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ABSTRACT

The compositional continuum observed in primitive calc-alkaline lavas erupted from small volcanoes across the southernmost
Cascade arc is produced by the introduction of a variable proportion of slab-derived fluid into the superjacent peridotite layer of
the mantle wedge. Magmas derived from fluid-rich sources are erupted primarily in the forearc and are characterized by Sr and
Pb enrichment (primitive mantle-normalized St/P > 5.5), depletions of Ta and Nb, low incompatible-element abundances,
and MORB-like Sr and Pb isotopic ratios. Magmas derived from fluid-poor sources are erupted primarily in the arc axis and
behind the arc, and are characterized by weak enrichment in Sr [1.0 < (St/P)x < 1.3], weak depletions in Ta and Nb, higher
incompatible-element abundances, and OIB-like Sr, Nd, and Pb isotopic ratios. Fluxing the mantle wedge above the subducting
slab with H2O-rich fluid stabilizes amphibole and enriches the wedge peridotites in incompatible elements, particularly
unradiogenic St and Pb. The hydrated amphibole-bearing portion of the mantle wedge is downdragged beneath the forearc, where
its solidus is exceeded, yielding melts that are enriched in Sr and Pb, and depleted in Ta and Nb (reflecting both high Sr and Pb
relative to Ta and Nb in the fluid, and the greater compatibility of Ta and Nb in amphibole compared to other silicate phases in
the wedge). A steady decrease of the fluid-contributed geochemical signature away from the trench is produced by the progressive
dehydration of the downdragged portion of the mantle wedge with depth, resulting from melt extraction and increased
temperature at the slab—wedge interface. Inverse correlation between incompatible-element abundances and the size of the
fluid-contributed geochemical signature is generated by melting of more depleted peridotites, rather than by significant
differences in the degree of melting. High-(S1/P)y lavas of the forearc are generated by melting of a MORB-source-like peridotite
that has been fluxed with a greater proportion of slab-derived fluid, and low (St/P)x lavas of the arc axis are produced by melting
of an OIB-source-like peridotite in the presence of a smaller proportion of slab-derived fluid. This study documents the control
that a slab-derived fluid can have on incompatible element and isotopic systematics of arc magmas by 1) the addition of
incompatible elements to the wedge, 2) the stabilization of hydrous phases in the wedge, and 3) the lowering of peridotite solidi.
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SOMMAIRE

Le spectre de compositions de laves calco-alcalines primitives émises par de petits volcans de part et d’autre du secteur sud
de I’arc magmatique des Cascades résulte de I’introduction, dans la péridotite du coin de manteau supérieur sus-jacent, d’une
proportion variable de phase fluide issue de la plaque subductée. Les magmas formés dans un tel milieu enrichi en phase fluide
sont surtout mis en place dans 1’avant-arc, et sont enrichis en Sr et en Pb par rapport au manteau primitif; leur rapport des teneurs
normalisées du Sr et du P dépasse 5. Par contre, ils sont appauvris en Ta et en Nb, ont de faibles teneurs en éléments
incompatibles, et possédent des rapports des isotopes de Sr et de Pb semblables & ceux des basaltes des crétes océaniques
(MORB). Les magmas qui se sont formés dans des secteurs du mantean non enrichis en phase fluide sont surtout mis en place le
long de I’axe de 1’arc, ou dans 1’apres-arc. Ils sont moins fortement enrichis en Sr [1.0 < (St/P)y < 1.3], moins fortement appauvris
en Ta et Nb, ont des teneurs plus élevées en éléments incompatibles, et possédent des rapports des isotopes de Sr, Nd et Pb plut6t
semblables A ceux de basaltes d’fles océaniques. L’apport d’une phase fluide aqueuse dans le coin du manteau supérieur situé au
dessus de la zone de subduction stabilise 1’amphibole et méne 2 un enrichissement des péridotites en éléments incompatibles,
surtout le Sr et le Pb non radiogéniques. La portion hydratée de la péridotite sus-jacente, porteuse d’amphibole, se trouve
elle-méme subductée en dessous du secteur avant-arc, milieu dans lequel son solidus est surpassé; il s’en suit la formation d’un
liquide enrichi en Sr et Pb, et appauvri en Ta et Nb, ce qui témoigne des teneurs plus élevées en Sr et en Pb de la phase fluide,
par rapport & Ta et Nb, et la plus grande compatibilité de Ta et de Nb dans 1’amphibole que dans d’autres phases silicatées de ce
milieu. Une diminution progressive de la proportion de la phase fluide en s’éloignant de la zone de subduction vers le secteur
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interne témoignerait de la déshydratation progressive de la partie subductée du manteau supérieur 2 mesure qu’elle est enfouie,
ce qui a mené & ’extraction de magma et une aumentation de la température 2 I'interface de la plaque subductée et du mantean
sus-jacent. Une corrélation inverse entre les teneurs en éléments incompatibles et 1’importance relative de la signature géo-
chimique imposée par la phase fluide résulte plut6t de I’implication, dans la réaction de fusion partielle, de péridotites de plus en
plus stériles que de différences appréciables dans le taux de fusion. Les laves & rapport (St/P)y élevé du secteur avant-arc se
seraient formées par fusion d’une péridotite ressemblant & une source de MORB qui a été sujette 2 une plus forte quantité de
phase fluide aqueuse libérée de la plaque subductée. Les laves 3 faible rapport (St/P)y de 1’axe de 1’arc sont produites par fusion
d’un manteau péridotitique typique de la source des basaltes des 1les océaniques, en présence d’un faible quantité de phase fluide
provenant de la plaque subductée. Cette étude fait état du contrdle que peut exercer la phase fluide issue de 1a plaque enfouie sur
la géochimie des éléments incompatibles et des isotopes des magmas d’arcs volcaniques, soit par I’addition d’éléments
incompatibles 2 la source, soit par la stabilisation de phases hydratées dans la source, soit enfin par une chute de la température

du solidus.

(Traduit par la Rédaction)

Mos-clés: arc des Cascades, lave calco-alcaline, lave primitive, phase fluide dérivée de la zone de subduction, enrichissement en

Sr, Californie.

INTRODUCTION

Arc magmas are generally accepted to be melts
derived from compositionally varied mantle material
(e.g., Gill 1984, Hawkesworth et al. 1991) to which one
or more additional components are added. Possible
added components include continental crust (e.g.,
Davidson et al. 1987, Hildreth & Moorbath 1988), sub-
ducted sediment (e.g., Ellam & Hawkesworth 1988,
Kay & Kay 1988, Morris et al. 1990), melts derived
from a subducted slab (oceanic crust) (e.g., Yogodzinski
etal. 1994), and slab-derived fluids (e.g., Ellam &
Hawkesworth 1988, Tatsumi 1989, Stolper & Newman
1994). The addition of these components is deemed
responsible for the high ratios of large-ion lithophile to
high field-strength elements (LILE/HFSE), LILF/light-
rare earths (LREE), and 27Pb/24Ph observed in many
arc lavas, and thus for the production of the arc geo-
chemical signature. Nevertheless, it has proved a diffi-
cult task to identify and quantify which of these
potential additives are responsible in the Cascade arc.

High abundances of LILE and LREE and low abun-
dances of HFSE in lavas erupted in the Cascade arc
have been attributed to involvement of fluids trans-
ported into the mantle wedge from the subducting slab
(Bacon 1990, Leeman et al. 1990, Hughes 1990, Baker
et al. 1994). Hughes (1990) and Leeman ef al. (1990),
however, suggested that the geochemical effects of
contributions from slab-derived fluid, as well as from
subducted sediment, are minimal and secondary to the
effects resulting from variable degrees of partial melting
of MORB- and OIB-source mantle (MORB: mid-ocean
ridge basalt; OIB: ocean-island basalt) in the south-
western Washington and central Oregon segments of
the Cascade arc. This interpretation stems in part from the
paucity of high LILE/HFSE basalts observed in these
regions. Although primitive lavas depleted in HFSE are
not abundant in the southernmost Cascades, they appear
to be more common than in other segments of the arc,
and represent an important end-member in the compo-
sitional continuum observed there. In fact, the southern-

most Cascades appears to have the largest composi-
tional diversity of primitive lavas in the Cascade arc.
Thus, the southernmost Cascades is well suited for an
investigation of the role of the subduction component
in the petrogenesis of arc magmas.

We constrain potential sources of the high LILE/HFSE
component (e.g., crust, sediment, slab-derived melt,
and slab-derived fluid) observed in primitive lavas
erupted from small volcanoes across the Lassen region
of California using their spatial distribution, abun-
dances of major and trace elements, and radiogenic
isotopic compositions. We begin by evaluating the role

FiG. 1. a. Tectonic setting of the Cascade range. Lavas of the
High Cascades are shown in a stippled pattern; modified
after McBirney (1968). Letters refer to major composite
volcanoes and centers: LVC, Lassen Volcanic Center; MS,
Mount Shasta; MLV, Medicine Lake Volcano, MMc,
Mount McLoughlin; CLV, Crater Lake Volcano; NV, New-
berry Volcano; TS, Three Sisters; MJ, Mount Jefferson; MH,
Mount Hood; SVF, Simcoe Volcanic Field, MSH, Mount
Saint Helens; MA, Mount Adams; MR, Mount Rainier;
GP, Glacier Peak; MB, Mount Baker; MG, Mount
Garibaldi; MC, Mount Cayley; MM; Meager Mountain.
Study area represented by inset. b. Geographic map of study
area showing location of major volcanic centers and expo-
sure of basement rocks. Contours of upper surface of cur-
rently subducting slab from Guffanti et al. (1990). YVC,
Yana Volcanic Center; DVC, Dittmar Volcanic Center;
MVC, Maidu Volcanic Center; MV, Magee Volcano; BM,
Burney Mountain; SdV, Skedaddle Volcano; SsV, Snow-
storm Volcano. c. Sample-locality map. Circles are lavas
with (St/P)y > 3.3, squares are lavas with (St/P)y < 3.3, and
diamonds are lavas with undetermined Sr. (St/P)y is indica-
tive of the presence of a slab-derived fluid component in
the source region (see text for details). Filled symbols are
primitive lavas (>6.0% MgO, >100 ppm Ni, and >200 ppm
Cr). Detailed sample-locations in Borg (1995) and Clynne
(1993). Note the relative abundance of high-(St/P)y lavas
in the forearc, and of low-(St/P)y lavas in the arc axis and
back arc.
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TABLE 1. REPRESENTATIVE COMPOSITIONS OF LASSEN REGION LAVAS

Sample LB9I-  LC83- LM87- LB9I- LC8s- LB9l-  LBOI- LM88- LC88- LC82- LM92- LB91- LC85- LC82- LC87- LC86-
125 347 1384 146 1329 102 105 1619 1314 886 2443 101 671 905 1190 834
Vent Hom UND UND Ice cave S. Peak Clover UND Soap UND Cold Swain Peal UND Dike Peak
Mtn. chain  Carbou 6456 Bt. Bt. Creek Bt.  Mtn. 1919 208872
Dist. (km) 376 311 324 339 328 332 335 326 281 330 305 332 321 326 304 323
Age (Ma) 0.07 0.07 0.07 0.43 0.43 0.01 1.37 0.43 0.01 0.43 0.43 0.43
(StP)y 1.02 1.24 135 1.40 142 1.43 1.49 1.50 1.52 1.54 1.55 1.65 1.67 1.69 192 1.92
SiOz (wt.%)  S0.77 5122 4964 5005 5012 5071 5209  51.85 5082 5228 5120 5148 5135 5037 5098 4937
TiOz 1.52 1.69 132 1.27 173 1.56 092 1.36 1.38 1.01 1.13 1.14 1.19 0.99 0.85 0.92
Al;05 17.03 17.88 15.56 17.95 1620 1697 16.83 16.15 16.41 17.13 17.30 18.03 1702 17.73 1636 16,59
Fe303 2.09 172 1.84 1.94 2.06 1.88 1.69 1.85 1.95 1.82 1.86 1.76 1.88 1.87 1.84 1.96
FeO 7.51 6.21 6.63 7.00 7.42 6.76 6.09 6.68 7.03 6.56 6.68 634 6.76 6.74 6.61 7.05
FeO* 9.39 1.76 8.28 8.75 9.27 8.44 7.61 8.35 8.79 8.20 8.36 7.93 8.45 8.43 8.26 8.81
MnO 0.17 0.13 0.15 0.15 0.14 0.15 0.14 0.14 0.15 0.14 0.16 0.14 0.15 0.16 0.14 0.16
MgO 6.54 6.83 10.67 7.72 7.24 8.81 8.91 7.86 8.43 7.79 8.15 7.22 8.05 8.43 9.11 10.46
Ca0 9.11 8.27 9.78 9.15 9.14 7.82 8.85 8.87 8.77 8.73 8.97 9.13 9.14 9.79 10.14 1006
NayO 3.38 4.07 3.03 3.65 3.94 3.61 3.07 3.56 3.56 324 338 3.44 3.14 3.02 2.92 2.68
K20 1.21 148 0.92 0.76 143 1.32 .11 1.23 112 1.01 0.85 0.97 1.02 0.65 0.76 0.53
P20s5 0.67 0.50 0.46 0.35 0.58 0.42 0.31 0.45 0.38 0.29 032 0.35 0.30 0.25 0.29 0.22
LOI 0.40 0.01 021 0.01 0.01 0.29 0.14 0.01 0.01 0.14 0.07 0.01 0.34 0.43 0.08 0.03
An. Total 99.50 98.97 9948 10048  100.61 99.97 9993 10086 10037  99.82 9976  99.97 99.81  99.54 10024  99.44
Mg# 60.8 66.2 742 66.3 63.5 69.9 723 67.7 68.1 67.9 68.5 67.0 68.0 69.0 71.1 72.6
Rb (ppm) 17 24.5 242 19 30 24 18 28 25 15 12 14 16.8 7.3 13 14.6
Ba 830 429 408 278 526 393 323 498 448 391 410 308 371 285 320 262
Zr 198 189 148 139 176 167 134 141 172 120 138 135 130 116 100 100
Sr 660 604 601 478 796 587 452 654 559 432 482 564 487 408 540 409
Y 34 24 26 27 23 23 21 24 27 20 23 18 2 23 19
Nb 11 26 12 10 19 19 14 10 10 4 9 11 10 10 6
Ni 113 107 242 133 110 191 190 119 143 148 135 145 172 149 150 203
Cr 190 192 451 220 195 260 370 219 283 358 308 170 317 340 260 397
Co 32 32 40 36 35 39 35 37.9 38.6 34 36.7 41 41.1 42
Cs 0.20 0.36 0.2 0.5 0.8 0.6 0.7 0.30 0.5 047 0.37 0.39 0.5
Hf 40 3.86 3.10 3.3 38 3.0 2.7 2.8 2.60 3.2 2.7 2.43 221 2.0
Ta 0.5 1.83 0.69 0.3 12 1.0 0.5 0.57 0.61 0.5 0.63 0.51 0.45 0.36
Th 1.4 2.42 2.34 0.8 3.2 2.3 1.6 1.56 1.50 2.2 1.93 1.74 2.1 1.5
¢] 0.1 0.36 0.62 0.1 093 0.6 0.5 0.5 0.40 0.8 0.31 0.58 0.51 0.46
Pb 408 324 3.9d 30d 32d 494 43d
La 255¢ 229 20.8¢ 12.1¢ 30.2¢ 18.5¢ 13.9¢ 322¢ 13.8¢ 13.8¢ 13.8¢ 18.2¢ 13.9¢ 12374 148¢ 11.4¢
Ce 58 459 49.6 30 61.6 40 30 42 426 32.6 29 41 29 2747 292 25
N 31 2 26.5 18 31 19 15 30 24.6 16 16 21 16.1 15.41 14 13
Sm 6.5 5.12 520 38 6.54 4.0 32 4.6 5.16 3.81 3.8 44 3.94 3.46 3.56 3.41
Eu 1.86 1.49 147 1.40 1.73 1.34 1.05 1.42 1.54 112 1.13 1.44 1.21 1.09 1.01 1.01
o 3.9 42 33 46 4.1 3.4 3.55
Tb 0.9 0.6 0.7 0.71 0.7 0.6 0.49 0.43 0.6 0.63 0.48 0.53
Yb 2.65 223 1.50 2.33 2.10 1.84 1.84 2.40 2.13 2.12 1.80 1.80 3.07 2.32 1.60 1.8
Lu 0.38 0.36 0.23 0.28 0.28 0.26 0.24 0.36 0.34 033 027 0.28 0.30 034 025 0.3t
875865 0704232 0703870 0.70408P 0.70378% 0.70409% 0703982 0704162 0.70429% 0.70408> 0.70408%2 0.704012 0.704067 0.70425b 0.70393% 0.70387% 0.703922
143Ng/144Nd  0.512702 0.512819 0.512828 0.512884 0.512810 0.512830 0512771 0.512763 0.512826 0.512791 0.512825 0512791 0.512780 0.512813 0.512813 0.512866
206pp/204py  19.026 18915 18.835  18.945 18960 18.988  18.963 18907  19.002 18979 18965 18972 18937 18997
207pp/204py,  15.677 15603 15599  15.636 15640 15635  15.600 15.608  15.634 15.644 15630 15607 15596  15.636
208pp/204py 38782 38572 38512  38.672 38707 38690 38596 38571  38.703 38723  38.637 38612 38568 38704
5180 6.7 6.3 6.9 6.4 7.0 6.1 6.7 72 6.2 65 6.7 7.4 5.9

Dist. = Distance from trench. UND = Unidentified vent. a = Isotopic analyses at University of Texas, b = Isotopic analyses at U.S.G.S., ¢ = INAA, d = Isotope

Dilution.

alogy

miner:

component to the mantle wedge. The effects of the

reflects the variable contribution of a slab-derived fluid
addition of the fluid component on source

and quantify the effects that the addition of slab-derived

of differentiation on lava composition. Next, trace-element
and isotope-based melting models are used to assess

the southernmost Cascades.

and melting processes in the mantle wedge are then
magma genesis in

evaluated. Finally, we present a petrogenetic model for

components to the mantle wedge will have on melt
compositions. We find that the continuum between high
LILE/HFSE and low LILE/HFSE Lassen lavas primarily



429

ROLE OF SLAB-DERIVED FLUIDS, SOUTHERN CASCADES

‘wonnyiqg 2dolos] = p ‘YVNI = 2 “°§'D'S N 1& sasAeue o1dojos] = q ‘sexa], Jo KIIsIsALU 1B sask[eue
51d0j0s] =2 "JUdA PAYRUAPIUL] ST (IN[) PUB ‘Yesd 109dsoid i d d ‘onng USARH 3SI0H St "H'H “WIA 998N st "IN “1id Jopuid = gD “ysuon woy sowesiq = Isig

69 59 TL vL 79 69 9 99 oL 79 $'9 LS 99 L9 0319
LITS8E  €CE°8€  TLTSE  THTBE  CEE'SE  C9S'BE  99¥'8E  10S'SE 60S'8€  L9S'8€  6IV'SE  166ZIS0  VESSE 18085 9dpoz/9dgor
SES'ST  €5§°ST LYS'ST  SYS'ST LLSST  LIOST  16S'ST  009°SI 009°ST  €19'6I 0661  LTL'8E  909'SI 8v9'ST  Adpoe/9dzor
vL9'81  1IZ'81  LSL'81  SEL'ST  BLL'S1  TE6'B] 0681  EL8'SI 18881 SL6'BT 60881  €4O°CI 26881 19061 9dpoz/9dogr
698ZIS0 0SSZISO [96ZISO E16ZISO 696TISO [06Z1S0 PE6TISO 6TSZISO SLBTISO I68ZIS0 66LTISO BI6ZISO 6E061  SOGZISO €LLZISO 918TISO PNyyi/PNgp)
qSOE0L0 qSPEOL'D qIZEOL'0 qT6T0L0 v96T0L0 qBOEOLO qSTEOL0 oIVE0LO wOTEOL0 w6YEOL'D olOVOLO wEVEOLD wi9EOLO eSSEOLO wTIYOLO glOVOLO  ISgghSg
91'0 170 810 910 720 0z'0 ¥20 £2°0 720 120 6£0 61'0 120 ]
80  OI'l LUT 1 ¢l szl 0s'1 09'1 09' 0¥l 097 1 091 ax

120 1£0 €0 o 0 70 S0 o 860 £5°0 €0 €50 qL
107 L1 3 :3)
€0 £9°0 8L0 290 60'1 580 L0 o1 08°0 £L0 88°0 750 001 g
Ay 007 9T 8T Lg sz £LT €€ WwT 81T 65T ST 19 wg
€6 9L 811 3 1z 1 ot vl 98 08 78 9 o W
9t 6l 9T oSt L€ €z 4 £z st Al zl ol €€ 9]
pESL 579 901 oEL 2081 o001 58L6 0T 0L 9 o6 LY oSLI 71
e 9T ST Ptz 8T £y pl'e ad

80 6v'0 ¥ 50 0£'0 L0 6L°0 0 $T0  LZO 120 70 90 n
P11 $50 0T 80 961 ) 81 897 v 'l 01 790 $0 6% oL
€10 yI'0 10 €0 €0 010 €0 81°0 €0 $T0  $600  TI'0 €0 10 e,
£8'1 el 861 vl 997 1w 17 e Lt 9’1 9] 81 Tl 7T T
Lv'0 SE0 z0 620 £2°0 s0 1 0 &0 720 LI'0 €0 20 O

¢ 8¢ £ 8¢ % e vE s0¢ v 6t W SOp W Tse 0D

we oLL iy 99 €52 672 3 861 9€€ 052 107 186 vhe 919  6vp 789 D

€81 s 991 961 19 9F1 v 8L 69 SL 861 092 001 e oLl ) N

€ 1 $ L z € 9 z z z 4 Y ¥ L o

Ll €1 o4 Ll 91 st 0z 0 1 4 s1 9l 61 Ll A

8L 059 oY e €L ozl vy L19 b 769 41 oty 08¢ e 26y Sov 13

001 LL 69 €6 18 6€1 m 101 €01 98 SL ) o€l vLo bl 86 74

181 9Ll 121 962 901 €67 S8 9zg 867 0€ 181 861 ovl L L0E 60€ v
L6 S 79 601 8 671 sS 0C 11 6! L9 L 9 9 4l s (wdd) gy

0SL  tOL £EL €L VL TEL S0L  $69 0L 6'89 LSl 9vL 769 99, LTl LTl #BN
€0001 TT66 6986 €066  I¥I0I  OF'86  SO001  CO00I 9066 9100l  6L66  L866 18001 ¥EC0I  €9°001 4000l  [BOL WY

600 100 VL0 680 100 L0 100 870 61’1 90°0 810 800 00 0£0 €10 01'0 101
e 1o 80°0 €10 £1°0 €20 010 €10 010 910 70 €0 600 £1°0 170 0o s0td
080 190 wo 80 €0 €0 €20 £8°0 1 €60 190 IS0 o 1€0 90 ¥8°0 oy
seg 987 65T 157 69°C e $T 18T 69T 89T ST 19€ 6T 957 €€ 60'¢ o%eN
wi 8€01  STIL S8 SUIL 868 601 186 L8 LU0 THOl 686 STO1  L00T 988 796 (o)
5L 189 60'6 0z01  SI8 €L T8 9L 6vL 988 0T6 201 ¥ES 901l €68 $8'8 O3
01'0 110 910 20 yI'0 010 sI'0 vI'0 Tl0 Tl €10 SI'0 $1'0 y1o ¥10 €10 OuW
6 &9 8L 1979 8TL 1€ 9L osL 889 768 €L 66L  SE8 'L $6'9 ov'L +0%d
05y SI'g 06's  PES 78S S06  ¥I'9 009 158 L 18 0r'9 89°9 £€0'9 95°s 733 0
STl £ 91 81 w1 ov'1 121 191 €51 86'1 €9'1 8Ll 98'1 89'1 $6°1 $9'1 £0teq
0091  vLLL  T®OL  PIPI 9T91  LOLI 6Ll Y89 I19%L 0§91 vZLL 891 LS9 9€9I  LSOI 6L°91 oty
50 150 0950  6¥0 $9°0 $80 180 190 £50 sL0 wo 90 780 150 150 80 o1
LISS  €T¥S  OVIS  pI'0S  60°ES  6¥¥S  LSOS  SY'ES  I9LS  TI0S  OSIS €505 6671 60'IS  Ov¥S 07 (B wWIos
9 019 96's 88 185 ws oIS 6y 08 €y 68€  LTE 7€ 887 vz 60T N(diss)

161 L0 200 L00 LE1 LET £ L0°0 (eW) 38y

oLz 0l€ 08z 08¢ 8¢ 10¢ 82 182 10¢ 0s¢ Lig €87 AL $8z £82 728 () ws1a
6I0S a4 o AW €8ES 6L €808

Md  ®MdD  ANN ONO WCHH WAPeY dmsy semcd0 ONN PP ¥d NN GNA ONA ANO eRd WA
6001 154 80S1  OIEL 191 (314 9501 891 £0€1 011 628 0L1 1L€1 991 9001 1¢6
980T €807 88071 -8  -z6@1 €81 181  -z6@1 8801 -ledl 9801  -z6@T  -88071  t6A1 981 081 ajdures

SVAVTNOIODHA NHSSVT A0 SNOLLISOdINOD HALLVINASTAITY "QHNNLLNOD | A19V.L

contains a chain of Pliocene to Holocene volcanoes that

GEOLOGY OF THE LASSEN REGION
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du, Yana, and Dittmar volc
centers, Magee Volcano, and Burney Mountain (Fig. 1b).
The area extends eastward to a near-linear belt of

Tudes the Lassen, M.
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Miocene stratocones that parallels the modern arc and
ludes Skedaddle and Snowstorm volcanoes (Fig. 1b).
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The study area is the southernmost segment of the
Cascade arc as defined by Guffanti & Weaver (1988),

and is located in northeastern C:

des
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The Lassen region is underlain by Phanerozoic igneous and
metamorphic rocks of the Klamath and Sierra Nevada
provinces, which crop out to the northwest and south,
respectively. To the southwest, sediments of the Great
Valley crop out; to the east lies the Basin and Range
province. The presence of northwest-trending normal
faults indicates impingement of the Basin and Range
extensional tectonic regime on the region. Chains of
cinder cones and shield volcanoes were erupted along
faults that are parallel to modern faults of the Basin and
Range, indicating that faulting and volcanism have
been contemporaneous (Guffanti et al. 1990).

The Lassen region contains numerous calc-alkaline
mafic lavas erupted from monogenetic cinder volcanoes
and small shield volcanoes that are the focus of this inves-
tigation. These volcanoes were active for short periods
of time (generally less than 1000 yr; Guffanti et al.
1990) and produced relatively few (approximately one
to five) lava flows. Guffanti ef al. (1990) identified
537 vents in the region and assigned ages to them using
radiometric dating techniques, paleomagnetic studies
and field observations. They observed that the volcanic
centers became progressively younger to the west,
reflecting a westward shift in volcanism since about
12 Ma. Despite the small sizes of individual cinder-
cone and shield volcanoes (1-5 km?), this type of
volcanism is representative of volcanic processes in the
region because it has produced a large percentage of
the total erupted material observed in the southernmost
Cascades (Sherrod & Smith 1990). Lavas erupted from
small volcanoes in the Lassen region form an excellent
basis for the study of arc petrogenesis because they are
more primitive than lavas erupted from large complex
centers in the region (Borg 1995), and are geographically
more extensive.

Analytical methods

Major-element analyses have been obtained on over
400 samples of lava, granitic and metasedimentary
country-rocks by wavelength-dispersion X-ray fluores-
cence (XRF) techniques at the U.S. Geological Survey
at Lakewood, Colorado. The focus of this study is
140 lavas that have greater than 6.0 wt.% MgO and
represent the most primitive compositions observed in
the region. A representative group of these lavas is
presented in Table 1. Additional whole-rock composi-
tions are presented by Clynne (1993), Borg (1995), and
Bacon eral. (1997). Major elements, expressed as
oxides, are normalized to 100% anhydrous after Fe,Os
was set equal to 0.2 times the total iron (expressed as
Fe,03), and are therefore directly comparable to data
from the Lassen Volcanic Center published by Bullen
& Clynne (1990). Original analytical totals are shown
to demonstrate the quality of the analyses. KEVEX
(energy-dispersion XRF) analysis for Rb, Ba, Zr, Sr, Y,
Nb, Ni, and Cr has been completed on 98 samples of
primitive lava at the U.S. Geological Survey in Menlo
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Park, California. Analytical uncertainties for the XRF
data (with the exception of Rb and Sr, which are signifi-
cantly better; see Clynne 1993) are similar to those
reported in Bacon & Druitt (1988). Concentrations of
the remaining trace elements were determined by
instrumental neutron-activation analysis (INAA) at
Reston, Virginia (techniques reported in Baedecker &
McKown 1987). Pb concentrations were determined by
isotope dilution at the University of Texas and the U.S.
Geological Survey. Isotope dilution data are accurate to
approximately 1%.

‘Whole-rock isotopic analyses of Sr, Nd, and Pb were
determined on 41 samples of lava, granitic, and metasedi-
mentary country-rock using a multi-collector Finnigan
MAT 261 mass spectrometer at the University of Texas
at Austin. Pb samples were leached for fifteen minutes
in warm 2N HCI prior to digestion in HF. Total Sr, Nd,
and Pb procedural blanks averaged 70, 25, and 65 pg,
respectively. Approximately 500 ng of Sr and Nd, and
150 ng Pb were routinely loaded for mass spectrometer
runs. Sr and Nd isotopic ratios were normalized with an
exponential mass-fractionation law using Sr/38Sr = 0.1194
and 6Nd/1*Nd = 0.7219. The average 8Sr/%6Sr value
(* one standard deviation) from thirty-one measure-
ments of NBS-987 Sr standard completed during the
course of the investigation is 0.710253 + 13. Twenty mea-
surements of “3Nd/““Nd for the Caltech nNd Beta
standard average 0.511898 +5 (gng = —14.43 £ 0.10),
and five measurements of 1“*Nd/'*Nd for the LaJolla
Nd standard averaged 0.511850 % 5 (gng = —15.37 £ 0.10).
Accuracy of Sr and Nd isotopic ratios is estimated to be
+0.00002 and £0.000018 on the basis of replicate
analyses of samples and rock standards. Pb isotopic
ratios were corrected for 0.11% fractionation per
atomic mass unit (amu) based upon 33 concurrent
analyses of the NBS-981 Pb standard. Precision of Pb
analyses is estimated to be 0.02% per amu based upon
replicate analyses of the NBS-981 standard and lava
LC82-905. An additional 27 Sr, Nd, and Pb, and
44 oxygen analyses were completed at the U.S. Geo-
logical Survey in Menlo Park, California. Analytical
procedures are described in Bullen & Clynne (1990).

Petrography

Lavas selected for geochemical analysis range from
primitive basalts and Mg-andesites to somewhat
evolved basaltic andesites. The most primitive lavas
are sparsely porphyritic (~5% phenocrysts) and have
simple mineral assemblages consisting of olivine or
olivine + spinel. Some lavas also contain chromian
diopside. Small phenocrysts of olivine are unzoned and
have compositions that range from Fogg to Fogg, with
CaO content that indicates crystallization around 1225
to 1250°C (Clynne & Borg 1997). The less primitive
lavas can be more crystal-rich and contain a combina-
tion of olivine, clinopyroxene, and calcic plagioclase.
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FiG. 2. MgO variation diagrams of primitive Lassen lavas. Solid circles depict strongly
spiked lavas, with (St/P)y > 5.5, and open squares represent weakly spiked lavas, with
(St/P)y < 1.3. Crosses are lavas with 1.3 < (St/P)y < 5.5. The strongly spiked lavas are
depleted in Ti, Fe, Na, K, and P, and enriched in Si relative to the weakly spiked lavas
at equivalent MgO. Lavas from both groups have similar Ca contents.

The phenocryst compositions reported for the primi-
tive lavas in the Lassen region by Clynne & Borg
(1997) are similar to compositions reported from primi-
tive lavas in many arcs e.g., Japan (Tatsumi & Ishizaka
1982), the Aleutian arc (Kay & Kay 1985), the Kurile
arc (Bailey et al. 1989), and the Mexican volcanic belt
(Luhr & Carmichael 1985). Furthermore, the composi-
tions of the mafic minerals are similar to, or approach,
compositions found in many bodies or nodules of
ultramafic rock (Dick & Fisher 1984). Thus, the com-
positions of mafic phenocrysts present in the primitive

calc-alkaline lavas of the Lassen region are sufficiently
magnesian and compatible-element-rich to be in
equilibrium with peridotites.

Geochemistry of lavas

The lavas erupted from monogenetic cinder cones
and small shield volcanoes consist of calc-alkaline low-
to high-K basalt through dacite, according to the criteria
of Irvine & Baragar (1971), Miyashiro (1974), and Gill
(1981). Sample localities and representative whole-rock
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compositions are presented in Figure 1c and Table 1
[more detailed sample localities and additional results
of whole-rock analyses are presented in Clynne (1993)
and Borg (1995)]. A group of remarkably homogene-
ous tholeiitic lavas, characterized by <0.3 wt.% K0,
0.9 < FeO*/MgO < 1.2, and 48 < Si0, < 50 wt.%, are
also present and coeval with calc-alkaline magmatism
in the Lassen region (Bacon et al. 1997). These lavas
are not considered here because 1) their spatial, compo-
sitional and, therefore, probable petrogenetic affinities
are to Basin and Range lavas (Bullen & Clynne 1989,
Guffanti er al. 1990, Clynne 1993), and 2) the limited
constraints they are likely to place on the sources of the
arc geochemical signature.

Calc-alkaline lavas in the Lassen region exhibit
highly variable compositions (Fig. 2). MgO contents in
sparsely to moderately porphyritic lavas range from 4.4
to 11.2 wt.% in basalts, 3.9 to 10.9 wt.% in basaltic
andesites, 1.6 to 7.6 wt.% in andesites, and 1.8 to
3.2 wt.% in dacites. In addition, trace-clement abundances
are highly varied [Ba ranges from 85 to 954 ppm, Rb
ranges from 2 to 38 ppm, and Cr ranges from 39 to
616 ppm in lavas with MgO > 6.0; Table 1; Clynne
(1993, unpubl. data), Borg (1995)]. Primitive lavas are
defined as having moderately high levels of compatible
elements MgO > 6%, Ni > 100 ppm, and Cr > 200 ppm)
for the purpose of this paper. Note that some lavas with
relatively high MgO contents (7-10 wt.%) have high
Si0; (54-58 wt.%) as well (Fig. 2). The relative primi-
tiveness of these lavas is illustrated by the presence of
spinel phenocrysts, their sparsely phyric nature, and the
high Mg# [= molar 100 Mg/(Mg + Fe?*)] of their sili-
cate phases (average Mg# from results of 36 electron-
microprobe analyses of olivine is 86.1; Clynne & Borg
1997). Thus, as suggested by Borg et al. (1992, 1994)
and Clynne (1993), basalts, basaltic andesites, and
andesites all have primitive representatives.

The calc-alkaline lavas of the Lassen region display
a compositional and isotopic continuum. The ends of
the continuum can be numerically defined by the degree
that Sr is enriched in the lavas over other similarly
incompatible elements. This definition has petrogenetic
significance because most geochemical and isotopic
characteristics of the lavas correlate with Sr enrichment
(see below). The Sr enrichment is hereafter called a
Sr spike, and is defined as normalized (St/P)y > 1 [N
refers to normalization to values of primitive mantle as
defined by Sun & McDonough (1989)]. Good correla-
tion between (St/P)y and (St/LREE)y demonstrates that
these ratios are analogous, although (St/P)y is used
because more data are available for P than for the
LREE. It is important to note that the variations in St/P
and St/LREE observed in the lavas are not simply the
result of depletions in P and LREE abundances, but
instead the result of simultaneous increase in the
abundance of Sr and accompanying depletion in most
incompatible elements (including P and LREE).
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There is a continuous range of (St/P)y in primitive
Lassen lavas from 1.0 to 6.7 (Table 1). For conven-
ience, we define one end of the continuum as the aver-
age of lavas with the smallest spike [(S1/P)y<1.3],
whereas the other end is defined as the average of lavas
with the largest spike [(St/P)y > 5.5; Table 2]. These
averages are hereafter referred to as weakly and
strongly spiked compositional end-membets, respec-
tively. Using average values to represent the ends of the
continuum alleviates inaccuracies resulting from basing
petrogenetic models on only one or two of the most
disparate compositions observed in over 100 analyzed
lavas. Furthermore, the most disparate lavas have com-
positions that are similar to the average of the strongly
and weakly spiked end-members. Therefore, except for
the uncertainties associated with sampling, the results

TABLE 2. AVERAGE COMPOSITIONS OF END-MEMBERS
Weakly spiked
and. 'y

Steongly spiked Confidence

(St/Pyy > 5.5 SRy <13 Interval

(average =6.1) (average = 1.2) (t-Test)
SiOy (wt.%) 54319 (9 509108 (10 99.9
TiOy 0.61 0.11 (9 141014 (10) 99.9
AlO3 167412 (9 17408  (10) 90
FeO* 6.7740.60 (9) 845047 (10) 99.9
MnO 0124002 (© 015001 (10) 99.9
MgO 8154099 (9)  7.35£1.23 (10) 80
Ca0 949 #1221 (9)  8.88#0.57 (10) 80
NagO 296 £0.32 (9  3.65%032 (10) 99.9
K20 0.6340.19 (9 1142023 (10) 99.9
P05 0134005 (9 047 30.09 (10) 99.9
Mg# 727424 ) 656337  (10) 99.9
Ni (ppm) 129 +47 ©) 13443 ® <50
Cr 258 £120 © 275123 (5) <50
Cs 032014 (3) 0443016 (9 <50
Rb 14.3 £5 © 2145 10) 90
Ba 217 +74 ©) 463 3210 ® 90
Th 130 £0.60 9 2051057 (3 90
U 058020 (B 0491018 (@ <50
Nb 34%9 ® 1616 10) 99.5
Ta 0264009 (3 10172 @3 60
Pb 2784099 ©9) 3554044 (3 99
Sr 649 241 ©) 536461 (10) 90
Zr 94 21 ©) 164429 (10) 99.9
Hf 196 038 (3)  3.65+048 (3) 99.5
Y 16.4 43 © 2515 (10) 99.5
La 9.56 £5.66 (5) 203 5.8 @) 97.5
Ce 202109 (5 459117 @ 97.5
Nd 114458 (5 249354 @ 99
Sm 2404083 (5) 5.16%1.10 @ 99.5
Eu 078 :0.18 (5) 1561021 4 99.9
ol 243 0.56 (4) 4051021 (3 99.5
b 036008 (2 0731015 (3 99.5
Dy 222049 (3)  3.27 1)) —
Er 1483059 ( L7t 6] -
Yb 120 $037 (5) 2181049 @ 97.5
Lu 0213006 (5 0314007 @) 90
873¢/865¢ 070311 £19  (6) 0.70398 £16 (6) 99.9
43Ng/144Nd 05129145 (6) 0512816  (6) 99.9
206pp/204pp 187746 (6)  1895%7 (6 99.9
207pp/204pp 155642  (6) 156544  (6) 99.9
208pp/204pp 383147 (6 387013 (6 99.9
5180 69404 (6 65103 () 95

(n) is number of analyses. +is 1 standard deviation.
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FiG. 3. Primitive-mantle-normalized spidergram of average end-member compositions
presented in Table 2. Circles depict average composition of primitive lavas with (St/P)y
> 5.5, and squares are average composition of primitive lavas with (St/P)y < 1.3.
Normalization to values of Sun & McDonough (1989). Primitive mantle values are (in
ppm): Cs (0.032), Rb (0.635), Ba (6.989), Th (0.085), U (0.021), Nb (0.713), Ta (0.041),
K (250), La (0.687), Ce (1.775), Pb (0.0079), Sr (21.1), P (95), Nd (1.354), St (0.444),
Zr (11.2), Hf (0.309), Eu (0.168), Ti (1300), Gd (0.596), Tb (0.108), Dy (0.737), Y
(4.55), Er (0.48), Tm (0.074), Yb (0.493), Lu (0.074). Note that the strongly spiked
lavas are enriched in Sr and Pb, and depleted in Nb and Ta. Also note that the strongly
spiked lavas are depleted in almost all incompatible elements relative to the weakly

spiked lavas.

of petrogenetic models based on these averages will not
vary significantly from the results that would be based
on a single bulk composition. It should be noted that the
compositions of the end-members do not change sig-
nificantly if only lavas with MgO > 8.0 wt.% are used to
calculate the average composition. This stems from the
fact that abundances and ratios of incompatible elements
and isotopic ratios of the lavas are not dramatically
affected by early differentiation (Borg 1995, Guffanti
et al. 1996). Thus, we use all lavas with MgO > 6.0 wt.%
because this increases the sample base significantly and
places better constraints on our petrogenetic models.

Variation diagrams of the primitive lava data-set
(Fig. 2) demonstrate the variable relations between
major-element abundances in the lavas and the differ-
ences among lavas at the ends of the continuum. There
are good inverse correlations between some major
elements (such as Al, K, Na, Ti, and P) and Mg,
whereas other major elements (such as Si, Fe, and Ca)
do not systematically vary with Mg, Strongly spiked
lavas have higher SiO, and lower FeO*, K,0, Na,O,
TiO,, and P,0s than the weakly spiked lavas at equiva-
lent MgO. The differences in major-element composi-
tion between the end-members are verified statistically
by the t-test, which demonstrates that most major-
element contents are different above the 99.5% confi-
dence interval (Table 2). The incompatible-clement
concentrations in the weakly and strongly spiked end-
members are presented in Figure 3. The weakly spiked

compositional end-member is characterized by lavas
with relatively smooth incompatible-clement patterns
on primitive-mantle-normalized spidergrams, and high
abundances of incompatible elements. In contrast, the
strongly spiked compositional end-member has pro-
nounced relative enrichment in Sr and Pb, and depletion
in Ta and Nb on primitive-mantle-normalized spider-
grams, and relatively low concentrations of most
incompatible elements.

The strongly and weakly spiked lavas are isotopically
distinct as well, and have isotopic systematics that are
unlike many potential mantle and crustal sources likely
to be present in the Lassen region. The strongly spiked
lavas are isotopically the most similar to MORB of any
lavas analyzed in the region. In fact, the lavas with the
largest Sr spikes have Sr and Pb isotopic ratios that are
very similar to Juan de Fuca MORB (Figs. 4, 5; White
et al. 1987, Eaby et al. 1984). The “3Nd/"“Nd values
of the same lavas, however, are significantly lower than
Juan de Fuca MORB (Hegner & Tatsumoto 1987). As
a result, these lavas fall to the left of the Sr—Nd mantle
array (Fig. 4). In contrast, weakly spiked lavas have
more radiogenic Sr and Pb isotopic ratios and lower
143Nd/“Nd, and fall more toward the middle of the
Sr-Nd mantle array (Figs. 4, 5). Although Sr and Nd
isotopic ratios of the weakly spiked lavas are similar to
ratios in some OIB, as well as to some Mesozoic crustal
(granitic and metasedimentary) country-rocks in the
region (Fig. 4), the 27Pb/2M*Pb values are commonly
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FiG. 4. Sr-Nd plot of primitive Lassen lavas and Sierran Mesozoic granitic rocks from the
region. Juan de Fuca MORB field from White et al. (1987) and Hegner & Tatsumoto
(1987). Many lavas with (St/P)y > 3.3 have a $7Sr/36Sr value that is similar to Juan de
Fuca MORB, but have a *Nd/'Nd value that is significantly lower, and therefore fall
to the left and outside of the mantle array. In contrast, lavas with (St/P)y < 3.3 lie within
the mantle array. Lavas that fall to the left of the mantle array are enriched in a
high-(S1/Nd) fluid-contributed component, whereas lavas that lie on the array lack large

amounts of this component (see text).

more radiogenic than values for pristine Northern
Hemisphere Reference Line (NHRL)-like OIB, Mesozoic
crust, or Gorda Basin sediment (Fig. 5). It should be
noted that whereas Sr, Nd, and Pb isotopic values are
different in strongly and weakly spiked lavas, 8'%0
values, although elevated with reference to typical man-
tle values (5.6 to 7.8%o), are not distinct (Table 1).

The (S1/P)y value correlates with the major element,
trace element, and isotopic composition of the lavas
(Fig. 6). As (St/P)y increases, the lavas are enriched in
Si0,, more depleted in most incompatible elements,
and isotopically more MORB-like. The abundance of
some elements, such as Fe, steadily decreases as (St/P)y
increases, whereas that of other elements, like Na and K,
demonstrate a less linear relationship with (St/P)y. Despite
the fact that the correlation between (St/P)y and abun-
dance of incompatible elements is rarely linear, the
strongly spiked end-member invariably has lower
abundances of incompatible elements than the weakly
spiked end-member (Table 2). As (St/P)y increases,
(UlTa)y (Fig. 6), (U/NDb)y, and (Pb/P)y (not shown)
increase. Thus, the magnitude of Ta and Nb depletion
and Pb enrichment (relative to other incompatible ele-
ments observed in the lavas) correlates with the extent
of Sr enrichment (Fig. 6).

Spatial systematics

A key observation that strongly constrains any petro-
genetic model for the southernmost Cascades is the fact
that the presence of the Sr spike correlates with the
location of individual samples within the arc (Fig. 7a).
Figures 7a and 7b illustrate the distribution of strongly and
weakly spiked lavas at different time-intervals because
migration of the arc axis through time requires that the
spatial distribution of the lavas within the arc be evalu-
ated in a temporal context. It is apparent from Figure 7b
that for the <0.07 Ma time-slice, the strongly spiked
lavas are found primarily in the forearc region, whereas
the weakly spiked lavas are found throughout the main
arc axis and backarc regions, but are rare in the forearc.
Although there are significantly fewer data, the same
pattern appears to hold for the older time-slices.

PETROGENESIS OF THE SOUTHERNMOST
CASCADES LAVAS

This section examines potential processes that may
produce the geochemical differences between the
strongly and weakly spiked lavas. We first investigate
the role of differentiation, including assimilation — frac-
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tional crystallization (AFC) processes, in the petrogenesis
of the calc-alkaline lava suite. Then, we discuss the
effects that the potential addition of slab-derived compo-
nents (such as sediment, melt, and fluid) to the mantle
wedge would have on the generation of the geochemical
signatures of the strongly and weakly spiked lavas.

Crustal differentiation processes

Differentiation alone cannot produce all the systematic
compositional variation observed in the southernmost
Cascade lavas for several reasons. The geochemical
differences between the strongly and weakly spiked
lavas are most apparent in the most primitive lavas,
which demonstrate the least evidence of differentiation.
The most primitive lavas are sparsely porphyritic, have
phenocrysts with a high Mg# (Clynne & Borg 1997),
and have high abundances of compatible elements,
indicating that they are only slightly evolved from pri-
mary magmas in equilibrium with mantle peridotite. In
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addition, the observed differentiation-induced trends
are not parallel to compositional continua observed from
the strongly to the weakly spiked lavas (Clynne 1993,
Borg 1995). For example, generation of the enrich-
ments in Sr and Pb, and depletions in Ta and Nb
observed in the strongly spiked lavas, cannot be accom-
plished through fractional crystallization because Sr,
Pb, Ta, and Nb all behave incompatibly in the plagioclase-
free fractionating assemblage observed in lavas with less
than 53 wt.% SiO, (Borg 1995).

It is also difficult to generate one end of the contin-
uum from the other by AFC processes because these
processes generally require the simultaneous increase
of Si0,, incompatible elements, and decrease of most
compatible elements (Clynne 1993). Assimilation of
felsic mid- to upper-level crustal rocks could account
for the high Si0O, abundances in the high (St/P)y lavas,
but cannot produce the other geochemical differences
observed between the strongly and weakly spiked lavas.
Assimilation of old continental crust is not supported by
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FiG. 5. Pb isotopic plot of primitive Lassen lavas and Sierran Mesozoic granitic rocks observed in the region. Symbols as in Fig. 4.
Juan de Fuca MORRB field from White et al. (1987), Hegner & Tatsumoto (1987), Church & Tatsumoto (1975). The northern
hemisphere reference line (NHRL) is from Hart (1984), and is based on Pb isotopic values from MORB and OIB. The field
of Oregon platean basalts is from Carlson & Hart (1987) and Church (1985). Data on Gorda basin sediments are taken from
Church (1976) and Church & Tilton (1973). Strongly spiked Lassen lavas have Pb isotopic ratios similar to those of Juan de
Fuca MORB and fall near the NHRL, whereas weakly spiked lavas have 208Pb/2%Pb and 205Pb/2%Pb values that are similar to
the sediments of the Gorda Basin. Note that 27Pb/2Pb values of many of the weakly spiked lavas are more radiogenic than the
sediments of the Gorda Basin or Mesozoic granitic rocks of the Sierra Nevada.
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versus (St/P)y. Symbols as in Figure 2. Inverse correlations between the abundances of
incompatible elements and (St/P)y demonstrate that the fluid component is not directly
controlling the incompatible-element contents of the lavas, and instead suggest that an
increased proportion of fluid promotes greater degrees of partial melting or melting of
less fertile peridotites. In contrast, correlations between Sr, Pb, and Nd isotopic ratios
and (St/P)y indicate the slab component strongly influences the isotopic composition of

the source region of the Lassen lavas.

Sr and Pb isotopic ratios, which decrease with increased
Si0,, and Nd isotopic ratios, which increase with
increased SiO,. Igneous and metamorphic rocks of the
upper crust beneath the Lassen region are likely to be
isotopically similar to rocks observed in the Sierra
Nevada and Klamath mountains, and have Sr isotopic
ratios that are too radiogenic (0.7383 to 0.7044), and
Nd isotopic ratios that are too unradiogenic [0.51178 to
0.51283; DePaolo (1981), Borg (1995)]. The poor

correlation of isotopic ratios, incompatible-clement
abundances, and incompatible-clement ratios with geo-
chemical indices of differentiation suggests that the
compositional differences observed in the lavas are not
produced by AFC processes. Instead, the relative primi-
tiveness of both lava groups is evidence that the crust
has little effect on the composition of the lavas. Since
crustal-level processes are unlikely to produce the main
geochemical variations in the primitive lavas, we
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Fic. 7. a. (St/P)y versus distance from the trench for lavas with
ages ranging from O to 0.07 Ma (open diamonds), from
0.07 to 0.5 Ma (solid diamonds), and from 0.5 to 2.0 Ma
(crosses). Age estimates from Guffanti ez al. (1990, and pers.
comm.). Lavas with high (S1/P)y are observed primarily in
the forearc, whereas lavas with low (St/P)y are primarily in the
arc axis and backarc regions. b. Age versus distance from
the trench for all calc-alkaline lavas with SiO, < 55 wt.%.
Symbols as in Figs. 2 and 6. In any given time-slice, the
strongly spiked lavas are more abundant in the forearc
region, whereas the weakly spiked lavas are more abundant
on the arc axis and in the backarc.

conclude that the compositional differences between
the strongly and weakly spiked lavas are inherited from
their respective sources in the mantle.

High 830 values observed in the lavas in the Lassen
region, and throughout the Cascade arc, have been
attributed to contamination of primitive magmas in the
lower crust (Bacon et al. 1997). However, generation
of high-8'0 lavas by contamination processes is un-
likely, given the lack of correlation between 830 and
typical indices of differentiation. Furthermore, the high
compatible-element content, high Mg#, and simple
mineral assemblage of these lavas prohibit significant
amounts of crustal interaction, and require potential
assimilants to have nltramafic compositions. Tholeiites
from the Lassen region also display elevated 880,
although these lavas show no other evidence of crustal
interaction (Bacon et al. 1997). We, therefore, conclude
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that the elevated 8'80 observed in the Lassen lavas are
not the result of contamination processes.

Role of subducted sediment

Bullen & Clynne (1990) and Clynne (1993) postu-
lated compositionally diverse sources for the magmas
of the southernmost Cascades. They suggested that the
sources range from peridotites with incompatible-
element contents that are similar to a MORB-source to
peridotites that are more similar to an OIB-source.
However, all of the Lassen lavas have high Ba/La
(15-61), Pb/La (0.14-0.48) and Cs/Rb (0.009-0.05)
relative to MORB and OIB [3-10, 0.09-0.12 and 0.013;
Sun & McDonough (1989)], suggesting that sediment
has been added to the mantle wedge by slab-derived
fluids or melts (e.g., Gill 1981). Sediment involvement
in many of the lavas is also supported by high
207Ph/2M4Ph values relative to oceanic basalts (Fig. 5).
Although the sediment geochemical signature is prob-
ably added to the wedge by fluids or melts rising from
the slab, the lack of correlation between the sediment
signature and virtually any other geochemical features
of the lavas, including LILE/HFSE and (St/P)y, sug-
gests that addition of sediment may not be associated
with the current subduction regime. Despite this uncer-
tainty, in this section the role of sediment in magma
genesis is evaluated by incompatible element- and
isotope-based models. We emphasize that since neither
the exact composition of the sediment prior to subduc-
tion nor the extent to which the sediment has been
compositionally modified by subduction processes is
well known, only elements that are least likely to be
fractionated (i.e., the most incompatible elements) are
modeled.

Estimates of sediment involvement based on Cs/Rb
ratios are probably the most useful, because high
concentrations of Cs and Rb, and high Cs/Rb, in sedi-
ments compared to typical sources in the mantle clearly
indicate the presence of small amounts of sediment in
the lavas. Average Cs in both terrigenous and pelagic
sediments is about 5.7 ppm (Ben Othman et al. 1989),
compared to N-MORB and OIB values of 0.007 ppm
to 0.387 ppm (Sun & McDonough 1989). Furthermore,
Cs/Rb will not be strongly affected by partial melting,
addition of oceanic crustal partial melts, or addition of
slab-derived fluids, as Cs and Rb are not likely to be
significantly fractionated by melting or dehydration. As
a result, the Cs/Rb value observed in the lavas directly
reflects the mixture of sediment and peridotite compo-
nents in the source region. It will be shown in a later
section that other typical indices of sediment involve-
ment such as U/Nb, Pb/La, and Pb isotopic ratios are
influenced by the presence of both sediment and slab-
derived fluids in the source region, and are therefore not
uniquely diagnostic of sediment contributions to the
magmas of the southernmost Cascades.
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The minimal fractionation of Cs from Rb by partial
melting permits Cs/Rb-based binary mixing models
of sediment and wedge peridotites to be used to
quantify sediment involvement in magma genesis.
Peridotites with incompatible-element compositions
that are similar to both MORB- and OIB-sources are
tested in the model because such sources have been
previously postulated to be involved in the petro-
genesis of the southernmost Cascade lavas (Bullen &
Clynne 1990, Clynne 1990). Although we calculate a
compositional range for hypothetical mantle-wedge
peridotites from average values for MORB and OIB,
we do not mean to imply a genetic relationship between
the composition of the wedge peridotites and ocean-
basin magmatism. The calculated compositions of
the sources simply represent a range of values for
the non-subduction-enriched peridotite component
in the mantle wedge. The source compositions (here-
after referred to as MORB- and OIB-sources) used in
this and the following models (Table 3) are calcu-
lated from the average composition of Juan de Fuca
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N-MORB and Hawaiian tholeiite assuming 5% partial
melting of olivine — two-pyroxene peridotites (see
caption of Fig. 8 for details of model).

Mixing between average terrigenous and pelagic
sediment and MORB-and OIB-sources demonstrates
that the total sediment contribution to the magmas of
the southernmost Cascades averages about 0.01% for a
MORB-source and about 0.3% for an OIB-source
(Fig. 8). Minor contributions of sediment are consistent
with the absence of a Ce anomaly in the lavas and low
B contents of Cascade lavas in general (W. Leeman,
pers. comm.). Mixing models demonstrate that a sig-
nificant Ce anomaly (Ce/Ce* < 0.9) will be produced in
the mantle wedge if more than 0.5% sediment (with the
composition presented in Table 3) is added to peri-
dotites of MORB-source composition, or if 1% sediment
is added to peridotites of OIB-source composition.
Therefore, Cs/Rb ratios and Ce/Ce* values of the
Lassen lavas are consistent in that they require that
the maximum contribution of sediment to the wedge
peridotites be less than 1%.

TABLE 3. RESULTS OF PARTIAL MELTING MODELS

Components of lavas Weakly spiked Strongly spiked Moderately spiked
lavas avas lavas

OIB- MORB- Pacific Fluid Lavas Sediment- Lavas Slab-fluid Lavas  Slab-fluid

source  source Sediment (ppo)¥ (St/P)y enrichment (St/P)y enrichment (Sr/Pyy enrichment

(epm)  (ppm)  (ppm)t <1.3  Model 555 Modell 2239 Modelll
Cs 0.009  0.0003 4.90 2 0.44 0.59 0.32 0.33 0.35 0.34
Rb 0.80 0.026 52.0 147 210 11.8 14.3 14.9 17.1 12.3
Ba 13.1 0.288 523 1371 463 187 217 146 388 151
Th 0.16 0.0060 11.0 11 2.05 2.60 1.30 1.67 1.67 1.52
6) 0.028 0.0025 2.2 4 0.49 0.46 0.58 0.63 0.53 0.51
Nb 1.13 0.12 9.8 46 16.0 17.1 34 497 7.47 7.83
Ta 0.10 0.0075 0.50 3 1.01 1.04 0.26 0.27 0.42 0.50
K 540 27.7 15175 70559 9463 8231 5230 5545 7330 5740
La 1.48 0.150 33.7 99 203 17.8 9.56 10.6 12.8 12.6
Ce 445 0.490 21.7 297 459 46.9 20.2 27.9 27.9 32.0
Pb 0.17 0.029 23.0 17 3.55 2.79 2.78 2.40 3.00 2,97
Sr 28.7 5.77 254 4681 536 359 649 397 477 407
Nd 2.97 0.654 34.5 147 249 26.7 11.4 11.0 15.6 15.8
Sm 1.01 0.293 7.5 35 5.16 7.17 2.40 2.77 345 3,78
Zr 26.4 7.2 156 985 164 158 94 98 118 118
Hf 0.60 0.20 2.5 27 3.65 3.67 1.96 2.16 2.54 2.30
Eu 0.26 0.119 1.7 13 1.56 1.59 0.78 0.82 1.07 1.03
Ti 1980 996 5336 85000 8454 12124 3897 4041 5873 5738
Gd 0.86 0.467 7.2 39 4,05 4.12 2.43 2.32 3.13 2.84
Yb 0.56 0.402 35 32 2.19 1.88 1.29 1.45 1.79 1.67

Abundances of major and trace elements expressed in ppm. T Gorda Basin sediment data from
Davis et al. (1992) and Pacific sediment data from Ben Othman et al. (1989). ¥ Data from Stolper
& Newman (1994) and calculated (see text). Sediment-enrichment model reproduced the
composition of the weakly-spiked compositional end-member from OIB-source + sediment. Slab-
fluid enrichment Model I reproduces the composition of the strongly-spiked compositional end-
member from MORB-source + sediment + fluid. Slab-fluid enrichment Model II reproduces the
composition of lavas with moderate Sr spikes from mixed MORB-OIB-source + sediment + fluid.
See caption of Fig. 9 and Table 4 for model parameters.
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FiG. 8. Model to evaluate the mixing of sediment with MORB-
source and OIB-source peridotites. MORB-source compo-
sition was calculated assuming that the average N-MORB
composition of Sun & McDonough (1989) was generated
by 5% melting of spinel harzburgite. The OIB-source com-
position is calculated using average Hawaiian tholeiites
(Clague & Frey 1982, Frey & Clague 1983, Roden et al.
1984, Chen & Frey 1985, Tatsumoto et al. 1987, Tilling
et al. 1987), assuming 5% partial melting of garnet Iher-
zolite. Since the average N-MORB and OIB ate not pri-
mary, their compositions were corrected for differentiation
by adding 10% olivine prior to the calculation of source
compositions, yielding parental melts with approximately
13 wt.% MgO. Partition coefficients are presented in
Table 4. Average oceanic sediment is from Ben Othman
et al. (1989). Numbers represent the proportion of sedi-
ment (%). The ratio Cs/Rb is most representative of sediment
involvement, because the abundance of Cs is low in mantle
sources, but up to four orders of magnitude higher in
typical sediment (Table 3). The model demonstrates that
both strongly spiked and weakly spiked lavas contain only
small amounts (<1%) of sediment.

A similar range of Cs/Rb ratios and Ce/Ce* values
in the strongly and weakly spiked lavas indicates that
the sediment contribution is approximately equal in both
groups, if they are derived from similar peridotite sources
(Fig. 8). On the other hand, if the lavas are derived from
different sources (as is suggested below), then the propor-
tion of sediment contributing incompatible elements to
the magma must decrease as the peridotite component
becomes more depleted. The simplest scenario to
explain the observation that lavas derived from differ-
ent sources have similar Cs/Rb ratios and Ce/Ce*
values is that 1) the sediment was added to the wedge
peridotite in a previous subduction regime, and 2) the
peridotites were subsequently melted to various extents
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to produce peridotite sources with variable abundances
of incompatible elements.

Modeling the petrogenesis of the weakly spiked lavas

Non-modal batch-melting models are constructed
using a variety of incompatible elements to determine
if the addition of sediment to the peridotites of the
mantle wedge alone can produce the compositions of
the weakly and strongly spiked lavas. The models
attempt to reproduce the incompatible element patterns
of the compositional end-members (Fig. 3, Table 2) by
partially melting peridotites with compositions reflect-
ing binary mixtures between sediment and either
MORB- and OIB-mantle sources. Although we model
the sediment contribution to the mantle wedge by bulk
addition, sediment is likely to be incorporated in fluids
or melts derived from the slab. Nevertheless, the results
of the models should not be significantly affected be-
cause incompatible elements are unlikely to be strongly
fractionated by dehydration or melting processes occur-
ring in the slab. The composition of Gorda Basin sedi-
ment (Table 3) is estimated from Davis er al. (1992)
and Ben Othman et al. (1989). Although the addition of
the sediment component to the mantle wedge may have
occurred prior to the melting events that produced the
depleted MORB-source from the more fertile OIB-
source (see above), the outcome of the models is unaf-
fected. We emphasize that the compositions of the
MORB- and OIB-sources used in the models simply
reflect the composition of the non-sediment-enriched
component of the mantle wedge.

The modal mineralogy of the mantle source of the
weakly spiked lavas is constrained by estimates of pres-
sure and temperature at the site of melt generation
above the slab and experimentally determined phase-
relations (summarized from Davies & Stevenson 1992).
The depth of melting is estimated to be about 100 km,
which corresponds to the estimated depth of the slab
beneath the arc axis, where most of the weakly spiked
lavas are erupted. The temperature is constrained by
Peacock’s (1993) thermal models for the top of a young
(5 Ma) subducting slab, which is similar to the slab
subducting beneath the Cascade arc, to be near 1250°C.
Such high pressures and temperatures preclude par-
gasitic amphibole in the source region. As a result, the
source is assumed to be a lherzolite with the assemblage
Ol + Opx + Cpx + Spl + Grt + Phl. The presence of
garnet in the source is suggested by the fact that the slab
beneath the arc axis, where most of the weakly spiked
lavas are observed, is estimated to be deeper than 85 km
(Guffanti et al. 1990), and therefore to be within the
stability field of garnet. Both garnet and spinel are
included in the models because the melt is expected to
equilibrate with garnet and then spinel as it rises
through the mantle. Garnet is required to lower the
HREE content of the lavas, whereas spinel has rela-
tively little influence on the calculated composition of
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caption, Fig. 8). Stars are

average Pacific sediment (Davis ef al. 1992, Ben Othman et al. 1989). Triangles are sediment-enriched mantle generated
by mixing of 99.6% OIB-source and 0.4% average oceanic sediment. Open squares represent composition generated by 8%
non-modal partial melting of a lherzolite with Ol:Opx:Cpx:Spl:Grt:Phl = 51:19:19:5:4:2 in the proportions
01:0px:Cpx:Spl:Grt:Phl = 11:17:55:1:1:15, with sediment-enriched mantle composition. Solid squares are average compo-
sition of the weakly spiked end-member from Table 2 for comparison. This model demonstrates that the weakly spiked lavas
can be generated by melting peridotite that has been enriched through the addition of sediment (the strongly spiked lavas
cannot be generated in this fashion; not shown on Fig. 9a). It is important to note that although we model the sediment
contribution to the Lassen magmas through bulk addition to the mantle wedge, the sediment is likely to be added by fluids
or melts derived from the slab. b. Slab — fluid-enrichment model. Crosses are MORB-source (see caption, Fig. 8). Open
diamonds represent the composition of the fluid component in Mariana trough magmas, from Stolper & Newman (1994).
Solid diamonds are fluid-enriched peridotites calculated by mixing 0.6% fluid component with 99.4% MORB-source mantle.
Triangles are peridotites enriched through the addition of both fluid and sediment and are a mixture of 99.31% MORB-source
+ 0.6% fluid + 0.09% sediment. Open circles are 5% partial melts of fluid-enriched peridotites with
Ol:Opx:Cpx:Spl:Grt:Amph = 56:12:6:4:7:15 that has been melted in the proportions OL:Opx:Cpx:Spl:Grt:Amph =
5:10:45:1:4:35. Closed circles are average composition of the spiked end-member from Table 1. This model demonstrates
that the strongly spiked lavas can be produced by melting of amphibole peridotite that has been enriched through the addition
of sediment and fluid components. Amphibole in the source has been stabilized by fluid fluxing from the slab. c. Slab —
fluid-enrichment model for lavas with moderate Sr spikes. Model parameters intermediate between the models a and b are
used. Crosses are peridotite source composed of 75% MORB-source and 25% OIB-source. Solid diamonds are fluid-enriched
peridotites calculated by mixing 0.4% fluid component with 99.6% peridotite. Triangles are peridotites enriched through the
addition of both fluid and sediment and are a mixture of 99.3% MORB-OIB-mixed source + 0.4% fluid + 0.3% sediment.
Open diamonds are 6% partial melts of (fluid + sediment)-enriched peridotites with OL:Opx:Cpx:Spl:Grt:Amph:Phl =
52:13:20:4:4:6:1 that has been melted in the proportions Ol:Opx:Cpx:Spl:Grt:Amph:Phl = 5:10:46:1:3:25:10. Closed
diamonds are average composition of lavas with 2.2 < (St/P)y < 3.9. The fact that this model is able to reproduce the lavas
with compositions intermediate between the strongly spiked and weakly spiked end-members using intermediate model
parameters suggests that the compositional continuum observed in the lavas suite reflects the variable involvement of fluids
in magma genesis.
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TABLE 4, PARTITION COEFFICIENTS USED IN MELTING MODELS

ol Opx. Cox Grt Spl Amph Phl
(pargasite)

Cs  0.00043% 00018 00029 0.0012 0 0.148 3,060
Rb 00001834 00012 0001924 00012 0 01413 30611
Ba 0000114 000052 0.000688 0.0012 0 0.1213 1.0911
Th 0.000255 000255 0015 000013 0.0001710 001713 03112
U 000013 00015 0.025 000013 0.0001110 0,089 031
Nb 0013 00258 00057 0047 001 0.213 0
Ta 0018 00258 00137 0157 0.01d 0.2113 [
K 0.00018%4 000112 0002224 0.0012 0 0.3311 2.712
La 000043  0.0256 0.052 0.013 0.013 0.173 0.036¢
Ce  0.008! 0.0041 0.15! 0.0281 0.013 02213 0.03411
Pb  0.00013 000133 0013  0.00053 0 0.1213 0
St 0.00023  0.0073 00782 0.012 0 0123 0.08111
N 0.009! 0.008! 017! 0.068! 0.013 0.6213  0.03211
Sm 000951  0.016! 0.261 0.291 0.013 06613 0.03111
Zr 0.01b 0.187 0.36 0.57 0.07 02313 2.112
Hf 0.013 0.13 0.36 0.36 0.07 0.4513 2.1
Eu 0.011 0.021!1 0.281 0.491 0.013 0.883 0.0311
Ti 0.0063 0.0243 0.324 0.42 0.0483 2.0213 0
Gi 001070 0.026! 0.321 0.971 0.013 0.863 0.0311
Yo 0.016! 0.11 0.29! 51 0.013 0593  0.04211
Reference Calculation
1. DePaolo (1988) 2. Ratioed to cpx.
2. Kay (1978) b. Same as Hf.
3. McKenzie & O'Nions (1991) c. Same as olivine KD,
4. Hart & Brooks (1974) d. Same as Gd.
5. Meijer et al. (1990) e. Ratioed to Cs/Rb, Hf/Zr, Nb/Ta, or
6. Lowest values of range HREE/Sm in evolved crustal rocks.

from Wilson (1989) f. Ratioed to average of Ti/Eu and TH/Gd in
7. Green et al. (1989) N-MORB.
8. Hart & Dunn (1993} 8. same as Nb,
9. Le Marchand et al. (1987} h. same as Rb.
10. Beattie (1993) i. sameas Th
11. Arth (1976) j. sameasZr

12. Biotite from Henderson (1982)
13. Brenan et al. (1995)

the melt. We emphasize that although the models
assume both garnet and spinel in the residuum, each
phase is stable at a different depth, and therefore time
in the history of the melt. Phlogopite is assumed to be
present in the peridotite because it is the only common
hydrous phase that is stable in the wedge beneath the
arc axis once the stability field of amphibole is
exceeded, at about 85 km in the forearc. In addition,
phlogopite is a likely by-product of amphibole break-
down (Green 1973). The high compatibility of K, Rb,
and Ba in phlogopite (and most other K-rich phases),
combined with the absence of K, Rb, and Ba depletions
in the lavas (Fig. 3), suggest that, if present, a significant
proportion of it melts.

Non-modal batch-melting models of lherzolite
enriched by the bulk addition of sediment replicate
the overall incompatible-element composition of the
weakly spiked end-member in Table 2. The best-fit
model (see caption to Fig. 9a, Table 3) requires 8%
non-modal partial melting, in the proportions
OL:Opx:Cpx:Spl:Grt:Phl = 11:17:55:1:1:15, of a lher-
zolite with OL:0Opx:Cpx:Spl:Grt:Phl = 51:19:19:5:4:2 and
an OIB-source composition prior to enrichment through
the addition of 0.4% sediment (partition coefficients in
Table 4). Thus, the composition of the modeled peri-
dotite is a mixture of 99.6% OIB source + 0.4% sediment.

Partial melting models that use a MORB-source
(instead of a OIB-source) that has been enriched
through the addition of sediment do not reproduce the
composition of the weakly spiked end-member. If 0.4%
sediment is added to a MORB-source, then extremely
small amounts of melting (<0.5%) are required to gen-
erate the overall abundances of incompatible elements
of the weakly spiked end-member. The best-fit model
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composition has abundances of Rb, Ba, and K, and a
Cs/Rb value, that are 200 to 400% lower than the weakly
spiked end-member composition, and abundances of
Th, U, and Pb that are 100% too high. Conversely, the
addition of 1.5% sediment is required for 3% partial
melting of a MORB-source mantle. This much sedi-
ment generates modeled melts with Pb abundances, Ce
anomalies and Cs/Rb ratios that are significantly greater
than values observed in the weakly spiked end-member,
whereas modeled Sr abundances are significantly
lower. Thus, the models are unable to reproduce the
compositions of the weakly spiked end-member from a
MORB-source composition, despite the use of either
small degrees of melting or addition of large amounts
of sediment. However, the fact that the weakly spiked
lavas cannot be generated from a MORB-source does
not preclude its presence in the mantle wedge.

The isotopic compositions of the weakly spiked
lavas are consistent with derivation from an OIB-source
peridotite as well. By assuming a reasonable isotopic
composition of the sediment component, the isotopic
composition of the peridotites required to generate the
weakly spiked end-member can be calculated, since
the proportions of Sr, Nd and Pb from peridotite and
sediment are constrained by the models. The average
measured Sr and Nd isotopic composition of Pacific
sediment is given by: 87Sr/%Sr = 0.70976, 3Nd/*Nd
= 0.51234 (Ben Othman ez al. 1989). The average Pb
isotopic composition of Gorda Basin sediment is given
by: 208Pb/2%4Pb = 38.85, 207Ph/2MPh = 15.63, 206Ph/204
Pb = 18.93 (Church 1976). The isotopic composition of
pre-sediment-enriched wedge peridotites calculated
using these values are similar to some OIB worldwide
[37S1/86Sr = 0.7038, 143Nd/1*Nd = 0.51284, 208Pb/204Ph
= 38.58, 207Pb/2%Pb = 15.66 and 206Pb/24Ph = 18.98;
Zindler & Hart (1986), Hart (1988)]. Nevertheless, the
calculated 207Pb/2%4Pb value of the wedge peridotites is
higher than pristine (NHRL-like) oceanic mantle, indi-
cating that the 207Pb/2MPb value assumed for the sedi-
ment is too low. Sediments with higher 207Pb/2“Pb
values have not been observed in the region (Fig. 5),
suggesting that a previous (non-Cascadia) enrichment of
the wedge peridotites by another sedimentary component
with higher 207Pb/2%Pb value may have occurred. This is
consistent with the observation that the geochemical sig-
nature of the sediment does not correlate with the modern
subduction signature [e.g., LILE/HFSE and (St/P)y], nor
vary across the southernmost segment of the arc.

Unlike the weakly spiked end-member, the compo-
sition of the strongly spiked end-member cannot be
reproduced by the sediment-enrichment model, even if
the mineralogy, degree of partial melting, composition
of the peridotite, or amount of sediment is varied
dramatically. This stems from the fact that the addition
of sediment to the wedge peridotites raises the levels of
LILE and LREE of subsequent melts, but cannot generate
the Sr spike nor the Ta-Nb trough observed in the
strongly spiked lavas. Whereas the weakly spiked end-
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member can be derived by partial melting of sediment-
enriched lherzolite with an OIB-source composition,
the generation of the strongly spiked end-member
requires an additional component.

The slab source of the Sr spike

The fact that (St/P)y is inversely correlated with
878r/%6Sr (Fig. 6) indicates that the excess Sr in the
strongly spiked lavas is derived from an unradiogenic
source. Radiogenic sources of Sr, including seawater,
the upper continental crust, and subducted sediments,
can be eliminated on this basis. The fact that the strongly
spiked end-member has a 87Sr/®Sr value of 0.7031
requires that the 87Sr/868r of the excess Sr must be at
least 0.7031. The ¥7Sr/%Sr value required to generate
the average isotopic composition of the Sr spike can be
estimated by assuming that 1) the Sr spikes are generated
completely by the addition of the high-Sr component,
and 2) the strongly spiked lavas are derived from peri-
dotites with &Sr/36Sr similar to the weakly spiked lavas.
(The validity of these assumptions is supported by partial
melting models developed in the following section that
demonstrate that over 80% of the Sr observed in the
strongly spiked end-member is derived from dehydra-
tion of the slab, and that the isotopic composition of
strongly spiked lavas is therefore dominated by the slab
component). If the source of the strongly spiked lavas had
a smooth incompatible-element pattern prior to addition
of the excess Sr, then the 87Sr/%6Sr value of the added Sr
must be approximately 0.7027.

Although it was previously suggested that the peridotite
from which the weakly spiked lavas are derived had an
OIB-source geochemical and isotopic composition, it is
possible that the mantle wedge contains some addi-
tional domains of peridotite (that are not involved in the
magma genesis of the weakly spiked lavas) with
MORB-source compositions and isotopic ratios (Bullen
& Clynne 1990, Clynne 1993). Possible arc sources of
Sr with #7Sr/8Sr near 0.7027 therefore include peri-
dotites with MORB-source compositions and isotopic
ratios in the mantle wedge and the subducted slab.
Although a MORB-source may have $Sr/36Sr that is
low enough to serve as the source of the excess Sr, it
is unlikely that the unradiogenic Sr is derived from the
mantle wedge, since melting of peridotites cannot
significantly separate Sr from P or LREE (e.g.,
Thompson et al. 1984, Sun & McDonough 1989,
McKenzie & O’Nions 1991). Only the subducted
oceanic crust is both unradiogenic enough to provide
the strongly spiked lavas with excess Sr and potentially
be able to fractionate Sr from other incompatible
elements via dehydration or possibly melting reactions.
Furthermore, high concentrations of Sr in the Gorda
Basin and Juan de Fuca basalts (average Sr = 134 ppm;
Hofmann & White 1983, Hegner & Tatsumoto 1987),
combined with continued subduction for tens of
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millions of years, make the subducting slab the largest
potential reservoir of unradiogenic Sr in the arc system.

Modeling the petrogenesis of strongly spiked lavas

The first step of any petrogenetic model for the
strongly spiked lavas is to provide a mechanism to
transport unradiogenic Sr from the subducted oceanic
crust and preferentially enrich it over incompatible
elements such as Nd and P in the source. Both small-
volume partial melts of eclogitic slab, and fluids
released by dehydration of the amphibolitic slab, have
been proposed as the medium by which the slab fluxes
the mantle wedge with incompatible elements, prefer-
entially enriching the wedge in Sr (e.g., Kay 1978,
Stern et al. 1984, Defant & Drummond 1990a, b, Kay
et al. 1991, 1993, Stolper & Newman 1994, Yogodzinski
et al. 1994). The observation that the strongly spiked
lavas are concentrated in the forearc firmly constrains
the enrichment mechanism. Although the young age of
the Juan de Fuca plate and the slow rate of subduction
make the Cascade subduction zone extremely hot, dry
melting of eclogitic rocks is unlikely to be the source of
the Sr spike. Temperatures near 1375°C are required at
the slab—wedge interface to exceed the dry basalt (eclo-
gite) solidus at 80-90 km depth in the forearc (e.g.,
Lambert & Wyllie 1972). Similar or higher temperatures
are therefore expected beneath the arc axis, resulting in
dehydration of the slab—wedge interface. Such high
temperatures beneath the arc axis, however, are not
consistent with the abundance of relatively volatile-rich
magmas in this region or thermal models for the
Cascade subduction zone (Connard et al. 1984, Lewis
et al. 1989, Hyndman & Wang 1993, Peacock 1993).
Furthermore, melts of eclogite (Cpx + Grt) are unlikely
to have both enrichments in Pb and depletions in Ta and
Nb, and therefore cannot produce the geochermical signa-
tures of the strongly spiked lavas.

Fluxing the mantle wedge with volatiles derived
from dehydration reactions in the subducting slab is
the most common mechanism invoked to explain both
the initiation of magmatism in volcanic arcs and the
relatively constant depth of the slab beneath volcanic
fronts worldwide (e.g., Gill 1981). Dehydration experi-
ments and thermal models demonstrate that the transi-
tion from amphibolite to eclogite facies in the slab
normally occurs beneath the forearc (e.g., Gill 1981,
Tatsumi 1989). Experimentally determined phase-
relations (summarized from Davies & Stevenson 1992)
and thermal models for the top of a young (5 Ma)
subducting slab, similar to the slab subducting beneath
the southernmost Cascade arc (Peacock 1993), indicate,
however, that amphibole in the top of the slab will
dehydrate at around 65 km and 1000°C or just west of
the Lassen forearc. Fluid released from dehydration
of amphibole in the slab at relatively shallow depths
may be downdragged deeper into the sub-arc mantle by
corner flow of the wedge peridotites (Tatsumi 1986,
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1989). As a result, fluid is expected to be present in the
Lassen forearc, and may account for the geochemical
signatures of the strongly spiked lavas.

Generation of Sr spikes through the enrichment of
the mantle wedge by slab-derived fluid can be tested
using batch-melting models. The construction of these
models is similar to the non-modal melting models
presented in the previous section, except that the wedge
is assumed to be a mixture of peridotite with a MORB-
source composition, sediment, and slab-derived fluid
that is subsequently melted to produce the magmas (see
caption of Fig. 9b for details of the model). The source
peridotites for the strongly spiked lavas probably have
mineralogical and geochemical affinities with a MORB-
source, which is supported by the presence of high-Mg#
silicates and spinels observed in these lavas (Clynne &
Borg 1997). However, the likely presence of OIB-source
peridotites in the mantle wedge (see above) requires that
the potential role of this source be investigated as well.

The presence of a hydrous phase in the source region
is implied by the fluxing of the mantle wedge in the
forearc with fluids. Experimentally determined phase-
relations demonstrate that pargasitic hornblende is
stable to depths around 85 km and 1175°C in the peri-
dotites of the mantle wedge (Lambert & Wyllie 1972,
Millhollen ez al. 1974, Rapp etal. 1991, Rushmer
1991, Davies & Stevenson 1992, Dunn et al. 1993,
Pawley & Holloway 1993). The fact that lherzolite
xenoliths from Ichinomegata crater in northeastern
Japan commonly contain pargasitic hornblende confirms
both the hydrated nature of at least some sub-arc mantle
and the presence of amphibole (Takahashi 1980, 1986,
Aoki 1971). The steep geotherm beneath the Lassen
region requires that the stability of amphibole in the
mantle wedge be controlled by the amphibole-buffered
peridotite solidus and not by pressure-sensitive dehy-
dration (Davies & Stevenson 1992). In other words,
the P-T path for the down-dragged peridotites just
above the subducting slab intersects the vertical portion
of the amphibole-out curve (see Fig. 6 in Davies &
Stevenson 1992). As a result, amphibole is expected to
be present and participate in melting reactions beneath
the Lassen forearc. The higher temperatures expected at
the slab-wedge interface beneath the arc axis are likely
to confine amphibole to the forearc. As in the previous
models of the weakly spiked end-member, both garnet
and spinel are used to simulate progressive equilibrium
of the melt with first garnet, and then spinel, peridotite
as it rises upward through the mantle wedge. The
proportion of phases modeled in the source is
OlL:Opx:Cpx:Spl:Grt:Amph = 56:12:6:4:7:15, and
is similar to the proportions observed in hydrated
lherzolite xenoliths from Japan (e.g., Lhz 13 has
OL:Opx:Cpx:Spl:Amph = 62:21:6:2:9) by Takahashi
(1980).

Although the fluid derived from the slab is probably
a mixture of both oceanic crust and sediment compo-
nents, the lack of correlation between the geochemical
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signatures of the fluid and sediment [e.g., Cs/Rb and
(St/P)y] in the lavas suggests a previous enrichment
of the mantle wedge by the sediment component
(see above). As a result, addition of sediment and fluid
to the wedge are modeled as independent processes.
The contribution of sediment is again modeled by bulk
addition to the wedge peridotites because the effects of
melting and dehydration in the slab are unconstrained,
but probably minimal for the incompatible elements
used in the models.

The main difficulty with these models is determining
realistic incompatible-element abundances for the
slab-derived fluid. Stolper & Newman (1994) have esti-
mated the composition of the slab-derived fluid compo-
nent in magmas associated with the Mariana trough using
mass-balance techniques, and assumed that the fluid-rich
lavas were derived from a calculated N-MORB source.
The composition of the fluid used in the model presented
here is from Stolper & Newman (1994). Note that Cs, Nb,
Ce, Eu, Hf, Ti, and HREE of the fluids were not estimated
by Stolper & Newman (1994), and are therefore calculated
by assuming that the ratios Cs/Rb, Nb/Ta, Ce/La, Eu/Sm,
Hf/Zr, Ti/Sm, and HREFE/Sm have the same values in the
fluid as in N-MORB. Normalizing these elements to
N-MORB (instead of sediment) does not significantly
change the results of the models, and is probably more
reasonable because in the models a sediment component
is added to the wedge peridotites separately. Although this
fluid may not be directly applicable to the Lassen lavas, it
serves as a first approximation to determine if generation
of the Sr spikes by the addition of slab fluids is reasonable.
‘We note that the fluid is characterized by high Sr and low
Ta and Nb (Fig. 9b, Table 3), and therefore has the appro-
priate overall geochemical signature.

Whereas the amount of fluid is constrained by the
St/LREE value of the strongly spiked end-member, and
the amount of sediment is constrained by the Cs/Rb
value, the composition of the peridotite source is not
known. As a result, models based upon peridotites with
both MORB-source and OIB-source compositions are
constructed. Models based upon MORB-source composi-
tions can reproduce the composition of the strongly spiked
lavas. The best-fit model (Fig. 9b, Table 3) requires 5%
partial melting of peridotites with a composition repre-
sented by a mixture of 99.31% MORB-source + 0.6%
fluid + 0.09% sediment. The peridotite is melted in the
proportions Ol:Opx:Cpx:Spl:Grt:Amph = 5:10:45:1:4:35
(and is modeled to contain Ol:Opx:Cpx:Spl:Grt: Amph
= 56:12:6:4:7:15; see caption of Fig. 9b for details).
The incompatible-element pattern produced by this
mode] closely resembles the pattern observed in the
strongly spiked lavas, and has a large Sr enrichment and
Nb and Ta depletions. The modeled concentration for
most elements is within 15% of the values of the
strongly spiked end-member (Fig. 3, Table 3). Never-
theless, the Sr spikes produced by the models are about
60% lower than the Sr spike of the end-member com-
position. Adding more fluid to the wedge will not pro-
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duce all the Sr enrichment observed in the strongly
spiked end-member because the fluid has lower
St/LREE than the end-member. It is more likely that the
fluid component that is present in the Lassen source-
region has more Sr than the fluid calculated in Mariana
trough magmas. A fluid with about 75% more Sr is
required to reproduce the Sr abundance of the strongly
spiked end-member.

Models based upon an OIB-source composition
and reasonable modes in the source cannot reproduce
the composition of the strongly spiked end-member.
Incompatible-element patterns produced by this model
lack the Sr enrichment and Ta and Nb depletions that
characterize the strongly spiked lavas, even if the
amount of fluid, sediment, and degree of melting are
drastically varied. The only way to generate incompat-
ible element patterns that resemble the pattern of the
strongly spiked lavas is to use a source that contains
very large amounts of amphibole (>55%). It is therefore
unlikely that the strongly spiked lavas are produced by
melting an OIB-source that has been enriched through
the addition of slab components.

Generation of the compositional continuum between
end-member lavas

The good correlation between the Sr spike and Ta
and Nb troughs on normalized spidergrams (Fig. 6)
suggests that the presence of fluid is responsible for the
depletion of Ta and Nb relative to LILE and LREE
observed in the lavas. The partial melting models
generate the Ta and Nb troughs observed in the strongly
spiked lavas through 1) the addition of the high-LILE,
high-REE, low Ta and Nb fluid component, and 2) the
slightly greater compatibility of Ta and Nb in amphi-
bole relative to the other phases postulated to be present
in the mantle wedge (Brenan et al. 1995). Note that the
amphibole (pargasite)-melt partition coefficients for Ta
and Nb that are used in the model are fairly conservative
(KpAmpb/melt = (.2} compared to some other published
values (e.g., KpAmpbinelt — (0,8; Witt-Eickschen & Harte
1994). Although the two mechanisms for the generation
of the Ta and Nb depletions cannot be distinguished,
they may both be required to produce the observed
troughs. If the fluid has (K/Nb)y = 1.0, then the
Kpamphimelt for Nb would have to be very high (near 4),
suggesting that the fluid must be depleted in Nb relative
to LILE and REE. In contrast, if amphibole was not
present in the source region, then the fluid is required
to have Nb concentrations and Nb/K ratios that are
20 times lower than has been postulated by Stolper &
Newman (1994).

The compositions of the strongly spiked lavas are
consistent with a large contribution of slab-derived
fluid and a relatively large proportion of amphibole in
the source, whereas the compositions of the weakly
spiked lavas are successfully modeled by melting peri-
dotite in the absence of both fluid from the slab and
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amphibole in the source. Thus, the compositional
continuum between the strongly and weakly spiked
lavas is likely to reflect the abundance of fluid added to
the mantle wedge from the slab. This is supported by
the fact that the compositions of moderately spiked
lavas with 2.2 < (St/P)y < 3.9 [average (St/P)y = 2.7]
can be modeled with an intermediate amount of fluid
and proportion of amphibole in the source (Fig. 9¢). We
therefore suggest that the variable contribution of fluid
to the mantle wedge produces the varied arc geochemi-
cal signature observed in the Lassen lavas by adding
incompatible elements to the source region of the
magma (producing most notably the Sr spike and much
of the Ta and Nb troughs), and possibly through stabi-
lization of amphibole (which may help to produce the
remainder of the Ta and Nb troughs).

DISCUSSION

In this section, the melting models developed in the
previous section are used to evaluate the sources of
incompatible elements in the lavas. Since the models do
not strongly constrain the trace-element composition of
the peridotite component in the wedge, abundances
of major elements are used to assess whether the range
of incompatible-clement abundances observed in the
lavas is produced by melting of peridotites with varied
compositions, or by varying degrees of melting.

Sources of incompatible elements

The concentrations of incompatible elements
observed in a lava reflect 1) the proportion of slab
(sediment and fluid) and peridotite components
involved in magma genesis, 2) the abundance of incom-
patible elements in these components, 3) the mineralogy
of the source, 4) the degree of partial melting, and
5) differentiation. In the case of the southernmost
Cascades, the slab component has been divided into a
fluid component, which has been added to the wedge in
the current subduction regime, and a sediment compo-
nent, which appears to reflect a previous subduction
event. If we assume the compositions of fluid, sedi-
ment, and peridotite components, our models dictate
the fraction of each individual incompatible element
derived from these three components (Table 5). This
analysis is independent of differentiation, because
differentiation is unlikely to fractionate incompatible
elements from one another. From Table 5, it is apparent
that the primary sources of incompatible elements are
element-specific. The concentrations of some elements
in the lavas, such as Pb and Cs, are strongly dependent
on the proportion of sediment added to the source. This
results from high concentrations of these elements in
sediments relative to the fluid and peridotite compo-
nents. Other elements, such as Sr, Rb, Ba, U, and K, are
preferentially enriched in the fluid component over the
sediment and peridotite components, and are therefore
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TABLE 5. SOURCES OF INCOMPATIBLE ELEMENTS

Sediment- Slab-Fluid
Enrichment Model Enrichment Model I
Peridotite Sediment Fluid Peridotite Sediment
Cs 27 73 72 2 26
Rb 75 25 92 3 5
Ba 83 17 92 3 5
Th 75 25 82 7 11
U 72 28 86 8 6
Nb 96 4 69 29 2
Ta 98 2 68 30 2
K 88 12 91 6 3
La 90 10 78 18 4
Ce 98 2 79 20 1
Pb 41 59 69 18 13
Sr 96 7 83 16 1
Nd 94 6 54 44 2
Sm 96 4 43 56 1
Zr 97 3 47 52 1
Hf 98 2 47 52 1
Eu 97 3 42 57 1
Ti 99 1 36 63 1
Gd 96 4 35 64 1
Yb 97 3 34 65 1

Numbers represent percent derived from fluid, peridotite, and
sediment sources as required by melting models.

primarily derived from the fluid. Finally, elements such
as the heavy-REE and HFSE are in relatively low
concentrations in the sediment and fluid components,
and are mostly derived from the peridotites.

Like the incompatible elements in the southernmost
Cascade lavas, the isotopic composition is determined
by the mixture of fluid, peridotite, and sediment com-
ponents. The isotopic composition of the fluid compo-
nent can be estimated using the proportions of Sr, Nd,
and Pb derived from fluid, MORB-source, and sedi-
ment components as determined by the melting models
for the strongly spiked end-member. This application
requires that the isotopic composition of the sediment and
peridotite be known, however. The fact that 87Sr/%6Sr
negatively correlates with the fluid geochemical signa-
ture [e.g., (S1/P)y] indicates that the Sr isotopic compo-
sition of the fluid is lower than the Sr isotopic
composition of the sediment-enriched MORB-source.
Thus, the peridotite source of the strongly spiked lavas
is similar to MORB-source in terms of its incompatible-
element contents only, but not in terms of its isotopic
composition. If we assume that 1) the isotopic compo-
sitions calculated for the OIB-source peridotites of the
weakly spiked lavas (see above) represent the average
isotopic composition of all the mantle-wedge peri-
dotites, and 2) the isotopic composition of the sedi-
ments is similar to that of the Gorda Basin sediment,
then the isotopic composition of the fluid can be
estimated by mass balance. Its isotopic composition
is estimated to be: 87St/86Sr = 0.7028, “3Nd/**Nd =
0.51307, 28Pb2%Pb = 38.13, X7Pb/2Pb = 15.52, and
206ph/204Ph = 18.69. The calculated Sr, Nd and Pb
isotopic values of the fluid fall within the Juan de Fuca
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MORSB field, and are therefore consistent with deriva-
tion of the fluid from the subducted slab.

From Table 3, it is apparent that the isotopic compo-
sition of the lavas is strongly influenced by the presence
of the fluid component. The geochemical models
require up to 83% of the Sr, 54% of the Nd, and 69%
of the Pb to be derived from the fluid released from the
slab (Table 5). The isotopic composition of arc magmas
derived from fluid-rich sources may therefore be domi-
nated by the fluid component, and only vaguely reflect
either the presence of sediment or the composition of
the wedge peridotites. Thus, increasing the fluid contri-
bution simultaneously raises the Sr spike and gives the
resulting magma a more MORB-like isotopic signature.
Strongly spiked lavas have MORB-like Sr and Pb iso-
topic signatures, but less radiogenic Nd, as a result of
the fact that the slab component is more enriched in Sr
and Pb than Nd. The most strongly spiked lavas, there-
fore, fall to the left of the Sr—Nd mantle array (Fig. 4).

Compositional variability versus partial melting of
the mantle wedge

Although slab-derived fluids have high concentra-
tions of incompatible elements, the strongly spiked
lavas are characterized by lower abundances of most
incompatible elements than the weakly spiked lavas.
The presence of the fluid component, therefore, does
not significantly raise the incompatible-element content
of the strongly spiked lavas. Instead, the observed
inverse correlation between (St/P)y and incompatible-
element abundances (Fig. 6) suggests that the presence
of the slab component results in either greater amounts
of partial melting or melting of more depleted mantle
(e.g., Clynne 1993, Luhr 1993). Although our models
account for the variable incompatible-element contents
of the strongly and weakly spiked lavas by similar
degrees of melting of MORB-and OIB-source peri-
dotites, and are unable to produce both the strongly and
weakly spiked lavas from a single peridotite source,
they do not preclude the possibility that the lavas are
derived from variable degrees of melting of a single
peridotite source that has a composition not considered
in the models. In this section, we use major-element
compositions of the lavas to evaluate the potential for
variable degrees of melting. We confine this discussion
to the major elements, because they are less likely than
trace elements to be controlled by the addition of small
amounts of slab components.

Klein & Langmuir (1987) and Plank & Langmuir
(1988) have compared normalized major-element com-
positions of MORB and arc lavas to the compositions
of experimentally produced melts in order to constrain
chemical and physical conditions in the mantle during
melting. The compositional effects of varying degrees
of partial melting and initial peridotite composition on
the major-element compositions of melts were deter-
mined from experiments on spinel lherzolites by Jaques
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TABLE 6. SUMMARY OF EXPERIMENTAL MELTING RESULTS

Element Decreasingthe  Increasing the  Difference between
degree of partial ertility of spiked- and
melting peridotite unspiked-lavas

Fe no change increase spiked < unspiked
Ti increase increase spiked < unspiked
Na increase increase spiked < unspiked
K increase increase spiked < unspiked
Al increase increase spiked < unspiked
Si decrease decrease spiked > unspiked
Mg decrease decrease spiked > unspiked
Ca decrease little or no change  spiked > unspiked

Summarized from Klein & Langmuir (1987) and experimental data
of Dunn & Stolper (1993), Fujii & Scarfe (1985) and Jaques &
Green (1980).

& Green (1980) and Fujii & Scarfe (1985), and were
summarized in Klein & Langmuir (1987). These data
are presented in Table 6, along with additional experi-
mental data from Dunn ef al. (1993). On the basis of
this summary, lower abundances of Na, K, and Ti, and
higher abundances of Si and Mg in the strongly spiked
lavas, relative to the weakly spiked lavas (Figs. 2, 6),
are in accord with both higher degrees of melting and
lower abundances of incompatible elements in the
source of the strongly spiked lava relative to the source
of the weakly spiked lava. These elements, therefore,
cannot be used to distinguish between the effects of
melting and source composition on magma chemistry.
In contrast, similar Ca contents in the strongly and
weakly spiked lavas (Fig. 2, Table 2) suggest that they
are derived by similar degrees of partial melting (Table 6).
Lack of correlation between CaQO and (St/P)y further
suggests that the presence of fluid does not significantly
affect the degree of melting. This is supported by higher
FeO* of the weakly spiked lavas (Figs. 2, 6), which
cannot result from varying degrees of partial melting
since extents of partial melting will not significantly
alter the abundance of FeO* in the lavas (Table 6).
Instead, FeO* is expected to reflect the FeO* abun-
dance of the peridotites (Klein & Langmuir 1987). The
higher FeO* contents of the weakly spiked lavas rela-
tive to the strongly spiked lavas therefore suggest that the
weakly spiked lavas are derived from a more fertile source
(i.e., OIB-source), with a higher FeO*, and that the
strongly spiked lavas are derived from a more depleted
source (i.e., MORB-source), with a lower FeO*,

Correlations between (S1/P)y and FeO* of primitive
lavas (Fig. 6) suggest that the composition of the source
varies with the amount of fluid component in the
source region. Fluid-rich sources are generally less
fertile (MORB-source) peridotites with low abun-
dances of FeO* and higher-Mg# phases, whereas fluid-
poor sources tend to be more fertile (OIB-source)
peridotites with higher abundances of FeO* and lower-
Mg# phases. This generalization is consistent with
mineral-composition data, which indicate the presence
of more refractory Mg-rich phases in the strongly
spiked lavas (Clynne & Borg 1997). The correlation
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between the amount of fluid in the source and its
inferred relative fertility may reflect the ability of larger
proportions of fluid to promote melting of more
refractory peridotites with higher-Mg# phases.

PETROGENETIC MODEL FOR MAGMATISM IN THE
SOUTHERNMOST CASCADES

The compositional variability of the Lassen lavas
reflects a complex relationship between the proportion
of the slab component and related variations in the
composition of the peridotite component. The strongly
spiked lavas of the forearc region are derived from
peridotites with a MORB-source composition that have
been fluxed by large amounts of slab-derived fluid. The
weakly spiked lavas that erupted along the arc axis and
in the backarc regions are derived by similar degrees of
partial melting of peridotites with a more fertile OIB-
source composition, and have a much smaller fluid-
contributed component. Any petrogenetic model of
magma genesis in the Lassen region must account for
these conclusions by correlating variations in the role of
the fluid component with mineralogical and composi-
tional changes in the wedge peridotites, as required by
the geochemical models. In addition, the petrogenetic
model must provide a mechanism to transport fluid into
the wedge beneath the forearc region, as well as to
account for the steady decrease of the fluid-contributed
geochemical signature toward the backarc.

The proposed model is presented in Figures 10a and
10b. The temperature at the slab-wedge interface is
constrained by Peacock’s (1993) thermal model for the
top of a young (5 Ma) oceanic lithosphere that is slowly
being subducted. The subsolidus breakdown of amphi-
bole in the slab between 40 and 70 km transfers Sr, Pb,
and other incompatible elements to the mantle wedge
via a fluid phase, stabilizing pargasitic amphibole.
Experimentally determined solidi of amphibole-bearing
peridotite intersect the thermal model for the top of the
subducting slab around 1150°C and a depth of about
80 km (Davies & Stevenson 1992). This is consistent
with the depth of the slab beneath the forearc region,
estimated to be 85 km by Guffanti e al. (1990; Fig. 1c).
We therefore propose that melting of amphibole-bearing
peridotites initiates magmatism in the forearc region.

Melts of amphibole-bearing peridotites in the forearc
are characterized by Sr enrichments and Ta and Nb
depletions (reflecting incompatible-element enrichment
by fluids and, possibly, greater compatibility of Ta and
Nb in amphibole). Amphibole in the residuum is rea-
sonable since the amphibole-out reaction is controlled
by temperature and {H,0), rather than pressure, as a
result of the steep geothermal gradient, which intersects
the vertical portion of the amphibole solidus. The abun-
dance of amphibole, combined with relatively small
amounts of melting, initially leave some amphibole in
the residuum beneath the forearc. As the hydrated peri-
dotite is downdragged to greater temperatures and pres-
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Fic. 10. a. Sketch depicting petrogenesis of the Lassen lavas. Slab dip and Moho from Guffanti ef al. (1990), and Stanley et al.

(1990), respectively. Isotherms are estimated based upon thermal models for the top of a young (5 Ma) subducting slab, taken
from Peacock (1993). Circles with numbers represent dehydration and melting reactions. Stability fields of epidote in basalt
(reaction 1), amphibole in basalt (reaction 2), and amphibole in peridotite (reaction 3) are based upon a compromise among
results compiled by Wyllie (1979), Lambert & Wyllie (1972), Green (1973), and BVTP (1981), as suggested by Davies &
Stevenson (1992). Phase relations involving phlogopite determined by Sudo & Tatsumi (1990). Dry basalt solidus for top of
slab (reaction 4) from Green & Ringwood (1968). b. Detail of Fig. 10a. C is crust, L is lithosphere, and A is asthenosphere.
Dehydration of amphibole in the subducting slab hydrates the superjacent mantle to a slab depth of 70 km. The width of the
zone of peridotite hydration is assumed to be approximately 10 km. The introduction of fluids to the wedge peridotite stabilizes
amphibole and phlogopite, and enriches the wedge in incompatible elements, most notably Sr and Pb. The peridotite is
down-dragged beneath the forearc region, where the amphibole peridotite solidus is exceeded at about 1150°C. Melts
generated in the presence of amphibole are characterized by depletions in Ta and Nb (as a result of previous enrichment of
the wedge in a low-Ta and low-Nb fluid-derived component, and the slightly higher compatibility of Ta and Nb in amphibole
compared to other minerals). Progressive dehydration of the amphibole peridotite with depth results in decreasing
fluid-contributed signature from west to east across the arc. As a result, lavas erupted along the main axis of the arc lack the
Sr spikes and Ta and Nb depletions characteristic of lavas erupted in the forearc region. Initiation of volcanism to the east
may result from dehydration of another phase, such as phlogopite, in the hydrated portion of the mantle wedge above the slab.
Depleted peridotites may be relatively abundant in the forearc as a result of corner flow in the mantle wedge, which transfers
asthenosphere depleted through melt extraction in the back arc and arc axis into the forearc.
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sures, and as more melt is extracted from the wedge, the
amount of amphibole in the source decreases. This is
manifest in a less prominent fluid-contributed geo-
chemical signature in the magmas of the arc axis and
backarc. Thus, the Sr spike, as well as the Ta and Nb
troughs, steadily decrease away from the trench.

Geochemical and mineralogical evidence suggests
that the strongly spiked lavas in the forearc are gener-
ated from more depleted mantle than the weakly spiked
lavas erupted in the arc axis (see above; Clynne & Borg
1997). The relative abundance of fluid derived from the
melting of amphibole beneath the forearc may promote
melting of more refractory peridotites, whereas the pau-
city of water beneath the arc axis may prevent melting
of all but the most fertile peridotites. The combined
effects of melt extraction and corner flow in the mantle
wedge may also promote melting of more depleted
mantle in the forearc by producing a greater proportion
of depleted peridotite sources in the forearc relative to
the backarc. Polybaric extraction of melt in the astheno-
sphere beneath the backarc and arc axis depletes the
peridotites in incompatible elements, and results in
more Mg-rich residual phases. Relatively shallow peri-
dotites of the asthenospheric mantle wedge, that have
been previously melted, are transferred into the forearc
superjacent to the slab, where they may undergo a
second stage of melting in the presence of slab-derived
fluid (Fig. 10b). In contrast to the forearc, corner flow
provides a continuous supply of relatively fertile peri-
dotites to the backarc and arc axis. Thus, peridotite
sources beneath the arc axis and backarc may be more
fertile, whereas peridotite sources beneath the forearc
tend to be more depleted.

There is abundant geochemical evidence that the
sub-arc mantle wedge has been enriched through addi-
tion of a sediment-like component. The addition of this
component is likely to be associated with a previous
subduction event because 1) the size of the geochemical
signature attributed to sediment is similar in both
the strongly and weakly spiked lavas, indicating that
the sediment enrichment does not accompany enrich-
ment of modern slab-derived fluids, and 2) Pb isotopic
values of the currently subducting sediment (as well as
crustal rocks) observed in the region are not sufficiently
radiogenic to produce the high 207Pb/2Pb observed in
the weakly spiked lavas. Old sediments with higher
207Ph/204Ph than the modern sediments are, therefore,
likely to be the source of the radiogenic Pb isotopic
signatures of the weakly spiked lavas.

The origin of the elevated oxygen isotopic values
in the Lassen primitive lavas remains an outstanding
problem. The analyses were performed on whole-rock
powders; no data are available on mineral separates.
Although it seems unlikely, it is possible that the
groundmasses of these lavas have interacted with
meteoric water. Another possibility is that the 6'30 of
wedge peridotites have been affected by the addition
of slab-derived fluids. Although recent studies show

THE CANADIAN MINERALOGIST

elevated 880 in fresh to altered oceanic crust (e.g.,
Staudigel et al. 1995), little is known of the processes
of oxygen isotope fractionation in the reactions that
produce the slab fluid. Finally, Harmon & Hoefs (1995)
have suggested that the oxygen isotopic composition of
mantle-derived melts is heterogeneous and may attain
values as high as 8. Thus, it is conceivable that the
elevated 8180 of the Lassen primitive lavas is a primary
feature of their mantle sources.

CONCLUSIONS

The geochemical signatures observed in primitive
lavas erupted from small centers across the southern-
most Cascade arc are produced by the varied contri-
bution of slab-derived fluids to the mantle wedge,
and not by differentiation processes. All lavas have a
prominent sediment-contributed geochemical signa-
ture, which does not correlate with the modern sub-
duction (fluid-contributed) signature, and is
interpreted to reflect enrichment of the mantle wedge
in an older subduction regime. Addition of fluid to
the mantle wedge beneath the forearc stabilizes amphi-
bole, produces enrichments in unradiogenic Sr and
Pb, and depletions in Ta and Nb. High concentrations
of Sr and Pb in the fluid allow it to control the Sr and
Pb isotopic signatures of magmas derived from fluid-
rich sources. The presence of amphibole in the wedge
may contribute to the size of the Ta and Nb deple-
tions observed in the lavas as well, because of the
greater compatibility of these elements in amphibole
relative to other phases likely to be present in the
mantle wedge. Progressive dehydration of the mantle
wedge with depth results in a smaller fluid-contrib-
uted geochemical signature in lavas erupted in the
arc axis and back-arc regions. Higher abundances of
incompatible elements in magmas derived from
fluid-poor sources result from the melting of more
fertile mantle, whereas lower abundances of incom-
patible elements in magmas derived from fluid-rich
sources result from the melting of less fertile mantle.
Thus, the lavas with a limited fluid-contributed geo-
chemical signature are derived from peridotites that
are compositionally similar to an OIB-source, whereas
lavas with a more prominent fluid-contributed geo-
chemical signature are derived from peridotites that
are more similar to a MORB-source. This study illus-
trates the profound influence that slab-derived fluids
can have on 1) major element, trace element, and iso-
topic systematics of arc magmas, 2) the modal miner-
alogy of the source peridotites in the mantle wedge,
and 3) the melting processes in the mantle wedge.
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