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Abstract

Differences in the viscosity of the earth’s upper mantle beneath the western US (f 1018–1019 Pa s) and global average

values based on glacial isostatic adjustment and other data (f 1020–1021 Pa s) are generally ascribed to differences in

temperature. We compile geochemical data on the water contents of western US lavas and mantle xenoliths, compare these data

to water solubility in olivine, and calculate the corresponding effective viscosity of olivine, the major constituent of the upper

mantle, using a power law creep rheological model. These data and calculations suggest that the low viscosities of the western

US upper mantle reflect the combined effect of high water concentration and elevated temperature. The high water content of

the western US upper mantle may reflect the long history of Farallon plate subduction, including flat slab subduction, which

effectively advected water as far inland as the Colorado Plateau, hydrating and weakening the upper mantle.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction chotomy that has emerged from these studies is that
The viscosity of the Earth’s mantle influences awide

variety of geophysical phenomena, including convec-

tion, melt extraction, seismic attenuation, and the

response of Earth’s surface to transient loads such as

glaciation and earthquakes. Early models of mantle

viscosity, primarily based on observations of post-

glacial rebound, assumed radial symmetry and had

limited depth resolution. Improvements in data and

numerical techniques in the last two decades have

enabled resolution of both depth and lateral variations

in viscosity, especially in the upper mantle. One di-
0012-821X/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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local estimates for upper mantle viscosity in the west-

ern US, an active tectonic area (f 1018–1019 Pa s) are

significantly lower than global average and large re-

gional estimates based on glacial isostatic adjustment

in continental shield areas such as Fennoscandia and

the interior of North America (f 1020–1021 Pa s)

(Table 1). While these differences in part reflect the

thermal contrast between the low heat flow continental

interior and higher heat flow western North America,

here we suggest that regional differences in the water

content of the upper mantle also play an important role.
2. Summary of viscosity estimates

The rheological structure of the mantle may be

inferred from the Earth’s response to unloading asso-
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ciated with retreat of Late Pleistocene continental ice

sheets, termed glacial isostatic adjustment (GIA).

These responses include non-tidal acceleration of Earth

rotation (e.g., [1,2]), polar motion (e.g., [3–5]), and

surface elevation change, including rapid uplift near

de-glaciated regions such as Hudson Bay and Fenno-

scandia. The elevation data are mainly Holocene rela-

tive sea level changes, as recorded by dated geological

deposits such as raised beaches (e.g., [6–8]) and

present-day elevation change recorded by tide gauges

and space geodesy (e.g., [9–11]). Surface changes

associated with deglaciation will be influenced by the

rheological structure of the upper mantle beneath

cratonic areas, since the main forcing function (glaci-

ation/deglaciation) is centered on Precambrian shields

(Fennoscandia, Hudson Bay). For simplicity we refer

to such models as cratonic, even though they are often
Table 1

Selected viscosity estimates for upper mantlea

Reference Loading

phenomenon

or region

Datab Viscosity

(Pa s)

Bills et al. [17]

(Fig. 12)

Lake

Bonneville

(drying)

shoreline

elevation

3� 1018

Bills et al. [17]

(Fig. 11)

Lake

Bonneville

(drying)

shoreline

elevation

3� 1019

Kaufmann and Lake Mead leveling 2� 1017

Amelung [16]

(multi-layer model)

(filling)

Kaufmann and

Amelung [16]

(two-layer model)c

Lake Mead

(filling)

leveling 1�1018

Nishimura and

Thatcher

[134]d

1959 Hebgen

Lake eq.

leveling 4� 1018

Pollitz et al. [18]e 1992 Landers eq. GPS, InSAR 1–6� 1018

Pollitz [31]f 1999 Hector

Mine eq.

GPS 4.6� 1018

Lambeck et al.

[129]

British Isles

uplift (Holocene)

RSL(a) 3–6� 1020

Lambeck et al.

[130]g
Fennoscandia

uplift (Holocene)

RSL(b) 4� 1020

Milne et al. [10] Fennoscandia GPS 5–10� 1020

uplift (present)

Peltier [12] global RSL(b,c) 4� 1020

Mitrovica and

Forte [135]

global RSL(b,c)

gravity

2� 1021

Kaufmann and

Lambeck [14]

global RSL(b,c),

gravity, ER

5� 1020
considered global average models. Peltier [12] and

Lambeck and Johnston [13] give complete reviews.

Kaufmann and Lambeck [14] compare several

recent viscosity profiles based on these and related

methods. Common features include a strong, elastic

lithosphere f 50–150 km thick (very high to essen-

tially infinite viscosity), an underlying Maxwell vis-

coelastic upper mantle down to the 660–670 km

discontinuity with relatively uniform properties (vis-

cosity 3� 1020–4� 1021 Pa s), and a lower mantle

beneath the 660–670 discontinuity with higher vis-

cosity. Peltier [15] gives a range of 3–5� 1020 Pa s

for the upper mantle in three models (VM-1, 2, 3)

constrained by GIA data and assuming a spherically

symmetric earth with viscoelastic mantle. Because of

the scale of loading, most such models have limited

resolution in the uppermost mantle, and there are

trade-offs; for example, between the thickness of the

elastic lithosphere and the viscosity of the mantle

immediately below (e.g., [13]).

The viscosity structure of the western US upper

mantle differs significantly from these cratonic mod-

els. Kaufmann and Amelung [16] estimate values

between 2� 1017 and 1�1018 Pa s in the depth range

75–150 km based on leveling data between 1935–

1983 measuring deformation after filling of Lake

Mead beginning in 1935. Bills et al. [17] report a

viscosity range of 5� 1017 and 5� 1019 Pa s for the

upper mantle between 75 and 150 km depth based on

deformed shorelines of Late Pleistocene Lake Bonne-

ville in response to drying over several thousand years.
Notes to Table 1:
aViscosity of upper mantle at 125 km depth unless noted,

published in last decade. All studies assume Maxwell viscoelastic

rheology and multi-layer model with at least three layers (e.g., upper

crust, lower crust, upper mantle) unless noted. Upper entries (above

line) are western US, east of San Andreas fault and west of

Colorado plateau; remaining entries represent GIA-based cratonic

models or global models.
bData: GPS=Global Positioning System; InSAR= Interfero-

metric Synthetic Aperture Radar; RSL=Relative sea level curves

from shoreline elevation data (a =British Isles; b = Fennoscandia,

c =Hudson Bay); ER=Earth rotation.
cValid for half space below 30 km depth.
dValid for half space below 38 km depth.
eValid for depth range 50–100 km.
fSteady state viscosity in linear biviscous model, valid below 30

km depth.
gValid for depth range 150–200 km.



J.E. Dixon et al. / Earth and Planetary Science Letters 222 (2004) 451–467 453
Pollitz at el. [18] infer a viscosity of 2.7� 1018 Pa s

beneath the Mojave Desert in the depth range 50–100

km based on GPS and INSAR observations of crustal

deformation for 3 years following the 1992 Landers

earthquake. The general similarity of these low vis-

cosity western US estimates, despite significant differ-

ences in analytic technique, time scale, and nature of

the loading phenomena, suggests that the contrast with

GIA-based cratonic models is significant.

Models incorporating GIA data tend to have good

depth resolution of upper mantle properties down to at

least the 660–670 km discontinuity, but less resolution

for lithospheric ( <f 100 km) rheology due to the

large diameter of the loads. In contrast, studies in the

western US provide information on mantle properties

shallower than f 150 km due to the local character of

the loads (earthquakes; lake filling or drying). Subse-

quent figures and discussion include the depth range

50–150 km, although both classes of models only

have common resolution in the depth range 100–150

km. Table 1 compares recent mantle viscosity esti-

mates at 125 km depth for the two regions. The

rheological contrast between them is actually more

apparent in the depth range 50–100 km, immediately

below the crust, but quantitative comparisons are

difficult because of the aforementioned resolution

issue. This depth range is generally considered litho-

spheric mantle in cratonic regions (with essentially

infinite viscosity), whereas in the western US, most

modern (f last decade) geodetic studies resolve a

very low viscosity uppermost mantle here, so low in

fact that lithospheric mantle may be thin or even

absent. These geodetic studies are in qualitative agree-

ment with both seismic data [19,20] and dynamic

elevation models based on gravity and topography

data [21] that suggest a thin lithosphere through much

of the western US. In this view, lithospheric strength

here would reside mainly in the crust [22].
3. Non-linear rheology and effective viscosity:

effects of strain rate, temperature, pressure, and

water content

Most estimates for upper mantle viscosity are based

on models that assume Maxwell rheology, with elastic

solid behavior on short time scales, and Newtonian

viscous fluid behavior (linear stress–strain rate rela-
tionship) on long time scales. The actual rheology of

the upper mantle above f 200 km is probably better

represented by thermally activated power law creep

[23–25], as evidenced by seismic anisotropy in the

upper mantle beneath oceans [26] and continents [27].

In this case, there is a non-linear relation between

stress and strain rate. We can nevertheless define an

effective viscosity at a given strain rate.

Large transient motions within a few months of

major earthquakes can be interpreted in terms of

extremely low viscosities for the uppermost mantle,

perhaps reflecting this power law dependence and the

influence of high stress–high strain rate conditions in

the immediate post-seismic period [18,28,29]. These

transients may also reflect the influence of afterslip

and/or transient or bi-viscous rheology [30,31]. If we

ignore these shortest term post-seismic transients and

focus instead on responses over several years or

longer, then a more coherent picture emerges, with a

range of loading phenomena with greatly different

time scales (several years to several thousand years)

leading to broadly similar viscosity estimates. Thus,

while strain rate certainly influences effective viscos-

ity, strain rate differences alone are unlikely to be the

primary explanation for the regional viscosity differ-

ences noted above.

Water dissolved in nominally anhydrous minerals

such as olivine is now recognized as a ubiquitous

component in the mantle [32,33]. Laboratory meas-

urements indicate that olivine, the primary constitu-

ent of the upper mantle, is significantly weakened

by the presence of water, lowering effective viscos-

ity relative to dryer mantle at a given temperature

and strain rate [34–39]. Regional and depth differ-

ences in the water concentration of the upper mantle

can vary by more than one order of magnitude, and

may therefore exert significant control on effective

viscosity. For non-linear power law creep, the ap-

propriate constitutive law for olivine in the shallow

upper mantle, the relation between strain rate, stress,

temperature and water fugacity is [37–39]:

ė ¼ Arnf rH2O
exp�ðH*=RTÞ ð1Þ

where ė is the strain rate, r is the stress, n is the stress

exponent (typically 3.0–3.5 for olivine), fH2
O is the

water fugacity, r is the fugacity exponent, R is the gas

constant,H* is the activation enthalpy (H* =Q* +PV*,



Table 3

Geotherms, solubility data for water in olivine, and sample viscosity

calculation

Depth

(km)

P a

(� 109 Pa)

T b

(jC)
WUS

T c

(jC)
Craton

fH2O
d

(MPa)

H2O
e

ol.sat.

(ppm)

COH
f

ol.sat.

(H/106Si)

50 1.6 1100 520 7.20� 103 84 1361

75 2.4 1200 670 2.07� 104 130 2106

88 2.8 1265 754 3.79� 104 177 2867

100 3.2 1300 819 6.41�104 240 3888

125 4.0 1350 942 1.83� 105 350 5670

135 4.3 1372 1000 2.75� 105 395 6399

150 4.8 1400 1085 5.46� 105 468 7582

Sample calculation:

(1) Water-saturated, 125 km, TVp geotherm, strain rate 10� 14 s� 1

geff ¼ ė
1�n
nð ÞA�1

n f
�r
n

H2O
exp � ðH þ PV Þ

RT

� �� ��1
n

106

geff ¼ ð10�14Þ
1�3:5
3:5ð Þð1600Þ

�1
3:5ð1:83� 105Þ

�1:2
3:5

� exp � ð520; 000þ ð4� 109Þð22� 10�6ÞÞ
ð8:314Þð1623Þ

� �� ��1
3:5

106

geff ¼ 7:35� 1018 Pa�s

(2) 50 ppm water in olivine, constant COH, 125 km, TVp geotherm,

strain rate 10� 14 s� 1:

geff ¼ ė
1�n
nð ÞA�1

n C
�r
n

OH exp � ðH þ PV Þ
RT

� �� ��1
n

106

geff ¼ ð10�14Þ
1�3:5
3:5ð Þð90Þ

�1
3:5ð810Þ

�1:2
3:5

� exp � ð480; 000þ ð4� 109Þð11� 10�6ÞÞ
ð8:314Þð1623Þ

� �� ��1
3:5

106

geff ¼ 1:83� 1019 Pa�s
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whereQ* and V* are the activation energy and volume,

respectively), P is pressure, T is absolute temperature,

and n, A, Q* and V* are determined experimentally for

a given material (Table 2). The fugacity dependence of

(1) can also be expressed in terms of water concentra-

tion in olivine (Table 3) [40].

Newtonian (linear) viscosity, g, is defined as r/ė. For
power law creep, where strain rate is a function of

stress, we can define an effective viscosity, geff, in terms

of either constant stress or constant strain rate. Since

geodetic data provide information on strain rate, we

define geff at a given strain rate:

geff ¼ ėð1�nÞ=nf
�r=n
H2O

ðAexp�ðH*=RTÞÞ�1=n ð2Þ

3.1. Strain rate

For the western US, surface strain rates near major

active faults are of order 10� 14 s� 1 during the

interseismic period. Strain rates through most of the

Great Basin are lower, while strain rates in the

immediate post-seismic period, and strain rates at

depth within the actively deforming ductile mantle

shear zone beneath crustal faults, may be higher. We

considered a range of 10� 13–10� 15 s� 1 in the

models presented below. For continental interiors

rebounding after major deglaciation, strain rates as

high as 10� 15 s� 1 may briefly characterize the

period immediately after rapid glacier retreat, com-

parable to ‘‘background’’ strain rates associated with

mantle convection (e.g., [41]). However, typical pres-

ent-day strain rates associated with post-glacial re-

bound are probably lower (10� 16–10� 17 s� 1). We

considered a range of 10� 15–10� 17 s� 1.
Table 2

Material constants

A Q*

(J/mol)

V*

(m3/mol)

Dry dislocation 1.1�105

(MPa)� n/s

5.30� 105

(F 0.04)

20� 10� 6

Wet dislocation

(constant fH2O
)

1600

(MPa)� (n + r)/s

5.20� 105

(F 0.4)

22� 10� 6

Wet dislocation

(constant COH)

90 (MPa)� (n + r)/s 4.80� 105

(F 0.4)

11�10� 6

n (stress exponent) = 3.5, r (fugacity exponent) = 1.2 for wet

dislocations [40].

aAssumed density of 3.2 g/cm3.
bMean geotherm for Western US from P-wave tomography [46].
cMean geotherm for old continental lithosphere [44].
dFugacity calculated from [136] at 1100 jC [49].
eWater solubility in olivine [49]. These values may be low by up

to a factor of 3 [50].
fCalculated assuming water is distributed in nominally anhy-

drous minerals as discussed in [38]: mantle composed of 56%

olivine, 19% opx, 10% cpx and 15% garnet and DOH
Ol� Opx= 0.2,

Ol � Cpx Ol� Gt
3.2. Temperature, pressure and activation volume

Temperature is a primary control on effective

viscosity. Much of the western US is characterized

DOH = 0.1, and DOH = 1.
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by elevated heat flow, in the range 60–90 mW/m2

(e.g., [42]) in contrast to Fennoscandia, Hudson

Bay and other Precambrian shields with low heat

flow, f 35–45 mW/m2. Shield areas and active

tectonic regions with surface heat flows of 40 and

75 mW/m2, respectively, have temperature differ-

ences at 150 km depth of f 300–400 jC for

standard conductive geothermal profiles (e.g.,

[43,44]). For cratonic areas, we use the ‘‘shield

intraplate’’ geotherm of Green and Falloon [44].

For the western US, there may be significant spatial

variation and hence uncertainty in the appropriate

average geotherm. We considered four (Fig. 1): 1)

the ‘‘young continental’’ geotherm of Green and

Falloon [44]; 2) an average western US geotherm

based on heat flow and heat production data [45]; 3

and 4) average western US geotherms based on P-

and S-wave seismic tomography [46]. To address

pressure effects, we use the activation volume

estimates for olivine in Hirth and Kohlstedt [40]

(Table 2).

3.3. Water

Under water-saturated conditions (‘‘wet’’), viscosi-

ties decrease with increasing pressure because (1) water
Fig. 1. Geotherms for continental shields (green) and western US

(red) compared to upper mantle solidii (black) under dry and wet

conditions. ‘‘Cratonic’’ is shield intraplate geotherm [44]. ‘‘Young

Continental’’ is geotherm for continental area with moderately high

heat flow [44]. ‘‘Heat Flow’’ is geotherm based on heat flow and

heat production data for western US [45]. ‘‘Vp’’ and ‘‘Vs’’ are

average geotherms based on P-wave and S-wave tomographic

inversion for western US [46]. ‘‘Dry’’ is pyrolite (f upper mantle)

solidus, ‘‘Wet’’ is solidus for pyrolite + fluid (C +H+O) [44].
fugacities increase strongly with pressure, (2) water

solubility in olivine increases with increasing water

fugacity (e.g., [47–49], and (3) viscosities decrease

with increasing water concentrations (e.g., [39]). The

saturation value of water in olivine at a given depth or

pressure thus provides an upper limit to water concen-

tration, and a lower limit for viscosity, at a given

temperature and strain rate. Water solubility in olivine

between 75 and 150 km depth is f 135 to 500 ppm

[49]. Note that our ‘‘wet’’ values refer to water-satu-

rated conditions, whereas Hirth and Kohlstedt [38]

used ‘‘wet’’ to describe olivine with f 50 ppm water

within a peridotitic mantle source containing f 125

ppm H2O, appropriate for shallow mantle sources of

mid-ocean ridge basalts. At a depth of 150 km, 50

ppm water in olivine represents roughly 10% of the

saturation value (Table 3) and may be better referred

to as ‘‘damp’’. Thus, water contents could be

significantly higher, and viscosity significantly low-

er, than predicted by either dry or ‘‘damp’’ olivine

values. However, most of the viscosity reduction in

olivine occurs with the first f 50–100 ppm of

H2O.

A reevaluation of the calibration of the infrared

spectroscopic technique used in recent solubility

experiments (e.g., [49]) showed that actual water sol-

ubilities may be greater by up to a factor of 3 [50]. This

would not affect viscosities calculated assuming water-

saturated conditions, because a factor of 3 increase in

water concentration would be balanced by a factor of 3

decrease in the pre-exponential constant A [40]; how-

ever, it does affect our interpretation of water concen-

trations as a function of pressure. We use the results of

Kohlstedt et al. [49] and note that they may be low by

up to a factor of 3.
4. Results

Fig. 2 compares estimated viscosities for cratonic

areas based on GIA or global models and the western

US based on geodesy to calculated effective viscosi-

ties for olivine, for water contents ranging from dry to

fully saturated, using the solubility values of Kohl-

stedt et al. [49] and appropriate geotherms. For

cratonic regions, good fits are obtained if olivine in

the shallowest upper mantle (shallower than 80–120

km) is dry, while olivine at deeper levels is damp or



A

    -15

 

 

Fig. 2. Viscosity vs. depth for cratonic regions or global averages

(top, green lines, A–G) and western US (bottom, red lines, H–K)

compared to calculated values (Eq. (2), this study). Cratonic and

global values from fig. 10 of Kaufmann and Lambeck [14], original

sources below. A is [129]; B is [130]; C is [131]; D is [132]; E is

[133]; F is [12]; G is [14]; H is [16] (H1 is 2 layer model, H2 is

multi-layer inverse model, Fig. 14); I is [18], valid for depth range

50–100 km; J is [134]; K is [17] (K1 from Fig. 11, K2 from Fig.

12). Calculated viscosities (black or blue lines) use shield intraplate

geotherm (top) [44] or average western US geotherm (TVp; base)

[46]. Labels indicate water content (ppm by mass in olivine) and

log. (base 10) of strain rate. ‘‘Wet’’ indicates water saturation.
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wet. The damp and wet viscosity values are similar,

differing by about a factor of 2 at 150 km depth.

For the western US, the Vp-based tomographic

geotherm (hereafter TVp [46]) is used in subsequent

figures and discussion. It provides a good fit to the

viscosity data over the entire depth range, and predicts

temperatures that are above the wet solidus for most

of the depth range 50–150 km, but f 150–200 jC
less than the dry solidus (Fig. 1). This latter point is

important: geochemical and petrologic evidence to be

discussed suggest high water concentrations in the

western US upper mantle, and therefore appear to

preclude temperatures as high as the dry peridotite
solidus. At temperatures corresponding to a depth of

150 km, there is a factor of 30 difference in viscosity

between dry and water-saturated olivine, of which a

factor of 10 represents the difference between the dry

and damp cases, and an additional factor of 3 repre-

sents the difference between the damp and wet cases

(the differences increase with depth until the wet

solidus is reached, because the solubility of water in

olivine increases with pressure). Using TVp, the geo-

detically estimated viscosity profiles in the western

US are best matched if olivine has high water con-

tents, close to water-saturation, except for the very

high strain rate case (10� 13 s� 1), where olivine with

50 ppm water (damp) also provides a good fit. Since

several of the geodetic studies reflect presumably slow

mantle response to lake filling or drying, these high

strain rates seem unlikely to us, suggesting that

olivine over this depth range is water-saturated or

nearly so. However, given uncertainties in the geo-

detic viscosity estimates and the experimental data,

water concentrations off 50 ppm or higher in olivine

satisfy the available data.
5. Discussion

5.1. Why continental interiors are dry at depths

shallower than 100–150 km

Because of differing geologic histories, the upper-

most mantle beneath stable Precambrian shields and

active tectonic regions like the western US have dif-

ferent compositions, especially with respect to water.

Ancient shields in continental interiors have relatively

dry, depleted uppermost mantle rocks that probably

constitute a significant fraction of the f 50–150 km

thick ‘‘lithosphere’’ defined in many earth rheological

models. In this region, high degrees of melting that

originally established melt-depleted, Mg-rich and Ca,

Al, Fe-poor cratonic mantle [51,52] efficiently stripped

incompatible elements, including water, from the upper

mantle source, reflecting the high solubility of water in

the melt compared to the solid fraction [53–56]. The

subcratonic mantle root is an effective barrier to ad-

vective heat transfer, and its low temperatures trap

inviscid, volatile-rich, low-melting point components

over geologic time. Thus, metasomatic processes can

cause net rehydration and re-enrichment of incompat-



J.E. Dixon et al. / Earth and Planetary Science Letters 222 (2004) 451–467 457
ible elements, consistent with LREE-enriched trace

element patterns in cratonic mantle garnets and pyrox-

enes, and the presence of small quantities of hydrous

minerals, notably phlogopite. However, evidence from

heat flow constraints [57] indicates that these metaso-

matic events do not pervade most cratonic uppermost

mantle. In South Africa, where such metasomatism is

well developed, Boyd et al. [58] note that most of the

mantle lithosphere, from the base of the crust to a depth

of 100 km or so, is relatively free of phlogopite. Typical

water concentrations in olivine from South African

garnet peridotites are near 70 ppm at 180 km depth

where melt-related metasomatism is prominent, de-

creasing to 40–50 ppm at 130 km (D.R. Bell, unpub-

lished data). Garnets within South African garnet

peridotite contain less water than coexisting olivines

[33,59,60], typically less than 50 ppm [59]. By inspec-

tion of Fig. 2, we can see that it is possible to construct a

composite profile consistent with essentially all avail-

able geochemical and GIA data: e.g., at a strain rate of

10� 16 s� 1, dry olivine to a depth of 120 km, and damp

to wet olivine below 120 km.

In summary, most of the cold continental mantle

root shallower than f 120 km is dry and strong,

and likely to remain so for long periods of geologic

time.

5.2. Western US upper mantle water contents

In contrast to cratonic areas, a variety of geo-

chemical and petrologic data indicate that most of

the uppermost mantle beneath the western US is

anomalously wet. These data can be grouped into

four classes. First, the presence of hydrous minerals

in otherwise normal mantle assemblages implies

wetter than normal conditions (typical mantle lacks

hydrous phases). A number of petrological studies

document unusually abundant hydrous phases in

Colorado Plateau mantle xenoliths, including humite

group minerals, serpentine, chlorite, and amphibole

[61–70]. Post-10 Ma basaltic lavas erupted in the

Rio Grande Rift and Basin and Range commonly

contain amphibole megacrysts derived from the

mantle [71]. Best [72,73] and Matson et al. [74]

described Holocene–Recent basanites in the Grand

Canyon area of Arizona with mantle-derived inclu-

sions containing amphibole. Bergman et al. [75]

described an amphibole-bearing peridotite nodule in
basanite from Lunar Crater volcanic field, Nevada,

which has eruptions from Late Pliocene to Holocene

in age. Righter and Carmichael [76] demonstrate that

amphiboles at Lunar Crater and other localities in the

western US are true mantle samples and cannot have

grown at a late stage in the basalt host, e.g., through

later assimilation of hydrous crust.

Second, nominally anhydrous minerals in garnet

peridotitic xenoliths in the western US are anoma-

lously wet compared to those in cratonic garnet

peridotites. For example, garnets from the mantle

beneath the Colorado Plateau have much higher

water contents than those of comparable cratonic

mantle rocks. Garnets from both peridotites and

eclogites of the Colorado Plateau commonly contain

OH concentrations about 10 times the typical values

from equivalent mantle rock types below the Sibe-

rian craton and the Kaapvaal craton of southern

Africa [77–81].

Third, young basalts (generally alkalic) derived

from western US mantle are anomalously wet,

consistent with derivation from a wet mantle source.

While this is usually difficult to observe (surface-

erupted lavas are degassed), melt inclusions trapped

in olivine phenocrysts in such lavas may retain

evidence of original magmatic water contents. Fig.

3 shows data from well-preserved melt inclusions in

Late Quaternary basalts from Yucca Mountain,

Nevada [82] clearly showing high water character-

istics, well in excess of typical MORB values. Hill

et al. [83] discuss the presence of amphibole and the

high water contents of these and related basalts,

pointing out that they require 2 to 5 wt.% water in

the original magma, implying (for 5% partial melt-

ing) a minimum of 1000 ppm water in the mantle

source. For comparison, typical MORB sources

contain f 50 (depleted) to 450 (enriched) ppm

H2O (e.g., [53]).

Fourth, other geochemical characteristics of post-

20 Ma lavas are consistent with derivation from

anomalously wet mantle. Whitlock [84] shows that

post-mid Miocene ( < 14 Ma) basalts and basaltic

andesites in northern California have chemical char-

acteristics consistent with derivation from previously

hydrated mantle wedge material which upwells into

the slab window after passage of the Mendocino

triple junction [85]. Lange et al. [86] describe 2–4

Ma mafic-intermediate lavas in the Mono Basin–



Fig. 3. Histograms showing water concentrations in MORB glasses

(quenched under pressure) compared to glass inclusions in olivine

phenocrysts (which may retain original water) from island arc

basalts, modified from Stern [109]. White horizontal rectangle in

island arc histogram (YMB) shows range of water in glass

inclusions in basalts from Yucca Mountain, Nevada [82]. Vertical

bar in white rectangle shows mean concentration for YMB (3.5%),

similar to island arc mean (3.44%).
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Long Valley area that record high water fugacity in

the source region. Feldstein and Lange [87] docu-

ment Late Pliocene lavas throughout the Sierra

Nevada with high (>2 wt.%) pre-eruptive water

contents.

The high water contents that we infer for the

western US upper mantle suggest that dry melting

models for this region (e.g., [88]) should be re-

evaluated, for example using the new wet melting

model of Asimow et al. [89].

5.3. Why the west is wet

We suggest that Farallon plate subduction plays a

key role in explaining anomalously low viscosity in
the western US upper mantle, through its influence on

water contents [90]. In contrast to cratonic regions,

which have been stable for time scales of order 109

years, most of western North America experienced a

long (>100 million year) period of subduction in

Mesozoic and Cenozoic time, ending f 30 Ma

[91]. Subduction cools and hydrates the upper mantle

above the downgoing plate, as hydrothermally altered

oceanic crust and water-saturated sediment undergo

dehydration and metamorphism, forcing water out of

the subducting plate and into the overlying mantle

wedge (e.g., [92,93]). Studies of water concentrations

in arc and back-arc lavas (e.g., [94,95] and in

corresponding melt inclusions in phenocrysts (e.g.,

[96]) confirm that the source region for arc lavas

(f 100 km depth) is anomalously wet (f 250 to

2500 ppm H2O) compared to mantle sources for

MORB (f 50–450 ppm H2O [33,53,96–100] and

OIB (f 400 to 1000 ppm H2O [89,100–105]). Parts

of this source region almost certainly have water

contents well in excess of olivine solubility, as

evidenced by the presence of hydrous phases such

as serpentine (e.g., [105,106]).

The amount of residual water that survives the

‘‘subduction gauntlet’’ and is retained in the down-

going slab to enter the deep mantle has until recently

been quite uncertain. However, new work suggests that

such retained water is negligible, implying that large

amounts of subducted water are available to hydrate the

upper mantle. Measurements of volatile contents of

plume-generated ocean island basalts show that plumes

containing components of previously subducted litho-

sphere are relatively dry compared to other mantle

sources, indicating that water is efficiently extracted

during the subduction process [107,108]. Thus, water

in the subducted slab must be either expelled through

fluid venting in the fore-arc, expelled during island arc

magmatic processes, or sequestered in the overlying

mantle wedge. Water initially expelled at shallow

mantle levels may be entrained in the boundary zone

between the downgoing slab and the overlying mantle

due to viscous drag, and dragged to somewhat deeper

levels [109]. Seismic tomography suggests that large

volumes of mantle above long-lived subduction zones

are anomalously wet [110] perhaps down to depths of

f 400 km [111].

Geochemical data support the idea that elevated

water in western US amphibole megacrysts derives
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from a subduction zone setting, even though the ages

of these rocks are much younger than the end of

Farallon plate subduction (f 30 Ma). Samples not

disturbed by surface fractionation effects are rela-

tively rich in deuterium [112,113], consistent with

derivation from dehydration of a subducted slab.

Similar occurrences of hydrous phases and heavy

D/H ratios are seen in other fossil subduction

regions, such as the Eifel [114,115], and in active

subduction regions such as Japan [116].

Usui et al. [117] demonstrate that eclogite xenoliths

in Colorado Plateau magmatic bodies emplaced at 26–

35 Ma contain low temperature/high pressure miner-

als, consistent with a subduction origin, and have ages

in the range 33–81 Ma, consistent with derivation

from the subducted Farallon plate. Smith [68,69]

argued that hydration of the Colorado Plateau mantle

occurred within 20 million years prior to transport of

xenoliths in the 25–30 Ma eruptions of the Navajo

Volcanic Field. This is consistent with the idea that

mantle hydration occurred sometime during the long

period of flat slab subduction of the Farallon plate

beneath North America, f 80–30 Ma (e.g., [90,118–

120]), and occurred well inland of the coastal region.

During flat slab subduction, the zone of maximum slab

dehydration (and the corresponding zone of upper

mantle hydration above it) presumably moved inland.

Most of the original lithospheric mantle beneath the

western US probably experienced significant hydra-

tion above f 150 km depth, except where slab dip

eventually steepened, beneath the Colorado Plateau,

where deeper hydration likely occurred. Although

initially cooled by the presence of a relatively cold

slab, this hydrated lithospheric mantle began to warm

at the end of flat slab subduction, gradually attaining

its current hot, wet, low viscosity state. In effect, the

low angle Farallon slab advected water hundreds of

km northeast of the coastal region, as the hinge zone

migrated east, eventually hydrating a huge volume of

upper mantle, not just a narrow mantle wedge near the

active coastal arc.

A key question is whether western North Amer-

ica’s upper mantle could retain significant water 20–

30 million years after subduction stopped. A period of

extensive Miocene (f 10–20 Ma) magmatic activity

throughout the western US occurred shortly after the

end of flat slab subduction and is thought to represent

the replacement of cold subducted slab as hot as-
thenosphere upwelled into the slab window. Could

this activity have ‘‘cleansed’’ the upper mantle of its

high water content? The best evidence against this is

the fact that indicators of anomalously wet mantle

include products that are much younger than 10 Ma,

including Holocene lavas and young lavas hosting wet

xenoliths. Several studies have noted the large time

lags that are possible between subduction-related

hydration and later eruption of hydration-influenced

volcanics (e.g., [86,87]).

Removal of water from the mantle requires eleva-

tion of mantle temperatures above dehydration reac-

tions (f 1100 jC for amphibole, the most thermally

stable mineral) and melting to extract water bound in

nominally anhydrous minerals. If hydrous phases are

present in sufficiently large concentration, the mantle

is effectively buffered for a considerable period of

time. This suggests that thorough dehydration requires

major tectono-thermal processing and melting of the

mantle. In the absence of large-scale mantle overturn

this may take tens to hundreds of millions of years. If

this scenario is correct, most of the present-day upper

mantle beneath the western US is still significantly

wetter than the relatively dry, depleted uppermost

mantle beneath cratons, although the pulse of post-

20 Ma volcanism in the western US presumably

represents the beginning of large scale tectono-ther-

mal processing of this region, as the hydrous mantle

warms and begins to melt.

Even if convection has succeeded in mixing or

replacing some or most of the original hydrated

mantle in the western US in the last 20 million years,

replacement mantle (upwelling asthenosphere, wheth-

er typical MORB or enriched OIB mantle) is still

likely to be significantly wetter than typical litho-

spheric mantle beneath cratons (Table 4). Thus, an-

other scenario consistent with available data is that the

locations of hydrous phases and wet basalts in the

western US are not reflective of average mantle

conditions here, but rather indicate anomalously

enriched mantle pods (‘‘plum pudding’’ model). The

generally low viscosity of the region would then

reflect the influence of upwelling asthenosphere com-

bined with the lack of typical cratonic lithospheric

mantle. In this scenario, the main role of Farallon

plate subduction is to thin or remove the initially

strong, dry uppermost mantle in the western US, by

hydrating and weakening it, perhaps facilitating de-



Table 4

Water concentrations in mantle source regions

Environment Magma wt.% H2O Lherzolite wt.% H2O Olivine ppm H2O
a Olivine 103 H/106Si Sat at 120 km?

MORBb 0.1 0.012 50 0.8 no

EMORB and OIBc 0.3–1.0 0.03–0.08 125–330 2.0–5.3 no

BABBd 0.2–2.0 0.024–0.50 100–2000 1.6–32 maybe

Arce 2.0–8.0 0.25 to 1 1000–?f 1.6–?f maybe

Concentrations of water in magmas and mantle source regions from:
a Values calculated as in [38] assuming a garnet pyrolite assemblage of 56% olivine, 19% opx, 10% cpx and 15% garnet and olivine–

mineral partition coefficients for water of 0.2 for olivine-opx, 0.1 for olivine-cpx, and 1 for olivine–garnet.
b [54,96,97,99].
c [100–102,104,107].
d [94,95,137].
e [138–140].
f Water concentration in olivine uncertain due to probable presence of hydrous phases.
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lamination and allowing replacement asthenosphere to

upwell essentially to the base of the crust.

5.4. Seismic tomography

Seismic tomography is achieving sufficient resolu-

tion to probe the characteristics of the upper mantle

with increasing detail. In the western US, slow seis-

mic velocity anomalies in the upper mantle have long

been recognized (e.g., [121–123]) and are often

interpreted in terms of relatively hot, dry mantle.

However, high water concentrations may also reduce

seismic velocities [124].

The presence of water potentially affects seismic

velocities in at least five ways:

1. It promotes melting by lowering the solidus

temperature of the mantle;

2. It may lead to the presence of a hydrous fluid;

3. It promotes the development of hydrous minerals

such as amphibole and phlogopite, which are

seismically slower than olivine;

4. It increases the water concentration in nominally

anhydrous minerals such as olivine, increasing

anelasticity and hence attenuation [124];

5. It changes the anisotropy of the mantle [125].

Items (1) and (2) may be relatively minor effects,

because the extremely low viscosity of melts and

hydrous fluids at high temperatures means that these

low density liquids rapidly migrate away (up) from

the source. Karato [124] suggests that on geologic

time scales, it is unlikely that melt exceeds 1% by
volume through most of the upper mantle due to this

effect, and hence would have a negligible effect on

seismic velocity. In the event of significant partial

melting, high melt concentrations will accumulate at

density discontinuities such as the crust–mantle

boundary, intrude the crust, or erupt as volcanoes.

Depending on depth resolution, such melt concentra-

tions could affect tomographic results near the crust–

mantle boundary (30–50 km), but perhaps are less

important for deeper regions.

Water in the upper mantle affects both Vs and Vp,

but we are not aware of quantitative studies that address

covariation of seismic velocity with temperature, water

content in olivine, presence of hydrous phases, and

partial melt. Goes and van der Lee [46] invert seismic

velocity data for temperature in the North American

upper mantle and compare these estimates to indepen-

dent data. They note that the Cascadia upper mantle,

expected to be water-rich due to present-day subduc-

tion, has the slowest Vs anomaly in the western US

(model NA00) and discrepant Vp versus Vs tempera-

ture estimates, with Vs-based temperature (TVs) much

higher than Vp-based temperature (TVp) in the depth

range 50–150 km (their Fig. 7). Assuming that this

discrepancy is characteristic of strongly hydrated man-

tle (for any or all of the five reasons listed above) we

can investigate hydration effects in the tomographic

results for other regions. TVs and TVp estimated byGoes

and van der Lee [46] for most parts of the eastern US

agree quite well, consistent with our hypothesis of a

relatively dry cratonic upper mantle. However, much of

the western US exhibits TVp versus TVs discrepancies in

the depth range 50–110 km, in the sense expected for
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hydration (TVs>TVp; Figs. 3 and 5 of Goes and van der

Lee [46]. In particular, the Basin and Range and

Colorado Plateau both exhibit TVs>TVp, and TVs above

the dry peridotite solidus in some areas, in the depth

range where geochemical data require high water

contents; both regions were affected by flat slab sub-

duction (Fig. 4). For example, the eastern Colorado

Plateau and southern RockyMountains both have large

areas where TVs exceed 1500 jC at 110 km depth, at or

above the dry peridotite solidus (Fig. 1) and several

hundred degrees higher than TVp, suggesting that TVs is

too high, and TVp is a more reliable temperature

estimate. The 1100 jC ‘‘isotherm’’ defined by TVs
approximately matches the maximum inland penetra-
Fig. 4. Heat flow in the western US, compared to regions at 110 km depth

(TVs [46]) exceed 1100 jC (southwest of dark blue line) and 1500 jC (with

grey band shows maximum extent of Farallon plate during flat slab subd

isotherm). Stars with numbers show location of geochemical or petrologic

above 1500 jC (1 is [72,73]; 2 is [141]; 3 is [75,76]; 4 is [76]; 5 is [117]). T

text and Table 1 (A is [18,31]; B is [16]; C is [17]; D is [134]).
tion of the Farallon slab (Fig. 4), consistent with the

idea that this may define a hydration front rather than a

true temperature line.

The geodetic viscosity estimates for the western US

have little resolution beyond 150 km, but the depth

extent of hydration can also be addressed (at least

qualitatively) with the tomographic data. TVsf TVp
below 150 km in the results of Goes and van der Lee

[46] suggesting that anomalously high water concen-

trations are restricted to depths shallower than 150 km.

This is also the depth where TVp crosses the wet

peridotite solidus (Fig. 1), suggesting that differences

between TVs and TVp in the uppermost mantle may

reflect the presence of small amounts of melt or
where temperature estimates based on S-wave seismic tomography

in red line), the approximate dry peridotite solidus at this depth. Dark

uction, modified from Bird [119] (note similarity to 1100 jC TVs
indicators of hydrated upper mantle, which include regions of TVs

riangles with letters show location of viscosity estimates discussed in
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hydrous fluid. However, assessing the influence of

such fluids on overall viscosity and the passage of

seismic waves is not straightforward. For example,

small amounts of melt could increase seismic attenua-

tion and decrease effective viscosity, for example by

enhancing grain boundary sliding. On the other hand,

water is partitioned strongly into melt, hence water

concentration in olivine would decrease, raising its

effective viscosity.

In summary, upper mantle viscosity estimates in the

western US (f 1018 Pa s) are characteristic of hot, wet

mantle, and are lower than the viscosity of cool, wet

upper mantle in modern subduction zones (f 1019 Pa

s), for example observed in the modern Cascadia arc on

the basis of relative sea level data [126]. Both values are

lower than typical cratonic values, with cool, damp to

wet asthenosphere at low strain rates (1020–1021 Pa s)

deeper than about 120 km depth, or cool, dry litho-

sphere at shallower levels, with much higher or essen-

tially infinite viscosity.

5.5. Plate dynamics, the Wilson cycle, long-lived plate

boundary zones and strength of the upper mantle

Subduction of cold oceanic lithosphere cools the

surrounding mantle, raising viscosity and increasing

drag on the down-going plate. However, water

released by the downgoing slab counteracts this

effect, weakening the surrounding mantle and mak-

ing it easier to sustain subduction [127]. Long-lived

subduction margins will accumulate large amounts of

water in the upper mantle, and may therefore stay

weak for tens and possibly hundreds of millions of

years after subduction stops. Future plate boundaries

will therefore tend to occur in the same place,

exploiting the previously weakened region, perhaps

explaining the tendency for repeated opening and

closing of ocean basins along the same plate bound-

ary zone (Wilson cycle).

The western US has long been recognized as a

unique tectonic environment, with diffuse deformation

andmagmatism occurring many hundreds of km inland

from the main plate boundary, the San Andreas fault.

The diffuse nature of present-day deformation here

may reflect the presence of anomalously weak upper

mantle over a broad region, in turn reflecting the history

of flat slab subduction and consequent hydration of

large volumes of upper mantle as far inland as the
Colorado Plateau. With passage of the Farallon plate,

the newly hydrated, cool upper mantle was exposed to

warmer mantle below the slab [90]. As the hydrated

material warmed, it attained anomalously low vis-

cosity, becoming highly mobile, capable of rapid,

small scale convection, promoting magmatic activity

[85,128].

Maggi et al. [22] used earthquake focal depths to

suggest that the upper mantle beneath continents in

general has relatively little strength, which they

suggest reflects the presence of water. We have

emphasized the importance of lateral heterogeneity

in mantle properties and hence would put a more

nuanced interpretation on their observations. The

earthquakes used by Maggi et al. [22] invariably

occur in or near active tectonic regions (plate bound-

ary zones), marginal to cratonic areas. Most of these

regions were also subject to past subduction-related

hydration (e.g., Zagros, Aegean), as in our western

US example. We suggest that these regions are weak,

not because they are typical continental regions, but

because they are atypical, with a history of subduc-

tion at or near the margins of larger cratonic areas. In

our model, interior cratonic regions retain a strong

(cold, dry) lithospheric upper mantle, and generally

remain immune to tectonic disruption, even in the

presence of multiple Wilson cycles.
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