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~Abstract

: The ~ 85 km long Great Rift of southern Idaho bisects the volcanic depression that forms the castern Snake
~River Plain, Thorium isotope systematics of compositionally diverse favas of the Great Rift, inctuding those of
- Craters of the Moon, record a spectrum of crust and mantle processes. CUTh /(P2 Th) ratios range from 0.87 to
L.11 and are enriched in ("YTh) with respect to (C™*U) by up to 13%. Covariations in Th isotope systematics in lavas
from Craters of the Moon reflect crustal assimilation accompanied by fractional crystallization involving accessory
- phases. Temperatures based on apatite and zircon saturation confirm other estimates of magmatic temperatures
~and, considered together with volcanic histories, suggest cooling in upper crustal magma chambers at rates ol
> 107 C/ka. Thermal and chemical evolution of the Great Rift basalts support their differentiation at lower crustal
- conditions,

- Although basalts of the castern Snake River Plain are generally interpreted as having originated in ancient
enriched mantle lithosphere beneath southern Tdaho. they share remarkable chemical similarities with oceanic
asalts derived from enriched sources attributed to mantle plumes. Thorium isotope signatures of the Great Rift
basalts arc those of depleted mantle, resulting in the most extreme case of disparity between ~“Th/ = U ratios
delimited by Th and Pb isotope systematics, [t is difficult to account for this decoupling by invoking subduction-re-
fated U enrichment. A more likely explanation is metasomatism of hybrid lithospheric mantle in the wake of the
Yellowstone plume.

L Introduction cquivalent to isochron ages obtained for crustal
xenoliths entrained in the basalts [3]. Pb isotope

~ Basalts from regions of lowest heat flow and systematics in thesc basalts also constrain a
2

reatest crustal thickness in the western United
States yield Pb-Pb isochrons that are broadly
Lfontemporancous with Proterozoic to Archean
Orogenic cvents, suggesting isolation ot the basalt
Solirces in the lithosphere at the time of crust
mation [1]. Basalts from the eastern Snake
Wer Plain (ESRP) of southern Idaho, a magmat-
ally active region of normal crustal thickness,
©ld Pb-Pb isochrons [2] that are temporally
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S Th/*¥U ratio (k) that is distinct from those
typical of convecting upper mantle reservoirs,
suggesting magmatic derivation in a lithospheric
column created in the late Archean to early Pro-
terozoic, On the other hand, Pb isotope similarity
between these basalts and oceanic basalts at-
tributed to enriched mantle sources [4], coupled
with ‘He enrichments [5], strongly suggests a
decp-scated, presumably plume source for ESRP
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volcanism. To further illuminate possible origins
for the ESRP basalts this study uses Th isotopes
to obtain the present-day x value of their source
and contrasts this value with that constrained by
Pb isotope signaturcs to delimit processes of
basalt production and chemical evolution of sub-
continental mantle.

Folocene lavas of the Great Rift in the ESRP,
the largest volcanic field of this age in the con-
tiguous United States, range from olivine tholei-
ites with > 9 wt% MgO to silicic lavas with > 64
wt% Si0,. Detailed ficld, petrologic, and geo-
chemical studies (e.g., [6-10]) show that while
more evolved lavas assimilated crustal material
the basalts are relatively free of crustal contami-
nation and are derived from enriched mantle.
Further, although lavas of intermediate composi-
tion arc rare. they may provide an important
genctic link between the rhyolite that dominates
the ESRP and subordinate basalt. Using the Th
isotope  systematics of the Great Rift lavas,
timescales and processes of their magma genesis
can be evaluated.

2. Geologic and geochemical background

The Snake River Plain is a curvilinear volcanic
trough of low relief that traverses several tectonic
provinees in southern Idaho (Fig. 1), geographi-
cally and temporally linking volcanism of the
Columbia River province to that of the Yellow-
stone Platcau. In the ESRP, caldera-related ash
flow tuffs young progressively from ~ 15 Ma in
the southwest [11] to the present locus of mag-
matic activity of the Yecllowstone arca in the
northeast. Basaltic lavas and interbedded sedi-
ments buried the ignimbrites in time-transgres-
sive fashion. The eastward limit of this activity 1s
west of a 2 Ma caldera in the Yellowstone vol-
canic field, but post-caldera shicld and fissure-fed
basaltic volcanism continued into the Holocene
along the entire length of the ESRP. Basaltic
cruption rates arc within an order of magnitude
of the historical productivity of Hawaii, and con-
sidering the large volume of the ESRP rhyolite
the total basaltic flux may be greater than that of
many plume-related islands (ct. [12,13].

The apparent rate of magmatic migration along
the ESRP is ~ 3.3 cm/yr [11] but migration wag
episodic; corrected for syn- and post-magmatic
extension the rate is still somewhat larger than
the absolute velocity of the North American plate
[14]. West to cast migration of the thermomag-
matic anomaly is also evident in the castward
thickening of a mid-crustal velocity anomaly that
is interpreted to be a mafic intrusion [15,16}), and
in an increase in elevation associated with ther-
mal expansion of the crust and diminished load-
ing by this dense mid-crustal ayer [17]. Crust in
the ESRP is thick compared to that of the Basin
and Range province to the south (~ 42 km versus
< 32 km [16,18]), in spite of cvidence for exten-
sion concomitant with all stages of voleanic activ-
ity (summarized by [14]). It appears that crust is
being reconstituted by mafic intrusions that bal-
ance crustal thinning and replenish sialic material
extracted by rhyolitic volcanism such that the
amount of extension (8) is probably < 1.5, A
seismically active wedge radiating from the Yel-
lowstone Platcau to the north and south of the
ESRP (Fig. 1) may also be duc to magmatic
intrusion associated with the northeastward mi-
gration of voleanism [17]. Conscquently, of vari-
ous models for the origin of the ESRP (sum-
marized in [19]), passage of the North American
continent over a mantle plume best explains the
time-transgressive features, the magmatic produc-
tion rates and the absence of extension-related
structures parallel to the trend of the ESRP.
Although westward extension of the plume trace
into Oregon, particularly with respect to the
Columbia River flood basalts, remains conjec-
tural ([20] and references therein), Holocene vol-
canism downstream of the plume, like that of the
Great Rift of southern [daho. may simply reflect
Juxtaposition of Basin and Range extension on
mantle heated to near-solidus by the plume.

The Great Rift is a NW-SE trending exten-

sional feature transverse to the general trend of

the ESRP (Fig. 1). The Wapi and Kings Bowl
lava fields lic close to the axis of the ESRP,
whereas vents belonging to the Craters of the
Moon {COM) voleanic field lic dominantly near
the northern margin of the plain. A 6.5 Ma
ignimbrite in the Heise voleanic field cast of the
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Great Rilt provides a minimum age for the onsct
of voleanic activity in the region (Fig. 1), Detailed
voleanic stratigraphy and "C dating [9] provide
an insight into the evolving nature ot lava flows

basaltic lavas at 151 £ 0.2 ka were followed at
intervals ol roughly 2 ka by cruptions of increas-
ing compositional variance. Intermediate to silicic
lavas appeared at ~ 6 ka and most lavas with
> 530 wit% Si0, contain xenocrysts and crustal
xenoliths, macroscopic evidence for crustal con-
tamination, The fava flows are typically zoned in
composition and the compositional range of both

 xenocryst-bearing and  xenocryst-free Javas in-
o creased in time towards the present. The most

recent lavas (~ 2.1 ka) vary in composition from
basait at Wapi and Kings Bowl to ferrolatite at
COM, representing a range of almost 20 wit'

810

The Wapi and Kings Bowl lavas are similar
compositionally  and mincratogically o other
ESRP olivine tholciites [9.21], which are distine-
tive in their high concentrations of TiO,, P.O;
and Fe), COM basalts contain ¢ven higher con-

~ Centrations of these elements, which is largely
Cattributable to  fractionation in lower crustal

magma chambers [22]. The Sr, Nd and Pb isotope
characteristics of the ESRP are consistent with

erupted along the Great Rift. Eruptions  of
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Fie. [, Map of the eastern Snake River Plain showing location of the Great Rift and of the Heise and Yellowstone caldera
complexes. Also shown is the covelope ol seisprically active erust from [17]

an origin in cnriched mantle with little crustal
contamination: a sample from Kings Bowl (69-G)
has the highest "™ Nd/ " Nd obtained so far tor
the ESRP tholeiites [10.23,24]. The Nd and Pb
isotope characteristics of the COM basalts over-
lap with those of other ESRP basalts but have
higher ¥'Sr/ *Sr and trend to lower " Nd /M Nd
and " Ph/ <M Ph ([6): Leeman. pers. commun.).
In detail, the tsotopic characteristics of the COM
favas, including the 8™ characteristics [7]. vary
sympathetically with gross compeositional features,
which is consistent with a progressively greater
component of crustal derivatives in the more sili-
cie Javas,

3. Analytical background

Isotopic compositions of Th and ratios of
MU/ 2 Th were measured by thermal ionization
mass spectrometry, The Th isotope analyses were
performed at UC Los Angeles on a VG dual
sector mass spectrometer equipped with a 30 cm
clectrostatic hlter and an jon counting system.
The abundance sensitivity over the course ol the
analyses was < (L3 ppm at one mass unit sepata-
tion. U and Th concentrations were measured at
UC Santa Barbara and UCLA by standard iso-
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tope dilution methods using a Phe and *PU-
enrichcd spike. When making comparisons it
should be noted that the U concentrations re-
ported here are uniformly 3.0% lower than those
determined in other laboratories on identical or
similar samples (1 =4, Table 1) and that the
Th/U ratios are ~0.7% lower than those ob-
tained elsewhere ([25]: D. Pickett, pers. commun.)
on splits of the same powders.

Several analyses were performed expressly to
evaluate the accuracy and reproducibility of the
Th isotope measurements. Repeat analyses (n =
10) of a Th standard solution provided by Z.
Palacz (UC Santa Cruz) yielded a mean of 17.11
+ 90X [07) (1 SD). in good agreement with other

Tahle 1

thermal jonization measurements (17.03 +
AW x10%), Z. Palacz, pers. commun.). Duplicate
analyses of Th standard solution 170900 yiclded 4
mean of 17.19 + (< 10"), within crror of the
analyses performed at VG Isotech (17.10 +
20(x 10%)) and of the alpha counting value
(17.05(x 10*) [26]. Two international rock stan-
dards analyzed for their “Th and *®U charac-
teristics represent rocks sufficiently old (> 1 Ma)
for sccular equilibrium to obtain. As Table
shows, the (F**Th)/(**U) ratios arc within 1.5%
of sn,utla: equilibrium, even for the L‘(trumlv
high **Th/ *"Th of IB-1 (> 30 x 10"), Similarly,
a (.39 Ma rhyolite from the Yellowstone Platean
can reasonably be assumed to be within 2% of

U-Th isotope analyses of rock standards, Great Rift lavas and @ Yellowstone rhyolite

Age! Ul Th: T BITRY (ML) (ppy 230
Flow unit (ka}  Si0; (ppml__ippm) 2381 20T (33 h} (3MTh) (2381
X it
INTERNATIONAL ROCK STANDARDS
JB-1 1.60% 8.901 5.573 3350 = 15 13484 0.555 1.2
33152 18 1.561 14322
33.36:% 22% L.557 Lote
M.+ 25 (L5484 0.993
AGY-| 1469 6.115 3.295 20011+ 13 L9276 0024 0.996
Xl 12 (.91 100
GREAT RIFT
COM9i06*  Wapi 45,3 .382 1174 3097 17.85&: 3 0.98649 1041 L0535
COMYI0M  Kings Bowl 459 036 04944 3.009 16.78 + 12 1.O15% 1108 | a0
Craters of the Mooa
69-28 fissure lava >0 45.1 0.927 2919 ER W] 1898 £ 16 (.9643 [.979 1015
69.22 Lava Creek I3 PR {20 374 EN/X)
042 Lava Creek 13 443 1.218 LIS 3074 830 R 15 09943 Lole 102t
1847 £ 18 1006 12
SBR-5 Big Craters 6 3.5 1.825 6.049 3360 1975+ 19 (.9096 [IRTES 1033
69-17 SE murgin 4 51 2.050 6861 A3 9T+ 10 08066 h93i 1.026
1992+ 8 HRR) 1029
69-35 ejecta block RIRY 2.05 @20 150
69-20 Devils Qrehard 2 62.1 3098 11072 3600 2145+ 7 L3491 n.866 1.028
Vil Devils Orchard 2 62.6 323 11.80 3.66
yiel L1373 1625 Ne2: W 0.8432 0360 1019
23E 8 0872 103
V27 Highway 2 63.5 3252 12774 157 2120 § 07724 0.873 1.130
YELLOWSTONE PLATEAU
YP-53-121  Cougar Creck oK 33000 5876
6YC-138 Cougar Point 390 0.8 5812 34371 5.957 3617 £ 22 (L5131 0514 1.001
36.10 £23 0515 Lo
3587 +M= L3518 L

P Ages from (9.27). 2
baseline measured at 229.5 only. *
vl Aay= LSS125x m-"'
respectively, as follows: ©

> Ttaticized (I tta from [24.26] (see text for details),
C aleulated using the fullowing decay constants: Ay, = 49475 % 1071 y= 1y 0,1952 % 10-F

" Isotopic compositions for COM9106 and COMYINT measured al UC Los Angeles are.
Sr f"'Sr =0.706748 + 8 and D.705981 + 8 " Nd/ "' Nd = 0.512453 + 9 and (1.512538 4 0.
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secular cquilibrium and yields a (%'Th)/(**U)

of 1.0053 + (L005 (Table 1). Replicate analyses of

= this sample and JB-1 suggest that baseline mea-
Csurements on ths.. lnw mass side alone rather than

on both sides of “*Th had no systematic effect on
27k / #UTh. Duplicate Th isotope analyses of
COM lavas vielded results within 1.5% of cach
another. Collectively, these data indicate repro-

_duuhll:lv and accuracy of U/ **Th-

BT !1/"“"'[ ‘h determinations to better than 1.5%,
put the U/ >*Th ratios reported herc may

*overestimate the true value by ~ 1%.

4. Results

The results for the Great Rift lavas and a
rhyolite from the Yellowstone Plateau are plotted

~on a U-Th isochron diagram in Fig. 2. Ratios of

the activities of the nuclides arc denoted by
parentheses (e.g.. (BUTh)/(P*UN and ave caleu-

. lated from atomic ratios using the decay con-

stants summarized in Table 1. The COM samples
analyzed span most of the range in Si0O, observed
in the volecanic field (44-64%, Table 1) and rep-
resent a variety of eruptive phases [6]. They are
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";Fll- 2. U-Th isochron diagram for Great Rift lavas and a

-Yt.ilnmtum Plateau rhyolite. Basalts indicated by filled sym-

'_ bols. Also shown is an 100 ka reference isochron. Schematic
* tiagram iHustrates effects of in-situ decay, fractional crystal-

lization and crustal assimilation on the COM lavas (these are
ot intended to be exhaustive and only include possibilities to
left of the equiline).
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characterized by greater than three-fold increases
in U and Th concentrations (Table [) and by
sympathetic decreases in (*U)/(*¥Th) and
*Th) /(3 Th) with increasing differentiation
(Fig. 2). In general, the lavas are enriched in
(PThy with respeet to (P¥U). The matic lavas
are ncarly within analytical uncertainty of sccular
equilibrium ((CYTh) /(**¥U) ~ LO16) while the
most silicic lava is enriched in (**'Th) relative to
(*BU) by ~ 13%. (**Th)/(**U) ratios of lavas
intermediate in composition to these extremes
are bracketed by these values but do not define a
single array. Because most of the lavas lie within
a few percent of the cquiline, these observations
are not significantly affected by the effects of
in-situ decay since eruption: the = Th/ 2¥Th ra-
tios could only have differed from those mea-
sured by < 1%.

Basalts from Wapi and Kings Bowl have U/Th
ratios similar to those of the COM basalts but are
more enriched in (**Th) with respect to (Z*U).
In contrast. the U/Th ratio of the Yellowstone
Plateau rhyolite is significantly lower than that of
the COM lavas and the (**Th)/(***Th) ratio is
also very low (0.52), as would be expected given
the relative antiquity of this rhyolite. Low U/Th
ratios are characteristic ol rhyolites of the Yel-
lowstone Plateau (data of [23,27]); collectively this
suggests that the decrease in U/Th in the COM
lavas may be linked in some fashion to the pro-
duction of silicic magmas.

5. Crustal processes: Magmatic differentiation of
the Great Rift lavas

Differentiation of the Great Rift lavas is char-
acterized by dramatic increases in Th and U, and
by a pronounced and generally coupled decrease
in U/Th and (***Th)/(***Th). Unlike changes
observed in the other radiogenic isotope systems,
the decrease in (#UTh)/(***Th) with increasing
differentiation of the lavas does not a priori re-
quire input of crustal material with Th isotope
signatures different from thosc of the basalts.
Timescales of magmatic processes are compara-
ble to the half-life of *"Th such that in-situ decay
of 7 Th will occur in response to changes in
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1/Th during differentiation. A reference Th
isochran in Fig. 2 shows that it the Th isotope
systematics of the COM lavas are dominated by
crystal fractionation, the lower (*'Th) /(***'Th) of
intermediate to siticic lavas compared to associ-
ated mafic lavas require = 100 ka of in-situ decay
since differentiation. Given other evidence for
isotopic heterogeneity in the COM lavas, the Th
isotope systematics are more likely the sum of
vectors representing fractional crystallization and
assimilation of a crustal melt. Bulk assimilation
witl displace the paired (%" Th)/(>*Th)-
(") /(*¥Th) systematics of affected lavas along
or towards the cquiline. provided the U/Th sys-
tematics of the assimilant have not been modified
in the very rccent past. Because the
(Z"Th) /(3 Th) of the assimilant could plausibly
be fower or higher than that of the COM lavas,
assimilation may have occurred over shorter or
longer times than that predicted by closed system
crystallization. In this section, the relative roles of
these processes and their conscquences for tem-
poral and chemical evolution of the Great Rift
are evaluated.

3.1 Role of assimilation and accessory phase frac-
tionation in generation of the Craters of the Moon
laras

Paired isotopic compositions of the lavas to
the left of the equiline on the Th isochron dia-
gram (Fig. 2) indicate cquilibration with a phasels)
having a U/Th greater than that of the magma.
Because U and Th are strongly partitioned into
meits in the presence of major mincral phases.
significant changes in U /Th ratios require cither
large degrees of closed system differentiation or
crystallization of accessory phases that preferen-
tiadly incorporate U with respect to Th, Progres-
sive removal of observed phenocryst assemblages
—including apatite, magnetite and zircon—I(rom
the COM lavas [6] can cxplain covariations in
their major and trace element compositions. Ap-
atite segregation explains plummeting P,Q. con-
tents with increasing Si0, in all but the most
mafic COM lava, and preferential enrichments in
LREE and HREE with respect to the MREE
during differcntiation [6,25). Maximum P,O; con-

tents correspond to the first appearance of modal
apatite in the COM lavas. In an analogous fash-
ion, pcak Zr contents correspond to the appear-
ance of zircon in the lavas and to changes in the
ratios of LREE to HREE. Magnctite segregation
is also required, in the proportion of 2:1 to ap-
atite, These three phases concentrate U with
respect to Th and could be responsible for the
decrease in U/Th that accompanies differentia-
tion.

Pronounced increases in Th and U concentra-
tions in the COM lavas are mirrored by compara-
ble increases in abundances of other LILE [6]
and require > 70% closed system fractionation,
The relative incompatibility of U and Th in the
fractionating assemblage is however at variance
with the large amount of apatite fractionation
required by the decrease in P,Os. The maximum
D, for apatite permitted by the change in Th
concentration { < (1.8) is less than published parti-
tion coefficients {[28.29] and references therein),
even when the compatibility of this element in
magnetite is disregarded.

Addition of crustal material during differentia-
tion could decrease P,O4 as well as account for
compositionally dependent Sr, Nd, Pb and O
isotopic variations in the COM lavas. Crustal
assimilation may  also  decrease U/Th and
(**Th) /(***Th), with consequences for magmatic
residence times. Fig. 3 summarizes the paired Th
isotopic compeositions and concentrations of pos-
sible upper and lower crustal assimilants. As rep-
resentatives of the upper crust beneath the Great
Rift and possible crustal derivatives, granitic rocks
from the southern Idaho Batholith, rhyolites of
the ESRP, and late Archean igneous rocks from
the Beartooth Mountains have U/Th ratios lower
than those of the Great Rift basalts. Some of the
granulite xenofiths recovered from ESRP lavas
have equivalently low U/ Th ratios. In Fig. 3. the
paired Th-(3*"Th) /(***Th) characteristics of these
assimilants are contoured for ratios of bulk assim-
ilation to fractional crystallization required to ex-
plain those same characteristics in COM lavas.
Most assimilants lie to the left of the »=10.25
contour, indicating that assimilation of limited
quantities of these contaminants during differen-
tiation is capable of producing the present-day
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Th isotope compositions of the lavas. This is
consistent with a previous interpretation of Sr

*jsotope variations [8]. The considerably greater
- contribution from assimilation required by the

jower concentrations of Th and higher

.(:}ﬂ”l"h)/{m'i‘h) of some of the granulite xeno-

tiths is probably precluded by the success of closed

-gystem fractionation models in accounting for

compositional variation in the COM lavas [6,25].
The likelihood that accessory phase fractiona-
‘tion accompanies assimilation is demonstrated by

~ the codependence of apatite saturation tempera-

tures on the P,O, and SiO, contents of the
magmas (Fig. 4). Mixtures of a COM basalt and a
representative granodiorite of the Idaho Batholith
are saturated with apatite at temperatures of
< 1100° C over most of the mixing interval. Once
saturation occurs, assimilation of a crustal com-
ponent with SiO, contents greater than or cqual
to those of the COM lavas will further apatite
precipitation because of the strong dependence
of apatite saturation on Si0),. Fractionation also
enhances apatite precipitation by increasing the
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isotope dilution [3.27.62]).
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S$i0, content of the residual liquid [6]. Only as-
similation of components lying to the left of the
COM compositional array could putatively pro-
duce magmas that cscape apatite fractionation,
but fractional crystallization of such mixtures can-
not account for the combined major and trace
element characteristics of the COM lavas. In
detail, assuming that assimilants lie on the equi-
line, removal of apatite in abundances required
by progressive depletion in the P,O; contents of
the lavas produces good fits to deviation of the
lavas from the cquiline. For a Th partition coetfi-
cient of 1.6 for apatite and magnetite combined.
that required for U (1.9-2.4) is well within the
reported range (£28.29] and references therein).
Similarly, zircon precipitation probably accounts
for the greater U/Th fractionation exhibited by
sample V27.

2. Thermal evolution of Great Rift magmas

Relatively recent fractionation of U from Th
by accessory phase scgregation from the COM
lavas supports application of apatite and zircon
geothermometers. Temperatures calculated for
apatite saturation decrease steadily from 1090 to
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< 900° C with increasing fractionation (Fig. 4)
and excelient agreement with a zircon thermonme-
ter [30] occurs where Zr contents peak in the
favas (T~ 9707 C). Best estimates of liquidus tem-
peratures delimited by chemical exchange equi-
libria [25] are well correlated to these saturation
temperatures and, since they rely on different
kinetically controlled phenomena, the concor-
dance of temperatures provides convincing cvi-
dence of their validity, Morecover, because the
lavas are virtually aphanitic, temperatures ob-
tained by these methods are probably within 25°C
of the true temperatures.

Timescales of magmatic events cannot be cas-
ily separated from the effect of assimilation (Fig.
2). As indicated above, assimilation successfully
accounts for the observed decrease in Th isotope
compositions of the lavas without significant in-
situ decay. Lavas with SiO, > 50 wt% do not
appear until 8 ka after the earliest dated lavas of
the COM and compositions become increasingly
differentiated after that time [9). Hence, assum-
ing that assimilation rather than long magmatic

residence times caused (*"Th)/(**Th) to de-
crease, and that the more differentiated magmas
developed after the onset of COM magmatism
(15 ka), average cooling rates for their reservoir
are > 10°C/ka. Considered together with the
suitability of upper crustal assimilants as cnd
members of the isotopic trend defined by the
COM lavas, cvolution in upper crustal magma
chambers secems likely.

Temperatures obtained for the COM basalts
and the absence of clinopyroxene in microphe-
nocryst assemblages {6] are consistent with exper-
imentally determined ncar-liquidus phase equilib-
ria at shallow depths [31]. Similar Ca/Al ratios
among the Great Rift basalts, despite apparent
plagioclase fractionation, probably require buffer-
ing by clinopyroxene, and therefore differentia-
tion at depth, Similar Th/HFSE [8] and U/Th
ratios in the Great Rift basalts further suggest
that they may share a common trajectory in Th
isotope  evolution, despite differences in
YSr/%8r, P,O5 and LILE. Limited changes in
U/Th (<2%) are expected of cven relatively
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jarge degrees of differentiation in basalts. Hence,
s the Great Rift basalts had similar initial

R IR ap : 231 3
(:3:1'1-|1)/(~-‘3 ['h), decreasing Ih enrichments

with differentiation indicate magmatic residence
“times that are > 100 ka longer for COM basalts
than for less differentiated basalts of the Great

- Rift. Such long residence times are compatible

“with inferred evolution of the ESRP basalts in
deep-scated magma chambers, but almost cer-

~ tainly require thermal replenishment by periodic

mafic recharge. Accordingly, the duration of

- magma chamber evolution implicd by these data

is a minimum.

6. Mantle processes: Enriched mantle signatures
and their origin

Radiogenic isotopes track sccular changes in
relative trace element abundances which can in
turn be telated to the chemical dynamics of
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magma sources in the mantle and deep crust.
Both Th and Pb isotope systematics reveal
changes in ““Thy/*®U («) (Fig. 5). but the
timescales integrated by the systems are quite
different. At current levels of detection, Th iso-
tope ratios reveal fractionation of U from Th
within the past ~ 350 ka, offering profound in-
sight into the processes of magma production,
gxtruc{it)n, transport and storage. In contrast,
*¥Pb/ 2P ratios reflect time-integrated evolu-
tion of “Th/ ™ U over the past 4.55 Ga. In
spite of potential complexity in the Pb isotope
systematics arising from multiple stages of Th/U
fractionation, time-integrated 7 Th/ *U ratios
derived from assuming a single-stage W pp. M0 py
cvolution («(Pb)) and from Th isotope ratios
{x(Th)) in many basalts define a relatively narrow
band in isotopic space (Fig. 5). Paired x(Th)-x(Pb)
signatures largely represent reservoirs with time-
integrated Th /U ratios less than that of primor-
dial Earth (~ 3.9, [32]). The relatively shallow
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slope defined by ‘isochrons’ through primordial
Earth and most basalts shows that depleted Th /U
ratios cannot be long-standing featurcs of the
convecting upper mantle. Rather, the Pb isotope
composition of the upper mantle is buffered by
that of a more enriched source [33] or fow «(Th)
reflects the preferential flux of U into the upper
mantie [34].

Single-stage «{(Pb) valucs for the Great Rift
basalts are high {~ 4.1, Fig. 5). Well-correlated
Pb isotope systematics of these and other Snake
River Plain basalts (Fig. 6) yield a similarly high
apparent ““Th/ 2 U ratio of ~ 4.5 for the basalt
source for the past 2.5 Ga [22]. In contrast, Th
isotope ratios in Great Rift basalts are similar to
those of many oceanic basalts and correspond to
k(Th) values =<3 (Fig. 5), which is more than
30% lower than that delimited by the Pb isotope
characteristics. This disparity between «(Pb) and
«(Th) cannot reflect U enrichment associated with
radioactive decay since melt formation—the
Great Rift basalts arc depleted in U with respect
to the equiline. Rather, differences between
Great Rift and most oceanic basalts require di-
vergent Th /U evolution in their sources. Specifi-
cally. the high «(Pb) of the ESRP lavas requires
an extended period of Pb isotope evolution in a
domain with Th/U higher than most sources in
the mantic underlying the oceans, while the low
xk(Th) does not. The complex tectonic evolution
of southern ldaho suggests that several factors
may have affected the origin of the Great Rift
basalts, including thermochemical influence of a
mantle plume, the presence of ancient mantle
lithosphere, and the proximity to an active conti-
nental margin since the Mesozoic.

The chemical characteristics of the ESRP
basalts have been little atfected by crustal con-
tamination, as detailed elsewhere [8,10]. Never-
theless, it is important to consider whether con-
tamination could account for decoupling of the
Th-Pb isotopic characteristics in the Great Rift
basalts with respect to oceanic basalts. As
recorded by the COM lavas, crustal assimilation
increases «(Th) but not «(Pb) (Fig. 2) and there-
forc acts to decrease the x(Th)-=(Pb) discrep-
ancy. Producing the Pb isotope signatures of the
Great Rift and other ESRP basalts from those of
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most oceanic basalts by contamination would re.
quire a coherent and apparently fortuitous shift
in the cntire Pb-Pb array towards higher
M pp 7 04ph and lower °Pb/ *™ Pb (Fig. 6); 75%
of the ESRP basalts have «(Pb) = 4.2 while the
lowest x(Pb) is 4.0. Decreasing «(Th) instead by
assimilation requires a component with low Th/U
and, as can be surmised from Fig. 3, a high
proportion of assimilation to fractionation for a
significant decrease in «(Th); this cannot be rec-
onciled with the relatively undifferentiated na-
ture of the Wapi and Kings Bowl samples. Conse-
quently, the discordant x(Th)-«(Pb) of the Great
Rift basalts must be derived dominantly from
their mantle source(s).

6.1. Dynamic decoupling of Th and Pb

Before addressing possible models for generat-
ing a reservoir with Th and Pb isotope character-
istics like those of the Great Rift basalts, it is
uscful to consider how Th isotope systematics
may be affected by melt generation and percola-
tion. When the duration of melting and melt
extraction is long with respect to the half-life of
U h, significant differences between the Th iso-
tope characteristics of the melt and the initial
source characteristics can ensue. Differential de-
creases in w«(Th) by this mechanism is not e¢x-
pected given the similarity of magma production
rates in the Great Rift to those of many oceanic
islands. In addition, for the degree of melting
responsible for ESRP olivine tholeiites (e.g., >
5%; [35]), the Th/U ot the melt is likely to be
clevated by < 5% relative to that of their source
{36]. Thus, as an additional estimate of « in their
source, the Th /U ratios in the Great Rift basalts
are still ~ 30% lower than predicted by Pb iso-
tope systematics.

The Th and Pb isotope systematics of the
Great Rift basalts could be related to interplay
between isotopically distinet sources associated
with impingement of a plume on the lithosphere
of southern Idaho. Simple mixing between de-
pleted and enriched mantle, as for example by
plume entrainment of asthenosphere or litho-
sphere, requires a high contrast in Th/Pb ratios
between end members (> 5) in order to decoupic
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Th trom Pb. Time-integrated differences in
Th/Pb of <:125‘:-i.- are delimited by the range in
-prcﬁcnt-day “{ml’h/ Mph signatures of possible
mantle reservoirs, Bulk partition cocfficients for
Th and Pb (<0001} and relative ditferences be-
aween them (D /Dy, < 10) ace smatl ([37] and
references therein). Hence, decoupling of «(Th)-
«(Ph) simply by melt infiltration is unlikely since
migration of extremely small melt fractions (FF =

« P < (1.0003) would be required. Melt percola-

tion through mantle lithosphere subjacent to

- sputhern ldaho may however enhance small chif-

ferences in partition coefficients. A salient fea-
ture of this process is that basalts from depleted
sublithospheric sources could acquire isotopic and
trace element signaturcs of cnriched mantle
lithosphere without melting it directly. Decou-

_pling between two clements becomes significant

as the porosity (&) of the matrix approaches the
distribution coefticient of the more compatible
trace clement; in the case of Th-Pb, this is likely
to occur as ¢ — 0.001. Disequilibrium between
CHTh) and (P U) requires magma to reach the
surface appreciably faster than recovery to secu-
lar equilibrium (i.e.. < ~ 350 ka). Ascent rates
through mantle of ¢ < 0.005 are <25 km/Ma
35). Hence (FTh)-(3*™U) discquilibrium limits
melt percolation through a zone of such lfow

- porosity to thicknesses of <8 km and only melt

extracted from the upper kilometer of this zone
should exhibit Th-Pb decoupling. While this sce-

- nario may apply to the Great Rift basalts it docs
. not seem generally applicable to the ESRP basalts

given their ubiquitously high x(Pb) and melt

~thicknesses. For melt percolation to retain high

k(Pb). the cffeetive distribution coctficient of Pb

~in the mantle lithosphere must be enhanced by

Pphases such as amphibole, apatite, carbonate and
sulphides [38], all of which arc likely to decom-
_Pose in the presence of percolating melts.

0.2 Mantle enrichment by plume-related processes

The ESRP basalts (Fig. 6, [10,23]) share re-
markable isotopic and chemical affinities with
oceanic basalts derived from enriched mantle
(I_EM) sources [39.40], suggesting a common ori-
gin. Trace clement ratios in the ESRP tholeiites
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that deviate slightly from those of transitional to
alkaline basalts from EMI ocean islands in par-
ticular can be ascribed to differences in the de-
gree of partial melting. Trace element ratios in-
volving Ba are the exception. but Ba enrichment
in the ESRP basalts simply extends the range
observed on EMU islands and may be symp-
tomatic of processes responsible for the develop-
ment of enriched mantle [41].

Other basalts derived from EM sources exhibit
variable degrees of Th-Pb discordancy, as indi-
cated in Fig, 5. EM may be generated in ancient
subcontinental mantle lithosphere, For ocean is-
tand basalts, the cnriched lithosphere must be
incorporated in their source through delamina-
tion [42] or entrainment into the suboceanic man-
tle during contincntal breakup [43]. Lithospheric
enrichment may have occurred by metasomatic
processes [44] in the mantie wedge at convergent
plate margins [45]. Alternatively, EM sources may
be produced by (redassimilation of crustal mate-
rial subducted into the deep mantle [45,46].
Wholesale reeyveling of occanic sediments should
not decrease Th /U ratios preferentially: on aver-
age. subducted sediments will tend to have high
rather than low Th/U ratios, and dchydration
reactions  associated with  devolatilization  will
probably only enhance this [47). U enrichment in
some volcanic arc lavas {4748} and in CO,-en-
riched continental basalts of alkaline but not
tholeiitic affinity [49] probabiy reflect invasion of
mantle lithosphere by U-bearing fluids. Relatively
recent U enrichment could produce the observed
decoupling of x{(Th)-«(Pb) in the Great Rift
basalts but is not diagnostic of whether the EM
source lics in mantle lithosphere or is characteris-
tic of a plume. Alternatively, reservoirs with high
k(Pb) may be long-lived features of mantle iso-
lated from convection [50], such that the decou-
pling between Th and Pb isotopes reflects an
ancient fractionation event.

Unradiogenic He isotope signatures in the
ESRP basalts (> 16 R_. [5]) and in the volcanic
gases at Yellowstone (> 15 R, [51]) probably
require tapping of fargely undegassed deep man-
tle by a plume. In this respect, the ESRP basalts
are quite distinct from many EM ocean island
basalts studied to date which have radiogenic He

sk,
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Fig. 7. Cartoon illustrating hvbridization and metasomatism of
mantle lithosphere in the wake of the Yellowstone plume.
Stippled region is ancient lithosphere: shaded region is com-
posed of plume mantle: black triangular region represents
zone of major melt production in the plume. Dashed verticat
lines represent small velume melts and fluids, These pene-
trate and react with mantle hthosphere both upstream (not
shown) and downstream of the plume. Horvizontal scale iy for
reference only and depends on a variety of factors, including
chameter of the plume and plate velocity, See [53] for further
details,

isotope signatures (< 6.3 R, [52]). presumably
because of *He ingrowth in the latter. Metasoma-
tized harzburgite xenoliths from Western Samoa
have high ‘QH(:/" He and enriched Sr, Nd and Pb
isotope characteristics. Processes responsible for
these characteristics may be analogs for those
operating in the mantle under the ESRP. The
enriched chemical characteristics of these xeno-
liths are related to recent hotspot-related metaso-
matism of the lithosphere by carbonatitic fluids
derived from volatile-rich plume melts and reey-
cled sediments [53.54]. CO,-rich fluids and highly
alkaline magmas probably invade the lithosphere
in the marginal regions of plume impingement
[55] and may influence lavas erupted downstream
of the plume (Fig. 7). In keeping with this, high
TiO, /KO and low TiO, /P,0; in Snake River
Plain olivine tholeiites could reflect metasoma-
tism of their sources by alkaline magmas and /or
fluids [56.57].

The carbonate-bearing melilitites from Nyi-
ragongo (Fig. 5) arc similar to basalts of the
Great Rift in their apparent Th-Pb discordancy,
with U cnrichment attributable to carbonate

metasomatism of their source [49]. In addition to
lowering «(Th). He transport in carbonate-
dominated fluids exsolved from volatile-bearing
plume melts may account tor the relatively more
primordial rare gas signatures of the ESRP lavas.
Plume-related fluids could have percolated into
pre-existing mantle lithosphere or into plume ma-
terial that has been incorporated in the thicken-
ing lithospheric boundary layer downstream of
the hotspot (Fig. 7). This potentially hybrid man-
tle lithosphere, at near-solidus conditions as a
result of plume impingement, may undergo melt-
ing during modest amounts of crustal extension
(evident as rifts transverse to the ESRP). Distin-
guishing between the role of an cnriched mantle
plume versus old lithosphere may thus be ob-
scured, The dramatic shift in isotopic ratios to
the west of the Mesozoic “'Sr/ %Sr = 0.706 line
[58.59] in southeastern Oregon could suggest that
the enriched character of these lavas is intimately
associated with the lithosphere. but the transition
also coincides with the western limit of the hotspot
track. Chemical dissimilarity between the
Columbia River basalt province and the ESRP
olivine tholeiites could be taken to preclude
wholesale derivation of the ESRP hasalts from a
plume it the more voluminous Columbia River
basalts are representative of the Yellowstone
plume ([20] and references therein), Alternatively
this chemical transition could reflect diminished
entrainment of upper mantle following collapse
of the plume head. In any case. high “He/ *He in
the ESRP basalts can be reconciled with melting
of old mantle lithosphere only if rare gases have
preferentially faster percolation rates compared
to other radiogenic isotope tracers, such that only

He in the lithospheric source is dominantly

plume-derived [13].

6.3. U enrichment of mantle lithosphere by subdue-
tion-related processes

The alternative explanation for the paired
«(Pb)-«(Th) characteristics of the Great Rift
basalts is that mantle lithosphere in southern

Idaho has been affected by subduction-related

processes. Enrichment of mantle lithosphere by
Mesozoic to Cenozoic subduction-related fluids is
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Sy most notably carichments in Ba and other LILE.

and depletions in Nb and other HFSE [56,60].
Although the chemistry and behavior of subduc-
tion-refated fluids are poorly understood. the ap-
parent magnitude of U enrichment in the Great
Rift basalts is unprecedented in continental arcs

© [47.48]. Moreover, U enrichment seems to be a

pear-trench feature of volcanic arcs, while sub-
duction-related  fluids away from the volcanic
front may have high rather than low Th /U ratios
[61]. In addition, the HFSE depletions expected
for subduction-related basalts are not observed in
the ESRP basalts [10]. Subduction-related modifi-

Ccation of the mantle is not likely to account for

the x{Pb} ratios of the ESRP basalts cither (Fig.
6). Not only is the subducting slab inappropriate
as an end member for generation of the high

. *®pb s Pb, but even the least radiogenic ESRP

basalt has high ™Pb/"Pb, indicating high
time-integrated Th/U.

As already summarized, the Pb isotope charac-
teristics of ESRP basalts yield a coherent model
whercin high « mantle s isolated from convee-
tion at the time of crust formation [22]. In spitc of
this, tigh «(Pb) could alternatively reflect a late

- Archean to early Proterozoic interval of Pb evolu-
“tion in a reservoir with high Th /U (Fig. 6). This

can be visualized in Fig. 5, where a 2.8 Ga

isochron fit to the Great Rift basalts would inter-
“sect the single-stage geochron at very high «(Pb).
According to this interpretation the Pb isotope

array exhibited by the ESRP basalts does not
accurately reflect the Th/U of the maatle, but
rather the initial Pb isotope composition nt the

--_-_mantl{. lithosphere lies on the locus of

®Pb/ 2 Ph-2Ph / XM Ph ratios related by k(Th)
of ~ 3 (Fig. 6). The observed slope of the Pb

: isotope array would thus require a relatively large

variation in Th/U (~30%) and a sympathetic
change in g of comparable magnitude; this ob-
$ervation is not significantly affected by the choice
‘Qf initial Pb isotope signature or range in plausi-
ble ages of the mantle lithosphere.

A salient feature of attributing low x to mantle
l“hmDhuu beneath the ESRP is that a very high
Pb/ M9ph must have obtained in the Archean.
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w(Pb) > 4.1 is a widespread feature ol mafic rocks
of presumed lithospheric origin erupted since the
late Mesozoic in the northwestern United States,
but, except tor the Saddle Mountain basalts of
the Columbia River province [36)], their Pb iso-
tope signatures converge to «(Pb) < 39 at
*Ph/ MM Pph < 16.5. High initial ““Pb/ *Pb ra-
tios (Fig. 6) found in late Archean igncous rocks
ol the castern Beartooth Mountains, < 300 km to
the cast of the ESRP, are significantly lower than
predicted for the mantle source of the ESRP
basalts, Two granulite xcnoliths of probable
Archean origin entrained in ESRP lavas [3] have
initial Pb isotope characteristics close to a =3
Pb evolution curve for the Great Rift, but their
significance is suspect since the initial Pb isotope
ratios of other xenoliths fall well below plausible
mantle evolution curves (Fig. 6). lh,nu, there is
no convineing support tor very high ~ [’b pAbpl
ratios in the Archean. A multistage enrichment
model whercin mantle lithosphere subjacent (o
southern Idaho acquired *“Pb/ *Pb ratios like
those of the Beartooth granitoids during the
Archean and was later enriched by Phancrozoic
subduction still requires U enrichment (= 20%)
greater than that observed in continental arcs in
order to explain the low x(Th) of the Great Rift
basalts solely by derivation from mantle litho-
sphere.

7. Conclusions

Basaltic to dacitic lavas of the Great Rift in
the castern Snake River Plain are chavacterized
by Th isotopic heterogeneity which is sympathetic
with variations in Sr, Nd and Pb. Simultaneous
consideration of Th isotope and concentration
data shows that ratios of assimilation to fractional
crystallization of < (.23 can account for the Th
isotope signaturcs of evolved lavas from Craters
of the Moon, and that their differentiation may
have occurred relatively rapidly in upper crustal
magma chambers. In contrast, Th isotopes in the
Great Rift basalts may not be significantly af-
fected by assimilation. and correlations with in-
dices of differentiation are consistent with long
residence times in deep-scated magma chambers,
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The Th isotope signatures of the Great Rift
basalts are those of depleted mantle vet other
chemical characteristics reflect an enriched source
similar to that of some oceanic islands. As a
result the Great Rift basalts exhibit the most
extreme case of disparity between « indicated by
time-integrated ~" Pb/ ** Pb-2""Pb/ *Pb and by
(*"Th) /(***Th). Discrepancy between these two
isotope systems does not reflect crustal assimila-
tion, as other chemical similaritics to oceanic
island basalts demonstrate, and is probably too
large to be the result of subduction-related modi-
fication of the mantle lithosphere. The paired
x(Th)-x(Pb) characteristics of the Great Rift
basalts probably arosc through metasomatism of
ancient and /or plume-source-enriched mantle by
atkaline melts and CQ.-rich fluids in the wake of
the Yellowstone hotspot.
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