and adiabatic phase boundary dynamics

. . . : mantle and that heterogeneity decreases linearly with depth. Our

to Cordilleran elevation. There are physical and geophysical ob- L . -

servations to suggest that any or all of these processes may pl gl_y5|s |nd|c_ates that a subs_tantlal fraction of we_ster_n US eleva-

role. tion is rooted in asthenospheric buoyancy anomalies, implying that
Also, we must stress that some of the conclusions reached hel%\{_iatoric stresses could be substantially greater than previously

depend critically on the assumed value of uppermost mantle thégtimated.

mal conductivity. The temperature-dependent thermal conductivity

relation used in this analysis yield§ = 2t0 2.8 W m* °K™! 7. Conclusions

in the mantle, as opposed 6 = 5 corresponding to thermal con- "~ °

ductivity of olivine at surface conditions. Had we us&d = 5 Disentanglement of the buoyancy sources responsible for west-

in our calculations, the dynamic elevation in Plate 3d would digrn U.S. elevation is an important step toward understanding Cor-

appear to within uncertainties. It has been suggested that radiaiiyferan deformation for two reasons: (1) deeply rooted buoyancy

transfer (i.e., electromagnetic transfer) of heat might be sufficientbyniutes significantly to the lithospheric stresses that drive defor-

nonnegligible at upper mantle conditions _to Increaseo its SUr™  mation and (2) the processes that generate mantle buoyancy (vari-

face l/alue [e.gil\l/loorgé? 1993]. However, |ndgpendent estlmate%ble thickness of the thermal boundary layer, thermal convection,

of K=2-3 W nm " °K™" at relevant(p, T") conditions from exper- . . . o

imental measurementKtsura 1995] and from phonon lifetimes passwe_upwelllngs, "’?”d magmagene&s) ar_e potentially .|mportant

expressions of tectonism independent of their buoyancy signatures.

using infrared reflectance spectographipfmeister 1999], when ; . ) ) . .
coupled with theoretical considerations limiting the radiative trangtnalysis and modeling of a variety of geophysical signals, includ-

fer contribution to less than half the total conductivity below 2000 Ind topography, gravity, heat flow, and crustal seismic velocity, indi-
[Hofmeister 1999], lend confidence to our assertion that a dynamf@te that thermal boundary layer thickness and dynamic effects both
contribution to Cordilleran elevation is required. contribute significantly to mantle-derived elevation of the western
There are, nevertheless, problems with the geothermal estimdteS. Cordillera. The largest of the significant dynamic elevation
that are not fully addressed in the error analysis. In particular, vemomalies is consistent with that predicted by numerical modeling



of a Yellowstone hotspot swell. However, smaller-scale significafdr integrating (A5) forward in time together with the equations for
anomalies in the southern Basin-Range require some other meabrservation of momentum and energy.

anism. Possible mechanisms for the latter include superadiabaticThe numerical solutions described here were obtained using a
upwelling and/or extension-driven (adiabatic) phase boundary dgfid spacingAz = Ay = 16.7 km and a variable vertical grid
flections. The relative importance of various possible contributogpacing in a box of dimensions 1600 by 1600 by 400 km. The val-
to dynamic elevation remains uncertain. Estimation of the viscoges of all other model parameters are asRilye and Christensen

ity and effective activation energy of the lithosphere, performed {8994] except the reference plate velodify= 1.1 x 10~ ms™*
support the numerical modeling analysis, indicates that seismic(3.5 cm yr ') and the plume radius = 68 km.

and volcanism are focused at boundaries separating lithosphere with

negligible upper mantle viscosity from lithosphere with significanAppendiX B: Estimation of Thickness

mgntle V|scos!ty. The mg.ntle strength is controlleq by intrinsic (m%-f a Nonuniform Lithosphere
terial) properties in addition to transient thermal fields, suggesting

that these boundaries could remain stationary on long timescales. To examine the influence of a nonuniform lithosphere on the

Yellowstone swell, we first estimate a mechanical thickriesie-
Appendix A: Numerical Model fir}fd as t?% deptl; to abretLertence efftective \gscostity.. ILateral t\./ar-
. iations inl/ depend on both temperature and material properties,
of Dynamic Topography SO we constr;i)n the Iithosphericpviscosity using both tt?e tFr)nermaI
The numerical model of hotspot dynamics is similar to that cﬁtrygture derived from. equations (_7)—(9) and lithospheric flexural
Ribe and Christensei 999] with two significant differences. First, 119idity D (expressed in terms df. in Plate 2).7'(z) and D are
the surface velocity/ (z, t) can vary as a function of along-trackMaPped intd using a yield strength envelope (YSE) approximation
position and time according 6 (z, t) = U +f0z eda = us(z, t), of rock strength propertieoetze and Evand979]. We assume

whereUj is a reference velocity ané(z, t) is the extension rate that crustal and mantle strength layers are decoupled such treat

in the plate motion direction. To first order, the strain rate is zer%e approximated by a“leaf-spring” model@s= Dy, + D. [Burov

to the NE of Yellowstone and positive (extensional) to the SW. nd Diament1995] in whichD, andD_c are “e.XF"i“.' ”g'dme.s of
therefore use the simple relations the mantle and crustal layers, respectively. Rigidities are given by

6éoeXp[(ﬂC —z5)/b (z <) (A1) Ds = *é /ZU [0 — min (00, 0vse)] (2 — 22)dz (B1)

=
L 1 e in which the limits of integratiorzo andz; correspond to the top
T (1 exp[—(z xs)/b]) (@> ) (A2) and bottom of the layer;' is curvature of bending;, is a neutral

whereé is a constant reference strain rate(t) = xo + Uot isa depth of bending defined such that

moving reference point (approximately theoordinate of Yellow- .

stone in the model box) aridis the width of the zone of transition " [

from unstrained (NE) to uniformly straining (SW) lithosphere. 0

Second, the lithosphere may have a nonuniform and time-varying (B2)

thicknesd(z, y, t). Spatial variations in lithospheric thickness im- 21

ply strong lateral viscosity variations near the base of the Iithosphere./

To model these, we multiply the viscosity predicted by equation (13) * *»

by the depth-dependent factor o0 is an in-plane (or tectonic) differential stressis the deviatoric
stress in the lithosphere given by

o —min (00, 0vsE)] (2 — 2n) dz =

[0 — min (00, 0vsE)] (2 — zn) dz,

F:R;—l—Rgltanh {dg—z—él(x,y,t)}7 (A3) B
U:min{OYSE,—mC(z—Zn) +0'0}, (BS)
where ] )
ovysk is the yield strength envelope:

R=1+ (Rmax — 1) tanh [l(a:,y,t) - lref(x,t)] (A2)

5 —2u (u+ u2—1)
————tpgz (1 — A
) ) ) ) ) ) OysSg = min (\/ u2—1—u)2 ( ) , (B4
and Rmax iS @ maximum viscosity contrast, < lmin iS a vertical 1

€\ n H*
scale height, anfl.¢(x, t) is the normal lithospheric thickness that (Z) exp (—nRT)
would occur in the absence of lateral variations in material pro% is Young's modulusy is Poisson’s ratioy is the frictional coef-
er tles._ In essence, (A3) and (Ad) c_orrespond to multiplying thf?cient of brittle failure,\ is the pore pressure coefficient (expressed
viscosity of the thickest parts of the lithosphere by a fadtgf..

. . . as a fraction of lithostatic pressure),is the exponential coefficient
Because the surface is undergoing both translation and extens P ¢ P

o i |
: o o . power law creepp is the exponential power, and other param-
the lithospheric thicknesz, ;, £) evolves with time according to eters are as previously defined in the paper. A sensitivity analysis

a9 . of the parameters used in this calculation demonstrates that all of
5 T a0 =0 (A5)  these parameters have very slight effectamwith the exceptions of
temperaturd’(z) and the material parameters of power law creep,

subject to the conditiol(z, y, 0) = I,(z,y), wherel,(z,y) isthe H* and A, as previously suggested hywry and Smit{1995].
present-day lithospheric thickness determined by the procedure Higwever, the same analysis also demonstrates that a lateral vari-
scribedin Appendix B. In actual practice, we first solve (A5) by itselition of either mantle activation enerdy;;, or mantle power law
backward in time to determine the thicknégs, y, to) at the chosen coefficientA,,, is required to explain the relationship between ob-
starting timeto and then use this thickness as the initial conditioserved variations i and7’(z), confirming earlier suggestions that



Table 1. Parameters Used to Estimate Lithospheric Thickihess Armstrong, R.L., W.P. Leeman, and H.E. Malde, K-Ar dating’ Quaternary
and Neogene volcanic rocks of the Snake River Plain, Idaho,J. Sci.,

Parameter Meaning Value Units 275, 225-251, 1975,

C curvature of bending 10—9 m—1 Axen, G.J., W.J. Taylor, and J.M. Bartley, Space-time patterns and tectonic
oo tectonic differential stress 0 Pa controls of Tertiary extension and magmatism in the Great Basin of the
E. crustal Young’s modulus 7 % 1010 Pa western United State§eol. Soc. Am. Bull., 1057-76, 1993.

Eom mantle Young’s modulus 1.6 x 101! Pa Bennett, R.A., J.L. Davis, and B.P. Wernicke, Present-day pattern of Cordi-

v Poisson’s ratio 0.25 lleran deformation in the western United Statégology, 27 371-374,

m brittle frictional coefficient 0.65 199¢9.

2\ pore fluid pressure coefficient 0.37 Blackwel_l, D.D.,J.L. Steele,_ and L_.S. Carter, Heat-flow patterns of the North
A, crustal creep coefficient 2 % 10—4 Pa & Ame_rlcan continent: Adiscussion (_)f the geothermal map o_f North Amer-
An; mantle creep coefficient 6 % 104 pa &@m ica, inNeotectonics of North America, Decade Magl. 1, edited by D.

n crustal creep exponent 1.9 B._Slemmons etal., pp. 423-436, Geol. Soc. Am Boulder, Colo., 1991.

¢ ’ Bouhifd, M.A., D. Andrault, G. Fiquet, and P. Richet, Thermal expansion
Nm mantle creep exponent 3.5 . - :

¢ strain rate 10-16 1 %}‘E;)Grsterlte up to the melting poinGeophys. Res. Lett., 2B143-1146,

H crustal activation energy 1.4x10°5  Jmol? X

Burke, K., and A. Whiteman, Uplift, rifting, and the break-up of Africa, in
Implications of Continental Drift to the Earth Sciencesl. 2, edited

L . . . . by D.H. Tarling and S.K. Runcorn, pp. 735-755, Academic, San Diego,
variations in geotherm and crustal thickness are insufficient to ex- cajif,, 1973.

plain the variability of flexural rigidity of continental lithosphereBurov, E.B., and M. Diament, The effective elastic thickness of continental
[Lowry and Smith1995;Hartley et al, 1996]. We fixed all param-  lithosphere: What does it really mean,Geophys. Res., 108905-
eters except(z) and H,, u§ing the values. in Table 1, and USEdChr:?Stze?st%g?\i I., and W.D. Mooney, Seismic velocity structure and com-
t_he crustal geotherm and a fixed crustal activation enéfgyo es- position c;f tﬁé'continéntél crust: A global vied;, Geophys. Res., 100
timate D. from (B1)—(B4). We then subtracteB. from the total 9761-9788, 1995.

rigidity D and solved fotH,,, that best approximateB,,, using a Christiansen, R.L., and P.W. Lipman, Cenozoic volcanism and plate-tectonic
grid search algorithm. The effective viscosifyz) was calculated evolution of the western United States, Il, Late Cenoz®Bhilos. Trans.

i i i R. Soc. London, Ser. A, 27249-284, 1972.
from the resuiting yield strength envelope using Christiansen, R.L., and E.H. McKee, Late Cenozoic volcanic and tectonic
OYSE evolution of the Great Basin and Columbia Intermontane regions, in
n= % (B5) Cenozoic Tectonics and Regional Geophysics of the Western Corgillera
edited by R. B. Smith and G. P. Eatdvlem. Geol. Soc. Am., 15283-

; i thi ; ] 311, 1978.
I&gz?; 2?$L?lele()nis§(x’:yiol2sl (Ij:)eaflged for our purposes as theChristensen, U.R., Dynam_ic phase boundary topography with latent heat
= : effects,Earth Planet. Sci. Lett., 154295-306, 1998.
Some of the parameters that were held fixed in these calcutsoper, R.F., and D.L. Kohlstedt, Solution-precipitation enhanced diffu-
tions do vary, and errors in the assumed values will map into errorssional creep of partially molten olivine-basalt aggregates during hot-
in the estimate of). In particular, we note that reasonable varia- PressingTectonophysics, 10207-233, 1984.

tions in strain rate can change the estimaté/gf by up 10%, and Crolugshé S.T., Hotspot swell&ynnu. Rev. Earth Planet. Sci., 1165-193,

variable HZ, A, and Ac CQU|d change it even more. However, ifpayis, J.c. Statistics and Data Analysis in Geologdnd ed., pp. 383-405,
we hold the mantle material parameters of power law creep to be John Wiley, New York, 1986.

everywhere constant in (BYB4), there is no plausible combina-Dueker, K.G., and A.F. Sheehan, Mantle discontinuity structure from mid-
tion of other variables that can reproduce the observed relationshipPint stacks of converte to 5 waves across the Yellowstone hotspot

. . track,J. Geophys. Res., 102313-8327, 1997.
betweel_w surface heflt flow adl We chose to _fIXAm in these_ Eaton, G.P., The Basin and Range province: Origin and tectonic signifi-
calculations and let;,, vary because of expectations that plausible * cance Annu. Rev. Earth Planet. Sci., 1409-440, 1982.
variations in the activation energy would have the most significaffesch, L.M., W.E. Holt, A.J. Haines, and B. Shen-Tu, Dynamics of the
effect on lithospheric strength. The estimate$ff resulting from Pacific-North American plate boundary in the western United States,
this analysis range from 250 to 540 kJ mbj this range is consistent _Science, 287834-836, 2000.

: . Fliedner, M.M., and S. Ruppert, Three-dimensional crustal structure of the
with the range that would reasonably result from heterogeneities dl'esouthern Sierra Nevada from seismic fan profiles and gravity modeling,

grain size, partial melt, and/or volatile content of mantle aggregates geology, 24367-370, 1996.

[Poirier, 1991;Cooper and Kohlstedd984]. In spite of the uncer- Forsyth, D.W., Subsurface loading and estimates of the flexural rigidity of

tainties, the estimate dfx, y) derived here is certain to provide a _ continental lithospherel. Geophys. Res., 902,623-12,632,1985.

much closer approximation of the real Earth than assumption of ii. T, and I. Kushiro, Density, viscosity and compressibility of basaltic

uniform lithospheric thickness. Zglffdfg#gh pressure¥ear Book Carnegie Inst. Washington, 489-
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