
tive polyketides to convert the unmodified 
primary PKS products into interesting me- 
tabolites. 
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A Binary Source Model for Extension-Related 
Magmatism in the Great Basin, 

Western North America 

William P. Leeman* and Dennis L. Harry 
Models for extension-related magmatism based on decompression melting of astheno- 
spheric mantle poorly simulate fluxes and bulk compositions of magmas produced during 
early stages of continental extension. For the Great Basin of western North America, it is 
proposed that magmatism proceeded in two stages, the first involving melting of litho- 
spheric mantle sources between 40 and -5 million years ago (Ma), followed (since -5 Ma) 
by melting of upwelling asthenospheric mantle in areas where extension has exceeded 
about 100 percent. This transition in magma sources is diachronous, depending on initial 
variations in lithosphere thickness and on rates of lithospheric thinning. 

Magmatism associated with lithospheric 
extension has been attributed to partial 
melting of ascending hot mantle material. 
Such a mechanism reasonably accounts for 
many aspects of magma production in re- 
gions of high extensional strain such as 
mid-ocean ridge spreading centers and some 
rifted continental margins (1 -3). However, 
simple decompression melting is not easily 
reconciled with styles of magmatism char- 
acteristic of early stages of continental rift- 
ing. First, unless the lithosphere is unusu- 
ally thin or an anomalous heat source is 
present, a significant lag time is predicted 
between the onset of extension and incipi- 
ent magmatism because asthenospheric 
magma sources (for example, "dry" perido- 
tite) must ascend to within 5-80 km 
before significant melting occurs (I) .  Sec- 

Keith-Wiess Geological Laboratory, Rice University, 
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ond, magma production rates should gener- 
allv increase with time unless the rate of 
lithospheric thinning decreases. Third, 
magma compositions should reflect a pro- 
gression from deep to progressively shallow- 
er depths of melt extraction. These patterns 
are not always observed. For example, the 
principal phase of Great Basin extension 
began at around 40 Ma. after the late - 
Eocene global plate reorganization, and was 
accompanied by voluminous synextensional 
silicic magmatism (4). 

The present Great Basin was the locus of 
an Andean style magmatic belt until latest 
Cretaceous or early Paleocene time (-60 to 
70 Ma) (5). Between -60 to 40 Ma, 
magmatism in this region waned and be- 
came predominantly alkalic to shoshonitic 
in character. Local extension began in a 
belt of now-exhumed metamorphic core 
complexes along the eastern margin of the 
Great Basin (6). The amount of subsequent 
extension across this region varies from at 
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least 100% at the latitude of Las Vegas, 
Nevada (7), to 75% in central Nevada (8), 
to probably less than 40% in southern 
Oregon (9). P-wave and S-wave studies of 
mantle anisotropy suggest that the litho- 
sphere now is at least 65 km thick over 
much of this region and probably closer to 
80 to 100 km thick (1 0, 1 1). If extension is 
taken into account, the lithosphere must 
have been considerably thicker at 40 Ma. 
For a uniform vertical strain distribution 
and a net 75% extension, this range implies 
that the pre-extension lithosphere thick- 
ness was about 115 to 175 km. With such a 
thick lithosphere at 40 Ma there would 
have been insufficient headroom for ascend- 
ing asthenospheric mantle to have melted 
substantially unless it was significantly hot- 
ter than estimated for Cenozoic hotspot 
sources (I) .  Even today, decompression 
melting of ascending asthenospheric mantle 
is likely to occur only locally beneath parts 
of the southernmost Great Basin (for exam- 
ple, the Mojave Desert region), which are 
characterized by high regional heat flow, 
attenuated crust (20 to 25 km), and pre- 
sumably highly attenuated lithosphere. 

The overall pattern of late Cenozoic 
magmatism suggests that magma production 
was relatively intense during the initial 
stages of extension and subsequently de- 
creased in magnitude (12). Initial (late 
Eocene to early Oligocene) extension was 
accompanied by voluminous magmatism of 
intermediate to silicic composition (4, 13, 
14). The origin of such magmas apparently 
includes contributions from both crustal 
and mantle sources (1 3, 15). If a significant 
portion of these magmas was derived by 
crustal anatexis, the presence at depth of a 
comparable volume of mantle-derived mafic 
magma is implied to provide the necessary 
heat of fusion (1 4-1 6). This in turn implies 
significant melting of the mantle virtually 
at the onset of extension. The rarity of 
basaltic volcanism before the middle Mi- 
ocene (- 17 Ma), which marked the initi- 
ation of Basin and Range block faulting and 
onset of flood basalt eruptions (17), may 
reflect inefficient ascent of relatively dense 
basalt through thick sialic crust. Since the 
middle Miocene, basaltic volcanism waned 
over most of the Great Basin and largely 
was restricted to areas undergoing active 
extension (18). These patterns are incon- 
sistent with asthenospheric melting alone 
as the cause of high magma fluxes during 
incipient extension in the Great Basin. 

Although little is known about compo- 
sitions of early Great Basin basalts, those 
erupted since - 17 Ma generally varied with 
time from somewhat evolved tholeiitic to 
more alkalic variants. Geochemical charac- 
teristics of these basalts suggest that only 
those erupted since -5 Ma represent melts 
of asthenospheric mantle, whereas the early 

lavas could have been derived from litho- 
spheric mantle sources (1 9). If so, such a 
temporal progression of melting from shal- 
lower to deeper sources is at odds with 
models involving decompression melting of 
asthenospheric mantle. In this report, we 
reevaluate the relation between tectonism 
and magmatism in the Great Basin and 
propose a binary lithosphere-asthenosphere 
melting model that can reconcile the para- 
doxes outlined above. 

Melting of lithospheric mantle generally 
has been discounted on the assumption that 
it likely consists of refractory peridotite that 
cannot produce significant amounts of mag- 
ma (20). We propose instead that synex- 
tensional mid-Tertiary silicic to intermedi- 
ate magmatism in the Great Basin resulted 
from decompression melting of mafic veins 
or pods within dominantly peridotite litho- 
spheric mantle. Melts produced in this way 
could have ascended to crustal levels and 
induced formation of silicic crustal melts 
characteristic of the early synextensional 
volcanism. Development of mafic melt- 
metasomatism before Tertiary extension is a 
likely consequence of vigorous and wide- 
spread Mesozoic magmatism in this region, 
of magmatism associated with formation of 
the underlying Precambrian crust, or both. 
The occurrence of dikes and veins of basal- 
"tic material in mantle peridotites (2 1-23) 
provides evidence that mafic magmas are 
quenched during passage through the upper 
mantle; this notion is also supported by 
thermal models of magma ascent (24, 25). 
Entrained mafic components in dikes or 
veins should be more readily fusible than 
refractory peridotitic mantle (26, 27). 

We assessed the potential for partial 
melting in the lower lithosphere by model- 

Table 1. Physical parameters used ~n the model. 

Parameter Value 

Initial crust thickness 
ln~tial lithosphere 

thickness 
Crust density 
Mantle density 
Specific heat (crust) 
Specif~c heat (mantle) 
Thermal conduct~v~ty 

(crust) 
Thermal conductivity 

(mantle) 
Thermal expansion 

coeff~cient (crust) 
Thermal expanslon 

coefficient (mantle) 
Crustal heat 

generation 
Initial heat generailon 

decay depth 
lnit~al surface heat 

flux 
lnit~al mantle heat flux 

2.9 gm c r 3  
3 33 gm ~ m - ~  

875 J kg-' "C-' 
1250 J kg-' OC-' 

2.5 W m-' "C-' 

ing pressure and temperature (P-T) condi- 
tions during extension and comparing the 
results with empirical melting relations. 
The lithosphere is assumed to deform by 
uniform pure shear (28). For a constant rate 
of extension U,, the thickness of the litho- 
sphere at time t is given by 

where Ho and Lo are the initial thickness of 
the lithosphere and the initial width of the 
extending region, respectively (29). We 
determined temperature at a given time by 
solving the one-dimensional transient heat 
equation with an explicit finite-difference 
algorithm. The fourth-order Runge-Kutta 
method was used to step the solution for- 
ward in time. A Lagrangian formulation is 
used in the model to track the temperature 
and depth of given rock packets through 
time. We estimated pressure by integrating 
density over depth (including the effects of 
thermal expansion). Lateral heat transport 
was neglected, so the model is most appli- 
cable at the center of relatively wide regions 
of extension such as the Great Basin. Con- 
stant temperature boundary conditions of 
0°C and 1340°C are imposed at the surface 
and base of the model lithosphere, respec- 
tively; these conditions favor maximum 
extents of melting. Actually, the base of 
the mechanical lithosphere may cool some- 
what during extension, but its minimum 
temperature will be governed by interaction 
with convecting asthenosphere (47) that is 
believed to have a potential temperature of 
at least 1280°C (1). However, other models 
(not presented here) indicate that magmat- 
ic consequences are not greatly affected by 
this effect for moderately high extension 
rates (2 10 mmlyear) characteristic of the 
Great Basin. The physical parameters used 
in the model are shown in Table 1. 

For this study we ran a series of models to 
investigate the effects of varying initial and 
boundary conditions including extension 
rate, initial lithosphere thickness, and ini- 
tial temperature at the base of the litho- 
sphere. The model shown in Fig. 1 best 
approximates present geologic and geophys- 
ical features of the central Great Basin (30); 
it assumes a thickness of 125 km for pre- 
extended lithosphere at 40 Ma. Before ex- 
tension, adopted P-T conditions within the 
lithospheric mantle range from about 1.1 
GPa and 585°C at the base of the crust to 
3.8 GPa and 1340°C at the base of the 
lithosphere (uppermost solid line, Fig. 1). 
After 100% extension [-I00 million years 
(My) for the assumed strain rate], P-T 
conditions range from 0.6 GPa and 545°C 
to 1.9 GPa and 1340°C (lowermost solid 
line, Fig. 1). The base of the lithosphere 
(which is held at a constant temperature of 

SCIENCE VOL. 262 3 DECEMBER 1993 



1340°C during extension) follows an iso- 
thermal path of decompression from about 
3.8 to 1.9 GPa (Fig. 1). The crust-mantle ~ " ,  
boundary follows a curved path of ascent as 
it decompresses and cools during extension. 

Peridotitic lithospheric mantle is unlike- 
ly to melt during extension unless signifi- 
cant heat or volatile components are added. 
'Dry solidi for such rocks (Fig. 1) exceed 
temveratures of 1500°C at deoths near the 
base of the lithosphere. If the temperature 
there is initially -1340°C (I) ,  then for 
reasonable conductive heating models, 
melting will proceed only after a long delay 
(-20 My) even if asthenosphere tempera- 
ture instantaneously rises to - 1500°C [for 
example, due to impingement of a mantle 
plume (31)). Advective heating by mantle 
plume melts could accelerate lithospheric 
melting, but this process is unlikely if litho- 
sphere thickness initially exceeds -90 km 
(1); as we have noted above [see also (30, 
32)], the lithosphere was probably too thick 
for this to occur. Also, as inferred from 
compositions of Basin and Range basalts, 
melting of ascending asthenosphere appar- 
ently has occurred locally only in the last 5 
My (19). 

Introduction of volatiles from subducted 
oceanic lithosphere could lower the melting 
temperature of lithospheric peridotite and 
enhance partial melting under certain con- 
ditions (see H20-  and C02-saturated solidi, 
Fig. 1). Consider a P-T path for ascending 
C02-rich lithospheric mantle starting at a 
depth of 90 km (see labeled dashed lines, 
Fig. 1). Before extension, this rock packet 
lies just above the depth of the C0,- 
saturated peridotite solidus; because it nev- 
er crosses far into the supersolidus field, it is 
unlikely to produce a significant volume of 
synextensional magma (33). Furthermore, 
C 0 2 -  or H,O-saturated pyrolite composi- 
tions (Fig. 1) have unrealistically high fluid 
contents for most regions of the mantle. 
Even if the lithospheric mantle initially 
contained large amounts of H 2 0  or CO, at 
the onset of rifting (for example, as a result 
of infiltration of subduction-derived melts 
or aaueous fluids). volatiles not bound in , , 

mineral phases could be incorporated in 
small-volume early melts. Melting relations 
for the progressively devolatilized residue 
would then shift toward the dry peridotite 
solidus, retarding further melt production 
unless an auxiliary source of heat or re- 
newed volatile flux was available. For such 
reasons it is unlikely that the voluminous 
early synextensional magmatism in the 
Great Basin was caused by melting of peri- 
dotitic rocks anywhere in the mantle. 

Phase relations for a typical basalt (Fig. 
1) support an alternative scenario for litho- 
sphere melting. The lithosphere normally is 
cooler than the basalt liquidus curve 
[1475"C at 120 km (34)l; hence, basaltic 

Base of lithosphere Fig. 1. The P-T conditions ~n the model 
4.0 - lithospheric mantle during extension. 

Heavy solid llnes indicate solidi for se- 
lected compositions, including dry and 
H20- and C02-saturated peridotlte ( 1 ,  
46) and a tholeiitic basalt (34) .  Diagonal 
solid llnes indicate the range of P-T 
conditions between the base of the crust 
and the base of the lithosphere at the 
indicated percentages of extension. 

n 
Dashed lines indicate P-T paths of given 
packets of rock during extension, with 
the initial depth of the rock packet indi- 
cated at the top. The shaded area rep- 
resents the portion of the model litho- 
sphere that undergoes partial melting 
during extension. 

Temperature ("C) 

magmas traversing this domain will partial- 
ly quench and ascend as crystal-liquid mix- 
tures. Segregation of the liquids would 
leave cumulate mineral assemblages [for 
example, pyroxenite + garnet (341 as well 
-as products of melt-wallrock reaction [py- 
roxenite or amphibolite & olivine (23, 26)] 
in the lithospheric mantle. Ascending mag- 
mas would tend to quench entirely if they 
achieved thermal eauilibrium with their 
wallrocks; this is reasonable where heat 
losses are large, relative to ascent velocity, 
as in narrow dike-like conduits (35). Thus, 
although the buoyancy of basaltic magmas 
relative to mantle lithologies favors their u 

ascent, some of the available magma is 
likelv to freeze within the lithos~here (25). ~, 

It is widely accepted that basaltic magmas 
have underplated and intruded the conti- 
nental crust in many tectonically active 
regions (36). We suggest that wherever 
basaltic magmatism has occurred, quenched 
basaltic products are important components 
in the lithospheric mantle as well. 

Rocks of basaltic composition at the 
base of the lithosphere would be near their 
melting point before extension (- 120 km 
for the case shown) and would begin to 
melt virtuallv at the onset of lithosvheric 
attenuation. Because calculated ascent tra- 
jectories are nearly isothermal for the first 
100% of stretching (29), melt fraction 
would increase with time, and high degrees 
of melting would be achieved near 60-km - 
depth. However, portions of the mantle 
initiallv shallower than -100 km never 
cross the dry solidus, and in this example, 
melt production is limited to the lowermost 
20 km of the model lithosphere (Fig. 1). 
Furthermore, melt production proceeds up- 

ward from the bottom as successively shal- 
lower rock packets ascend and cross the 
basalt solidus. The thickness of the portion 
of lithosphere undergoing partial melting 
increases monotonically with time, but at a 
decreasing rate. This process results in es- 
sentially continuous melt production from 
the onset of extension. Melt production is 
limited eventually by cooling of the ascend- 
ing lithospheric mantle and by increasing 
refractivity of the included mafic domains 
as magma is extracted. 

Melt production from a mafic source 
rock was estimated with a linear relation 
between melt fraction and excess tempera- 
ture above the solidus on the basis of 
experimental studies of a dry tholeiitic ba- 
salt (37). This simple model ignores the 
effect of melt extraction in modifying the 
bulk composition of the residue or its sub- 
sequent melting behavior, details that can- 
not be resolved without appropriate exper- 
imental studies. A more detailed analysis of 
melting seems unwarranted in view of such 
uncertainties. Melt compositions are ex- 
pected to range from relatively siliceous to 
basaltic with increasing melt fraction (34). 
Thus, the inferred presence of voluminous 
mafic magmas during early rifting stages 
requires relatively high degrees of melting 
of basaltic source components; more mafic 
source rocks (such as pyroxenite) could 
produce initial melts that approach basaltic 
compositions at lower melt fractions, albeit 
at higher temperatures. Alternatively, some 
of the predominantly intermediate to silicic 
early synextensional magmas could be pro- 
duced as partial melts of mafic protoliths in 
the lower lithosphere, or they could repre- 
sent hybrids of such magmas produced by 
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Fig. 2. Temporal variations in (A) the cumula- 
tive thickness of magma generated during ex- 
tension and (8) the magma flux rate. We esti- 
mated the magma flux rate for a l-km2 region 
by taking the derivative of melt thickness with 
respect to time, it is assumed that melt is 
extracted instantaneously as it is generated. 
Calculated cumulative melt thickness is scaled 
by the percentage of the lower lithosphere 
composed of mafic material, in this case corre- 
sponding to 100% basaltic material, however, 
less than 10% of mafic material can account for 
actual extrus~ve volumes. Because we ignored 
changes In source composition with degree of 
melting, over time actual melt production would 
decrease more dramatically than depicted, and 
average melt composition would become in- 
creasingly more mafic. Magma generated in 
this way could have ultimately produced mid- 
~erf iary silicic magmas in the Great Basin after 
differentiation and crustal anatexis. (C) The 
pattern of silicic magma production in the east- 
central Nevada [from (14) ]  is broadly consis- 
tent with the modeled lithospheric melt produc- 
tion in (B). Formation of voluminous early mafic 
magma is inferred if crustal melting is driven by 
advective heating. 

incorporation of crustal material. 
We estimated the amount of magma 

produced by integrating the percentage of 
partial melt over the thickness of the litho- 
sphere in the supersolidus field (Fig. 2A). 
For convenience, the magma production 
indicated in the figure corresponds to a 
lithospheric mantle composed of 100% ma- 
fic components and reaches a cumulative 
magma thickness of more than 5 km. As 
actual local thicknesses of volcanic rocks 

Fig. 3. Schematic diagrams illus- 
trating the binary source melting 

A 

model. Hypothetical lithosphere decornpress~on 

sections are shown (A) before and 
(B) after 100% pure shear exten- 
sion. Reference posit~ons are indi- 
cated for mantle material at a point 
(1) above which no lithosphere 
melting is predicted (based on 
model in Fig. 1 and assuming dry 
melting of basalt), at points just 
above (2) and just below (3) the Temperature ("C) 
lithosphere-asthenosphere bound- 
ary (mechanical boundary layer), and at a point (4) in the asthenosphere twice as deep as the 
mechanical boundary layer. Decompression of these reference points after 100% extension is 
shown in P-T space in (C). Basaltic domains in lower lithosphere between (1) and (2) will melt to 
varying degrees (increasing toward the bottom of this layer), whereas peridotitic asthenosphere at 
(3) will only just approach melting conditions after -100% extension. Deeper asthenospheric 
material [as at (4)] will still be well below the peridotite sol~dus after this degree of extension. PMZ 
IS the partial melt zone for the model shown, continued extension and decompression will eventually 
lead to melting of asthenosphere, whereas melt production within the lower lithosphere will fall off 
dramatically because of its increasingly refractory character after extraction of initial melts. 

within the Great Basin rarely exceed 0.5 
km (14), the eruptive products could be 
related to melting lower lithospheric man- 
tle containing -10% of basaltic material. 
Still lower fractions of mafic components 
are required if eruptive centers draw later- 
ally from melt generated over a broad re- 
gion. However, considering that unknown 
amounts of magma were intruded into the 
crust, these estimates are considered to be 
minimal. 

Under the conditions modeled, melt 
production begins virtually at the onset of 
extension and continues at a high rate for 
10 My (Fig. 2B). Magma flux decreases 
rapidly between 10 and 40 My (20 to 40% 
extension) and decays gradually thereafter. 
This simple model reasonably simulates the 
volume-time pattern of extension-related 
magmatism inferred for the Great Basin 
from Oligocene to mid-Miocene time (Fig. 
2C) (4, 14). 

The demise of predominantly silicic 
magmatism and the appearance of volumi- 
nous basaltic magmas in the mid-Miocene 
marks a significant change in the magmatic 
record of the Great Basin. Isoto~ic and 
trace element compositions for the basaltic 
lavas apparently record a transition from 
lithospheric to asthenospheric magma 
sources from late Miocene to the present 
(3842) .  This transition could reflect a 
change in tectonic style (that is, develop- 
ment of Basin and Range faulting) that 
favors more efficient eruption of waning 
melt contributions from the lower litho- 
sphere. The timing of this transition is 
consistent with the mechanical aspects of 
extension and lithospheric thinning (30) if 
the potential temperature of the astheno- 
sphere is slightly warmer (around 1340°C) 
than that assumed by McKenzie and Bickle 
(1). The combined effects of cooling of the 
lower lithosphere as it thins and its increas- 

inelv refractorv character as melt is extract- " ,  

ed limit melt production in this part of the 
mantle during continued extension. In con- 
trast, after - 100% lithospheric attenua- 
tion, upwelling asthenospheric mantle be- 
gins to melt, producing basalts composi- 
tionally similar to ocean island basalts 
(OIBs, Fig. 3). These magmas may ascend 
with little modification as they pass through 
the anhydrous, melt-depleted lower litho- 
sphere. They may stagnate at crustal levels 
where silicic hybrid or anatectic magmas 
can form to oroduce the late Cenozoic 
bimodal basalt-rhyolite magmatism charac- 
teristic of the Basin and Range province 
(43). This phase of magmatism is concep- 
tually similar to that described by McKenzie 
and Bickle (I) ,  although the magmas pro- 
duced differ in composition from ocean 
floor basalts. Leeman and Fitton (44) sug- 
gested that initial melts of asthenosphere 
may tap enriched veins or pods therein to 
produce OIB-like magmas, whereas more 
extensive melting (as beneath fully devel- 
oped mid-ocean ridge spreading centers) 
eventually may tap relatively depleted ma- 
trix similar to sources for mid-ocean ridge 
basalts. Otherwise, rather complex compo- 
sitionallv lavered structures must be in- 
voked fir thh asthenosphere to explain the 
transition from typical rift magmatism to 
ocean ridge magmatism. 

A two-layer, or binary source, model 
such as the one described here seems 
required to account for first-order details 
of timing and production rates of Great 
Basin extensional magmatism. Temporal 
compositional variations are also consis- 
tent with this type of model, but many 
geologic details and problems remain to be 
explained. Foremost are the cause for di- 
achronous migration of magmatic fronts 
across the Great Basin (4) and the poor 
correspondence between loci of extension 
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and magmatism in some areas (14, 45). In 
detail, the heterogeneous nature of the 
lithosphere probably contributes to the 
observed complexity in volcanic and tec- 
tonic patterns. 
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High- Tc Molecular-Based Magnets: Ferrimagnetic 
Mixed-Valence Chromium(llI)-Chromium(ll) 
Cyanides with Tc at 240 and 190 Kelvin 

T. Mallah, S. Thiebaut, M. Verdaguer,* P. Veillet 
Molecular-based magnets with high magnetic-ordering temperatures, T,, can be obtained 
by mild chemistry methods by focusing on the bimetallic and mixed-valence transition metal 
p-cyanide of the Prussian blue family. A simple orbital model was used to predict the 
electronic structure of the metal ions required to achieve a high ordering temperature. The 
synthesis and magnetic properties of two compounds, [Cr,(CN),,].lOH,O and Cs,,, 
[Cr2~,,,(CN),].5H20, which exhibited magnetic-ordering temperatures of 240 and 190 
kelv~n, respectively, are reported, together with the strategy for further work. 

T h e  synthesis of well-characterized molec- 
ular-based magnets with Curie tempera- 
tures, Tc's, close to room temperature re- 
mains a challenge (1-4). We are trying to 
prepare molecular-based materials of low 
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density that are transparent and have a 
tunable high Tc. 

For our work, the classical cyanide sys- 
tem, based on Prussian blue (5, 6), is 
particularly useful because (i) the synthesis 
of bimetallic or mixed-valence systems is 
easy and flexible, relying on the reaction of 
stable hexacyanometallates {octahedral 
[B(CN)6]k- Lewis bases, which can be used 
as molecular building blocks) with metallic 
cations A" (Lewis acids, used as assem- 
bling entities), where A and B can be 
transition metal ions with various oxidation 
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