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Abstract　　A dak ites are geochem ically dist inct vo lcan ic and p lu ton ic gran ito id rock s found in in traocean ic island arc set t ings
w here relat ively young, ho t ocean ic litho sphere has been subducted and m elted ( term ed“slab m elt ing”) , and in con tinen tal
arcs, such as the A ndes, w here m elt ing has taken p lace at the base of tecton ically2 o r m agm atically2th ickened low er crust
( term ed“low er crustalm elt ing”). In bo th set t ings, the dist inct ive geochem ical signatu re of adak it ic gran ito ids is at t ribu ted to
an o rigin by part ia l m elt ing of a variab ly2hydrated m etabasalt ic p ro to lith at sufficien t dep th s fo r garnet to be stab le w ith in the
residual crystalline assem b lage ( i. e. , residues of garnet2amph ibo lite andöo r eclogite ). O nce generated, “p rist ine”o r
“paren tal”adak ite m elts m ay have their compo sit ion subsequen tly modified by p rocesses of assim ilat ion (of either m an tle o r
con tinen tal m ateria l) and crystal fract ionat ion du ring transpo rt to and emp lacem en t in the m iddle2upper crust. L ate M esozo ic
(early2m id C retaceous, ～ 160- 110M a) adak ites in eastern Ch ina are unusually rich in po tassium (K2O ) and o ther large2ion
lithoph ile elem en ts (e. g. , Ba, T h, U ) , w ith low N a2O öK2O ratio s (～ 1. 0- 1. 1) , in con trast to sodic adak ites, found in
eastern Ch ina and elsew here, w h ich resem ble experim en tal adak ite liqu ids p roduced by dehydrat ion m elt ing of basalt in the
garnet2amph ibo lite to eclogite facies. and w h ich fo rm ed by either slab m elt ing of ocean ic crust, o r by part ia l m elt ing of
b roadly basalt ic, low er crustal p ro to lith s. D esp ite these compo sit ional differences, their overall geochem ical character defines
the po tassic gran ito ids of eastern Ch ina as adak ites. W e attribu te the un ique chem istry of these po tassium 2rich adak ites to
either pecu liarit ies in the compo sit ion of their sou rce, o r to the p rocesses, including assim ilia t ion and fract ional crystallizat ion
(A FC) , that subsequen tly modified paren tal adak ite m agm as. A lthough the apparen t lack of p rox im ity to a subduction zone
suggests that adak ites in eastern Ch ina fo rm ed by part ia l m elt ing of underp lated (m agm atically2th ickened) m afic low er crust,

geodynam ic scenario s invo lving“fla t slab”subduction in eastern Ch ina du ring the Yanshan ian period canno t be ru led ou t.
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摘　要　　A dak ite 在地球化学上具明显特征的火山岩和深成花岗岩类岩石, 见于洋内岛孤环境和大陆孤, 如安底斯孤。在洋

内岛孤, 由热的消减的年轻大洋岩石圈熔融形成 (叫做“板片熔融”) , 而在大陆孤, 熔融曾发生在构造或岩浆加厚的下地壳底

(叫做“下地壳熔融”)。在这两种产状环境中, adak ite 的鲜明地球化学特征被认为是起因于, 一种不同程度含水的变质基性原

岩在足够深度上的部分熔融; 这里的足够深度是指可使石榴子石在残余结晶组合 (即石榴角闪石和ö或榴辉石的残余) 中保持

稳定的深度。“原始”或“母”adak ite 熔体一旦形成, 便可能在其向上运移和侵位到中上地壳期间受到同化作用 (或是地幔, 或是

大陆物质)和结晶分异作用的改造。中国东部晚中生代 (早中白垩世, 160- 110M a) 的 adak ite, 与见于同一地区和其它地方的

钠质 adak ite 相比, 通常富含钾 (K2O )和其它大离子亲石元素 (如Ba、T h、U ) , 有较低的N a2O öK2O 比值 (～ 1. 0- 1. 1) , 类似于
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玄武岩在石榴角闪岩2榴辉岩相含水熔融实验中所产生的 adak ite 熔体, 要么是由洋壳板片熔融所形成, 要么是由不同成分的

玄武质下地壳原岩部分熔融所形成。尽管有这些成分差异, 它们的总体化学特征仍然可将中国东部的富钾花岗岩类岩石定为

adak ite。我们把这些富钾的 adak ite 的独特化学特征, 归因于成分来源的特殊性, 或 adak ite 母岩浆遭受了同化混染和结晶分异

(A FC)作用的改造。虽然中国东部与消减带环境明显不同这一点表明, 那里的 adak ite 可由板块底部侵位的 (岩浆加厚的)镁铁

质下地壳部分熔融所形成, 但燕山运动期间中国东部存在“平坦”俯冲的地球动力学环境是可能被排除的。

关键词　　富钾 adak ite; 实验制约; 中国东部

中图法分类号　　P589. 1; P581; P588. 121

In troduction

Adak ites as slab m elts
Fo r the past decade, the term adak ite has been used to

describe arc2rela ted vo lcan ic and p lu ton ic rock s of andesit ic2
dacit ic compo sit ion, po ssessing dist inct ive geochem ical
characterist ics, including h igh A l2O 3 and N a2O con ten ts,
and h igh L aöYb and SröY ratio s coup led w ith strong
dep let ions in Yb, Y, and h igh2field strength elem en ts
(“H FSE s”, including T i, N b, T a) , suggest ive of an o rigin
by part ia l m elt ing of basalt ic ocean crust w ith in dow ngo ing
slabs of ocean ic litho sphere in subduction zones (D efan t and
D rummond, 1990; D rummond and D efan t, 1991). M any of
these key geochem ical featu res w ere at tribu ted to the
p resence of garnet in the residues of m elt ing, and adak ite
petrogenesis w as view ed as resu lt ing from part ia l m elt ing
accompanying the dehydrat ion of subducted ocean ic crust,
variab ly m etamo rpho sed to a garnet2amph ibo lite andöo r
eclogite facies assem b lage. T hus adak ites occu rring along
convergen t p late boundaries ( in bo th in traocean ic and
con tinen tal arc set t ings) w ere in terp reted to be the p roducts
of “ slab m elt ing ” ( D efan t and D rummond, 1990 ).
N um erical models fo r the therm al regim e in subducting slabs
( Peacock et a l. , 1996; M o lnar and England, 1995 ) ,
how ever, suggested that slab m elt ing w ou ld generally be
restricted to unusually “ho t ” subduction zones, fo r
examp le, tho se associated w ith subduction of an ocean ic
ridge (e. g. , Stern and K illian, 1996; Kay et a l. , 1993) , o r
of very young ocean ic litho sphere ( Sajona et a l. , 1994;
Kepezh inskas et a l. , 1995; M o rris, 1995) ; slow , ob lique
subduction, as in the w estern A leu tian arc (Kay, 1978;
Yogodzin sk i et a l. , 1995) , o r subduction along a “slab
tear”, as in the Kam chatkan arc ( Yogodzin sk i et a l. ,
2001).

T he geochem ical basis fo r the“slab m elt ing”model fo r
adak ite petrogenesis cam e from experim en tal studies that
show ed that 10%～ 30% m elt ing of variab ly2hydrated

M ORB2like basalts at p ressu res of 1 - 4 GPa p roduced
sodium 2rich gran ito id liqu ids that w ere, in term s of their
m ajo r elem en t componen ts, sim ilar to adak ites from a
num ber of con tinen tal and island arc set t ings (e. g. , h igh
SiO 2, A l2O 3 and N a2O con ten ts; N a2O öK2O ratio s > 2. 0;

low M gO and K2O con ten ts, andM g# < 0. 5, w hereM g# =
mo lar [M gö(M g+ Fe) ]) (R app et a l. , 1991; W in ther and
N ew ton, 1991; Sen and D unn, 1994; R app and W atson,

1995; R app , 1995; ). T race elem en t geochem ical featu res
common to adak ites w o rldw ide, including strong
en richm en ts in large2ion lithoph ile elem en ts (L IL E s) , h igh
rat io s of L aöYb and SröY coup led w ith strong relat ive
dep let ions in heavy rare2earth elem en ts (HR EE ) , Y, and
h igh field2strength elem en ts (H FSE s, e. g. , T i, N b and
T a ) w ere, as a consequence, exp licab le in term s of
equ ilib rat ion betw een adak ite liqu ids and garnet2bearing
crystalline residues (eclogite o r garnet amph ibo lite, w ith o r
w ithou t m ino r phases such as quartz o r p lagioclase) ; the
p resence of accesso ry t itanate phases, such as sphene o r
ru t ile, are requ ired to impart the strong relat ive dep let ion in
H FSE s observed in adak ites.

A lthough compo sit ionally “p rist ine ” adak ites w ere
described from som e subduction zones (e. g. , SW Japan,
M o rris, 1995; w estern Panam a, D efan t et a l. , 1991) , in
o ther cases, adak ite m agm as fo rm ed by slab m elt ing appear
to have undergone variab le ex ten ts of in teract ion w ith rock s
w ith in the m an tle w edge and low er arc crust (e. g. , in the
sou thern A ndes, Stern and K illian, 1996 and Kay et a l. ,
1993; in the A leu tians, the type2locality, Kay, 1978; and in
the Ph ilipp ines, Sajona et a l. , 1994) , w ith the effects of
these in teract ions m an ifested in the geochem ical and iso top ic
at tribu tes of“hybridized”adak ites. T race elem en t analyses
of “p rist ine ” and “m antle2hybridized ” adak it ic liqu ids
p roduced in labo rato ry experim en ts at 3～ 4 GPa (R app et

a l. , 1999; th is study ) confirm the general legit im acy of
petro logic models fo r adak ite petrogenesis that begin w ith
part ia l m elt ing of a hydrous, m afic ( i. e. , basalt ic) p ro to lith
in the garnet2amph ibo lite to eclogite facies. L im ited
in teract ion w ith perido tite in the overlying m an tle w edge
p roduces M g2rich, hyb ridized liqu ids w h ich retain the
characterist ic“adak it ic”geochem ical signatu re.

Adak ites as crusta l m elts

A n alternat ive to the slab m elt ing model fo r adak ite
petrogenesis w as p ropo sed by A therton and Petfo rd (1993) ,
to exp lain the o rigin of N a2rich p lu ton ic and vo lcan ic
gran ito ids ( i. e. , ign im brites, quatz dio rites and tonalites)

from the Co rdillera B lanca comp lex in the A ndes of NW
Peru. A t the t im e of adak ite m agm atism , the subducting
slab at the trench ( the N azca P late) w as 55～ 65 M yr o ld,
and therefo re p resum ab ly“too o ld and too co ld”to undergo
m elt ing; in stead, it w as suggested that the Co rdillera B lanca
gran ito ids w ere the p roducts of part ia l m elt ing of m afic
low er crust at the base of the m agm atically2th ickened keel
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of the A ndes (A therton and Petfo rd, 1993; Petfo rd and
A therton, 1996) , sim ilar to the model pu t fo rth by Sm ith
and L eem an, (1987) fo r the petrogenesis of N a2rich dacites
at M t. St. H elens in the Cascade R ange of N o rth Am erica.
A dak ite2like rock s from Sou th Island, N ew Zealand (M uir et

a l. , 1995 ) , the A n tarct ic Pen in su la (W areham et a l. ,
1997) , and the K lam ath M oun tain s of Califo rn ia and O regon
(Barnes et a l. , 1992; 1996) w ere subsequen tly in terp reted
as the p roducts of part ia l m elt ing of m afic low er crust,
fo rm ed in response to crustal th icken ing ach ieved th rough
underp lat ing of m an tle2derived m afic m agm as (emp laced at
the base of the ex ist ing arc crust ). It w as argued that
disp lacem en t of th is over2th ickened“keel”of m afic cru st to
dep th s sufficien t fo r garnet stab ility had led to part ia l
m elt ing at tendan t to dehydrat ion, and adak ite m agm atism.
R ecen t num erical models suggest that the app rop ria te P 2T

condit ions can be ach ieved fo r part ia l m elt ing of underp lated
“m afic low er (arc) cru st”to take p lace, generat ing adak ite
paren t m agm as w ith m ixed m an tle2 and crustal2like
geochem ical and iso top ic signatu res (Petfo rd and Gallagher,
2001).

In term ediate2felsic vo lcan ic and p lu ton ic rock s of la te2
C reataceous age (160 - 110 M yr o ld) from eastern Ch ina
po ssess all of the characterist ic geochem ical at t ribu tes of
adak ites, including h igh SiO 2 and A l2O 3 con ten ts and h igh
L aöYb and SröY ratio s, and strong relat ive dep let ions in the
HR EE s, Y, and H FSE. Yet m any of the adak ites in eastern
Ch ina are dist inct ly mo re po tassic than typ ical sodium 2rich
adak ites associated w ith subduction, w ith N a2O öK2O ratio s
clo se to 1 ( see Pan et a l. , 2001; W ang and Zhang, 2001;
W ang et a l. , 2001; Zhang et a l. , 2001) , and they are
generally mo re po tassic than the mo re typ ically sodic
adak ites from the Cascades, A n tarct ica, and the A ndes.
T he “adak ite2like”o r “adak it ic”gran ito ids w h ich occu r
th roughou t eastern Ch ina have been term ed con tinen tal o r
“C2type”adak ites ( Zhang et a l. , 2001 ) , because they
appear to lack any tempo ral o r spat ia l associat ion w ith
subduction, and a low er crustal m elt ing o rigin has been
p ropo sed. (W ang and Zhang, 2001; Pan et a l. , 2001;
W ang et a l. , 2001). “C2type”adak ites are con trasted w ith
mo re sodic“ocean ic”o r“O 2type”adak ites (w ith N a2O öK2O
ratio s > 2. 0) po ssessing a clear associat ion w ith subduction
(e. g. , Xu et a l. , 2000; Xu et a l. , 2001). If the po tassium 2
rich adak ites of eastern Ch ina are also derived by part ia l
m elt ing of a garnet2bearing, hydrous m afic sou rce, then
their compo sit ional differences w ith“O 2type”adak ites m ust
be due either to differences in the sou rce, o r in the p rocesses
(e. g. , assim ilat ion and fract ional crystallizat ion; A FC) that
subsequen tly modified the compo sit ion of “p rist ine ”o r
paren tal adak ite m agm as. M elt ing experim en ts on hydrous
basalt p rovide a geochem ical reference po in t from w h ich the
geochem ical effects of m elt2rock react ion, w all rock
assim ilat ion, and in tracru stal fract ionat ion on adak ite
compo sit ion can be assessed.

Rev iew of Exper im en ta l Stud ies

W hether fo rm ed by slab m elt ing o r low er crustal

m elt ing, a num ber of facto rs w ill con tro l the compo sit ion of
“paren tal”adak ite m agm as. T hese include ( 1) the bu lk
compo sit ion of the sou rce basalt, ( 2 ) the p ressu re2
temperatu re condit ions of m elt ing, and ( 3 ) the exact
m ineralogy of the crystalline residue, especially the p resence
o r absence of m ino r and accesso ry phases (e. g. , ru t ile,
zircon, o r apat ite) that can strongly affect the distribu t ion of
certa in trace elem en ts.

Basa lt com position s used in m elting exper im en ts

A variety of bo th natu ral and syn thet ic start ing
m ateria ls have been used to study theh igh2p ressu re m elt ing
behavio r of hydrous basalt (T ab le 1). R app et a l. (1991)

and R app and W atson ( 1995 ) conducted m elt ing
experim en ts at 0. 8 - 3. 2 GPa and 1000℃- 1150℃ on fou r
differen t natu ral amph ibo lites compo sit ionally rep resen tat ive
of variab ly altered and m etamo rpho sed M ORB. Po tassium
con ten t in these start ing m ateria ls ranges from < 0. 1 w t%
to 0. 8 w t% K2O , and A l2O 3 con ten ts range from 14. 2 w t%
to 17. 0 w t% (T ab le 1). A dak it ic liqu ids w ere p roduced by
dehydrat ion m elt ing react ions invo lving hydrous m inerals
(p rim arily amph ibo le) w ho se b reakdow n p roduces silica2rich
liqu ids at rela t ively low 2 to moderate2degrees of m elt ing.
D ehydrat ion m elt ing experim en ts w ere also conducted by
Sen and D unn (1994) at 1. 5 and 2. 0 GPa, temperatu res
betw een 800 and 1150℃, u sing a natu ral h igh2K
amph ibo lit ic basalt as start ing m ateria l ( T ab le 1 ) , and
W in ther and N ew ton (1991) conducted m elt ing experim en ts
over a range of p ressu res (0. 5- 3. 0 GPa) and temperatu res
(850℃- 1000℃) , u sing tw o differen t low 2K tho leiites (one
a natu ral h igh2A l basalt, and the o ther a syn thet ic low 2A l
basalt rep resen ting “average A rchean tho leiite ”) and
variab le amoun ts of w ater (from < 1. 0 % to 15% H 2O ).

D esp ite the fact that the various start ing m ateria ls u sed
in these experim en tal studies po ssessed a b road range in K2O
(0. 1- 0. 8 w t% ) , N a2O (2. 2- 4. 3 w t% ) , and A l2O 3 (14. 2
- 19. 3 w t% ) con ten ts, and h igh ly variab le N a2O öK2O (3
- 28) , they all p roduced N a2rich gran ito id liqu ids clo sely
comparab le to natu ral adak ite by low 2 to moderate2degrees
of m elt ing (～ 10 - 30% by w eigh t ) , leaving generally
eclogit ic crystalline residues. N o te how ever, that the N a2O ö
K2O ratio of average basalt from Ch ina is m uch low er than
any of the start ing m ateria ls u sed in the basalt m elt ing
experim en ts, w ith a K2O con ten t (2. 51 w t% ) m uch h igher
than the w o rldw ide average (1. 10 w t% ).

M elting phase rela tion s of hydrous basa lt to 5 GPa

T he m elt ing phase diagram fo r hydrous basalt (F ig. 1)

rep resen t a compo site constructed from the resu lts of a
num ber of experim en tal studies, on bo th natu ral and
syn thet ic start ing m ateria ls, and w ith variab le amoun ts of
w ater p resen t. Several of these studies focused on sub2
so lidus phase relat ions and the stab ility lim its of impo rtan t
hydrous m inerals, such as amph ibo le, law son ite, zo isite and
clinozo isite, and phengite ( Po li and Schm idt, 1995;
Schm idt, 1996; Kerrick and Conno lly, 2001; L opez and
Castro, 2001). T he actual po sit ion of the so lidus fo r a given
bu lk compo sit ion w ill be determ ined by the fo rm and
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F ig. 1　Compo site phase diagram fo r basalt2H 2O , w ith P 2T locations of m eltingexperim ents in w h ich adak it ic gran ito id liqu ids w ere fo rm ed
(see references in tex t) , the w ater2saturated o r“w et basalt”so lidus and the w ater2absen t o r dehydration m elting so lidus, and m ajo r phase
boundaries fo r garnet and hydrous m inerals. A t p ressures less than 3. 5 GPa, liqu ids fo rm ed by very low degrees of m elt ing (< 10% ) near
the so lidus have low N a2O öK2O ratio s (< 1. 5) ; adak it ic liqu ids w ith h igher N a2O öK2O ratio s fo rm at h igher temperatures and greater
degrees of m elt ing (10230% ). A t h igher p ressures (> 3. 5 GPa) , gran ito id liqu ids fo rm ed by low 2 to moderate2degrees of m elt ing po ssess
h igh SiO 2 and K2O conten ts, very low N a2O öK2O ratio s, and low A l2O 3 conten ts ( see T able 2)

T ab le 1　M ajo r2elem en t ox ide compo sit ion of start ing m ateria l in m elt ing experim en ts on hydrous basalts (w t% )

basalt 1 2 3 4 5 6 7 8

SiO 2 51. 19 48. 60 48. 30 47. 60 48. 20 49. 20 47. 09 48. 28

T iO 2 1. 18 2. 06 0. 72 1. 19 0. 85 1. 19 1. 23 2. 21

A l2O 3 16. 62 17. 03 15. 30 14. 18 19. 30 15. 60 15. 07 14. 99

FeO 3 11. 32 10. 69 10. 70 13. 77 8. 94 13. 60 13. 20 11. 13

M nO 0. 23 0. 21 0. 19 0. 19 0. 11 0. 15 0. 26 0. 20

M gO 6. 59 6. 07 8. 40 6. 86 8. 72 6. 89 8. 29 7. 00

CaO 5. 49 9. 66 12. 60 10. 99 10. 50 10. 80 11. 33 8. 07

N a2O 4. 33 3. 30 2. 27 2. 56 3. 11 2. 35 2. 52 3. 40

K2O 0. 82 0. 21 0. 08 0. 19 0. 39 0. 26 0. 80 2. 51

availab ility of w ater in the sou rce; if a free hydrous flu id
phase is p resen t, then the sou rce can be considered to be
“fu lly hydrated”, and m elt ing w ill comm ence at the“w et
basalt”so lidus. If no free flu id phase is p resen t, a ll w ater
w ill be bound in hydrous m inerals, and m elt ing w ill
comm ence at the“flu id2absen t”so lidus th rough dehydrat ion
m elt ing react ions invo lving amph ibo le, zo isite, and o ther
w ater2bearing phases. T he so lidus fo r dehydrat ion m elt ing
occu rs at som ew hat h igher temperatu res than the w ater2
satu rated o r w et basalt so lidus, w ith its exact locat ion being

determ ined by the relat ive degree of hydrat ion of the sou rce,
and the p ropo rt ion of hydrous phases p resen t (L opez and
Castro, 2001; V ielzeuf and Schm idt, 2001).

M elt com position s a t 1- 4 GPa

A lso show n in F ig. 1 are the P 2T locat ions of
experim en ts in w h ich gran ito id m elts ( that is, liqu id
compo sit ions that con tain mo re than 10% quartz in a C IPW
no rm ative calcu lat ion) w ere repo rted (W in ther and N ew ton,
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1991; Sen and D unn, 1994; R app and W atson, 1995 ).
T hese experim en ts w ere generally conducted under flu id2
absen t condit ions, w here m elt ing p roceeds via dehydrat ion
react ions invo lving hydrous phases, p rim arily amph ibo le.
Because po tassium and the L IL E s behave generally as h igh ly
incompatib le elem en ts du ring part ia l m elt ing, the mo st
po tassic liqu ids, tho se richest in L IL E s, w ill fo rm at the
low est degrees of m elt ing, nearest the so lidus, and liqu ids
fo rm ed by p rogressively h igher degrees of m elt ing w ill be
less po tassic and increasingly dilu te w ith respect to the
L IL E s. Part ia l m elts fo rm ed by very low 2degrees of m elt ing
( < 10% ) , w ill thus be mo re po tassic, w ith low er N a2O ö
K2O ratio s (0. 9- 1. 2) , than their sodium 2rich coun terparts
(N a2O öK2O > 1. 5 - 2. 0) , fo rm ed at sligh t ly h igher
temperatu res and h igher degrees of m elt ing (10- 30 w t% ).
T he amoun t of K2O in the m elt a t a given degree of m elt ing
also appears to increase w ith increasing p ressu re (W in ther
and N ew ton, 1991) , so that 20% m elt ing at 3. 8 GPa
p roduces a mo re po tassic liqu id than 20% m elt ing of the
sam e basalt a t 1. 8 GPa (see T ab le 1). T he low est degrees
of m elt ing shou ld also p roduce liqu ids w ith the h ighest SröY
and L aöYb ratio s.

T he amph ibo le2ou t phase boundary exerts strong
con tro l over the alum ina satu rat ion index (A S I, o r A öCN K
= mo lar A l2O 3ö(CaO + N a2O + K2O ) ) of the part ia l m elt,
such that m etalum inous adak it ic liqu ids ( i. e. , A öCN K
< 1. 0- 1. 1 ) are on ly p roduced clo se to o r beyond th is
boundary (R app , 1995 ). M o st adak ites, w hether in a
subduction zone o r low er crustal set t ing, are m etalum inous,
and therefo re they p robab ly fo rm ed at temperatu res at w h ich
residual amph ibo le w as either a m ino r phase, o r no t p resen t
at a ll, and an eclogit ic phase assem blage ( garnet and
clinopyroxene) w as p redom inan t. In th is regard, w e no te
that mo st of the adak ites from eastern Ch ina po ssess
A öCN K ratio s less than 1. 1 (Zhang et a l. , 2001).

Geochem ica l Com par ison s w ith C- type
Adak ites

　 　 Geochem ical comparisons betw een the experim en tal
adak it ic liqu ids, adak ites from eastern Ch ina, and adak ites
fo rm ed either by slab m elt ing o r low er crustal m elt ing of
subducted slabs reveal impo rtan t sim ilarit ies and
differences, as ou tlined below , p roviding som e in it ia l
constra in ts on the petrogenesis of the compo sit ionally2
dist inct ive po tassic adak ites .

M ajor-elem en t com par ison s

L ike “p rist ine”adak it ic liqu ids in the basalt m elt ing
experim en ts, po tassic adak ites are typ ified by h igh SiO 2 and
A l2O 3 con ten ts, M g# ’s less than 40- 45 (w hereM g# = 100
x mo lar (M gö[M g + Fe ]) ) , and A öCN K ratio s generally
< 1. 0- 1. 1. A dak ites rela ted to slab m elt ing often have
h igher M g# ’s at low er SiO 2 con ten ts, and A öCN K ratio s
less than 1. 0, reflect ing varying ex ten ts of in teract ion w ith
perido tite in the overlying m an tle w edge, bu t trace elem en t
abundance pattern s rem ain largely unaffected (see discussion
in R app et a l. , 1999, and Sm ith ies, 2001 ). C lear

dist inct ions can therefo re be m ade betw een relat ively
“p rist ine”and“m antle2hybridized”adak it ic m agm as, and
although it is p rem atu re to call po tassic adak ites“p rist ine”,
it seem s clear that they have experienced lit t le in teract ion
w ith a m an tle componen t (as at tested to by their low M g# ’s
and low C r and N i con ten ts). A s show n by W ang et a l.
(2001) and Zhang andW ang (2001) , the p rim ary difference,
in term s of m ajo r2elem en ts, betw een po tassic adak ite (C2
type ) and sodic adak ite (O 2type ) is that the fo rm er is
characterized by h igher K2O con ten ts and low er N a2O öK2O
ratio s over a comparab le range of SiO 2 con ten ts (60 - 73
w t% ). W hen p lo t ted on a ternary feldspar (A b2A n2O r )

diagram , po tassic adak ites fall clo se to o r w ith in the
granodio rite and gran ite fields, rela t ive to the mo re typ ically
tonalit ic2t rondh jem it ic compo sit ions of sodic adak ites, as
w ell as mo st experim en tal adak ite liqu ids (R app et a l. ,
1991; W in ther and N ew ton, 1991; Sen and D unn, 1994) ,
w ith the excep tion of tho se p roduced from very low degrees
of m elt ing ( i. e. , < 10 w t% ).

Trace elem en t com par ison s

T race2elem en t data fo r experim en tal liqu ids is rela t ively
scarce; ion m icrop robe data has been pub lished fo r adak it ic
liqu ids p roduced at 1 - 3 GPa (analyzing several samp les
from R app and W atson, 1995) , and bo th “p rist ine”and
“m antle2hybridized adak it ic liqu ids at 3 - 4 GPa (R app et

a l. , 1999 ). T h is data is com bined w ith ddit ional
unpub lished data (R app and Sh im izu, in p rep. ) in m ak ing
trace elem en t comparisons betw een experim en tal adak it ic
liqu ids, po tassium 2rich adak ites from Ch ina, and N a2
gran ito ids of the Co rdillera B lanca batho lith ( to typ ify
adak ites derived by part ia l m elt ing of th ickened crust ).
P lo ts of L aöYb versus Yb and SröY and Y w ere first u sed
by M art in ( 1987) and D efan t and D rummond ( 1990) to
discrim inate adak ites and their A rchean analogues (T T G)

from no rm al calc2alkaline andesite2dacite2rhyo lite vo lcan ics.
M an tle2no rm alized trace elem en t abundance pattern s fo r
liqu ids fo rm ed at 3- 4 GPa, from m elt ing of tw o differen t
basalts, and taken to be rep resen tat ive of p rist ine adak ite
(unpub lished data of R app and Sh im izu) , are used to m ake
b roader geochem ical comparisons.
S röY versus Y and L aöY b versus Y b

A relat ively b road distribu t ion is observed in L aöYb
versus Yb (F ig. 2a) of the experim en tal adak ites, a resu lt of
variab le degrees of part ia l m elt ing, at differen t P2T
condit ions, and differen t basalt ic start ing m ateria ls, bu t the
overall fract ionat ion of L a from Yb coup led w ith the relat ive
dep let ion in Yb is obvious. Sim ilar to o ther adak ites,
associated w ith subduction, O 2type adak ites from
Ch inashow variab le bu t som ew hat less p ronounced
fract ionat ion of L a from Yb, w ith comparab le dep let ion in
Yb. In con trast, C2type adak ites show mo re h igh ly
variab le, and in som e cases ex trem e, degrees of R EE
fract ionat ion and Yb dep let ion ( comparab le to the range
seen in the experim en tal m elts ). In term ediate and felsic
samp les (tonalites and sodic ign im brites) from the Co rdillera
B lanca are distribu ted over a range comparab le to the
experim en tal m elts and C2type adak ites.
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F ig. 2　L aöYb versus Yb (a) and SröY versus Y (b) fo r: experim ental m elts at 1- 4 GPa (samp les of Rapp and W atson (1995) and Rapp
et a l. (1999) ; “no rm al”sodic adak ites from eastern and central Ch ina (data of L i et a l. , 2001; W ang and Zhang, 2001; X iaong et a l. ,
2001; Xu et a l. , 2000, 2001; Zhang et a l. , 2001) , po tassic adak ites from eastern Ch ina (data of Pan et a l. , 2001; W ang and Zhang, 2001;
W ang et a l. , 2001; Zhang et a l. , 2001) , and tonalites and quartz dio rites, and leucogranodio rites from the Co rdillera B lanca batho lith
( squares w ith cro ss, data of A therton and Petfo rd, 1993; Petfo rd and A therton, 1994)

F ig. 3　T race2elem ent abundance patterns, no rm alized to p rim itive m antle (Sun and M cDonough, 1989) fo r experim ental adak ite m elts of
basalt # 1 at 3. 8 and # 2 at 3. 5 GPa (Rapp andW atson, 1995; Rapp et a l. , 1999) , coex ist ing w ith ru tile2bearing eclogite residues. Sim ilar
patterns are observed in adak ite m elts from low er p ressure experim ents at 1- 3 GPa (data of T able 2 and unpublished data of Rapp and
Sh im izu). Show n fo r comparison are the patterns fo r po tassium 2rich adak ites from eastern Ch ina (data of W ang et a l. , 2001; samp les DBS
1019 and DBS JZ05) ; Pan et a l. , 2001; samp le 217421) ; Zhang et a l. , 2001; samp le 134a) , and tonalites and quartz dio rites from the
Co rdillera B lanca batho lith, NW Peru (Petfo rd and A therton, 1996)
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　　N o clear dist inct ions are apparen t betw een these data
sets in term s of SröY versus Y (F ig. 2b ) , w ith adak ites
from m elt ing experim en ts, eastern Ch ina and the Peruvian
A ndes all show ing the sam e general distribu t ion trend, that
of increasing fract ionat ion of Sr from Y, coup led w ith
decreasing Y concen trat ions. Based on the experim en tal
samp les, the range in the distribu t ion of the data fo r the
natu ral adak ites is at t ribu tab le to a com binat ion of facto rs,
including variab le degrees of m elt ing, at various P2T
condit ions, of compo sit ionally variab le yet b roadly basalt ic
sou rces.

M antle2norm aliz ed trace elem en t abund ance p a tterns

T he overall distribu t ion of trace elem en ts du ring part ia l
m elt ing is con tro lled by m ineral2m elt part it ion coefficien ts
fo r adak ite liqu ids and crystalline phases p resen t in the
residue of m elt ing (dom inan tly garnet, clinopyroxene, and
ru t ile at p ressu res above 2 GPa). T he characterist ic trace
elem en t signatu re of adak ite is dist ingu ished by an overall
en richm en t in large ion2lithoph ile elem en ts ( including Ba,
T h, U , K, L R EE s, Sr) , and strong dep let ions in H FSE s
( e. g. , N b, T i) and the HR EE s and Y (D efan t and

D rummond, 1990; Kay et a l. , 1993). T hese featu res are
the consequence of equ ilib rat ion betw een adak ite m elts and
eclogit ic residues con tain ing ru t ile, typ ify adak ite liqu ids in
equ ilib rium w ith eclogit ic residues at 1. 2- 3. 8 GPa, and are
exemp lified by the m an tle2no rm alized trace2elem en t
abundance pattern s ( sp idergram s ) fo r tw o liqu ids from
m elt ing experim en ts at 3- 4 GPa (F ig. 3). Pat tern s fo r C2
type adak ites from eastern Ch ina (data from Pan et a l. ,
2001; W ang and Zhang, 2001; W ang et a l. , 2001) show
clo se sim ilarit ies to the experim en tal m elts, w ith general
en richm en t in L IL E s, sharp ly negative N b2anom alies,
strong dep let ions in HR EE s and Y, and variab le rela t ive
dep let ion in T i. T he Ch inese adak ites, how ever, are
dist ingu ished by L R EE and L IL E abundances that are as
h igh o r h igher than liqu ids fo rm ed at 3. 8 GPa from the mo st
po tassic basalt from T ab le 1; Ba, T h and K abundances are
especially h igh in the Ch inese samp les. Po tassic adak ites
have h igher abundances of L R EE s (L a and Ce) , M R EE (N d
and Sm ) , T h and Ba, and low er U , w hen compared to
tonalites and lueco tonalites from the Co rdillera B lanca.
Sim ilar comparisons w ith o ther N a2gran ito ids ( i. e. ,
adak ites) in terp reted as low er crustal m elts reveal sim ilar
compo sit ional con trasts w ith the po tassic adak ites.

N evertheless, the trace2elem en t abundance pattern s in
F ig. 3 do strongly suggest that all these samp les are rela ted
in the sense that they o riginated by part ia l m elt ing of
hydrous, garnet2bearing m etabasalt, and the adak ite
geochem ical signatu re w as imparted th rough m ineral2m elt
part it ion ing w ith the residual phase assem blage (garnet +
clinopyroxene).

D iscuss ion

Po tassium 2rich adak ites from eastern Ch ina appear to
be compo sit ionally un ique among gran ito ids po ssessing the
adak ite geochem ical signatu re and in terp reted as low er
crustal m elts. Sim ilarit ies betw een the m ajo r2 and trace2

elem en t characterist ics of adak ites from eastern Ch ina and
experim en tal m elts clearly indicate an o rigin by dehydrat ion
m elt ing of garnet2bearing m etabasalt. T he m etalum inous A ö
CN K ratio s (～ 1. 0- 1. 1) and un ifo rm ly low M g# ’s ( less
than 40- 45) of the Ch inese adak ites suggest the fo llow ing,
respect ively: (1) amph ibo le w as absen t o r a m ino r phase in
the residue of m elt ing, and thus temperatu res app roached o r
exceeded the amph ibo le2ou t phase boundary (～ 1000℃ at 2
GPa) , and ( 2) the paren tal adak ite m agm as had lim ited
in teract ion w ith m an tle ( perido tit ic ) assem b lages. A t
p ressu res above 1. 5- 2. 0 GPa, sphene andöo r ru t ile p lay a
crucial ro le in effect ing the sharp negative anom alies in N b,
T i and o ther H FSE s apparen t in F igu re 3.

L iqu ids p roduced at p ressu res above 4 GPa (T ab le 2
and F ig. 1) have very low N a2O öK2O ratio s (～ 0. 5) , bu t
their A l2O 3 con ten ts are m uch low er than tho se of the
po tassic adak ites, and imp lied crustal th icknesses are
un realist ic (> 150 km ). Po tassium 2rich gran ito ids fo rm ed
at sligh t ly low er p ressu re (3. 5 - 3. 8 GPa; see T ab le 2)

co rrespond mo re clo sely to C2type adak ites in term s of
N a2O öK2O ratio s and A l2O 3 con ten ts, bu t w ou ld st ill
requ ire cru stal th icknesses in excess of 120 km. V ery low
degrees of m elt ing at p ressu res of 1- 3. 5 GPa (40- 120 km
dep th) can p roduce h igh2po tassium liqu ids, bu t these liqu ids
po ssess A öCN K ratio s that are too h igh (< 1. 1- 1. 2) and
A l2O 3 concnetrat ions that are too low to co rrespond to mo st
adak ites. Fu rthermo re, such m elts w ou ld also be expected
to have the h ighest L aöYb and SröY ratio s, due to the
part it ion ing effects of residual eclogit ic phases, yet there is
no obvious co rrela t ion betw een L aöYb o r SröY on the one
hand, and N a2O öK2O ratio s on the o ther. A nd adak ites
w ith low N a2O öK2O ratio s occu r over a range of SiO 2

con ten ts, ra ther than at un ifo rm ly h igh SiO 2, w h ich w ou ld
be expected fo r very low 2degree part ia l m elts.

M o re likely, the compo sit ional dist inct iveness of
po tassic adak ites is either at tribu tab le to a basalt ic sou rce
that is unusually en riched in po tassium and o ther L IL E s, o r
to the effects of assim ilat ion of in term ediate litho logies in
the low er2m idddle crust. Iso top ic studies clearly indicate
som e level of cru stal invo lvem en t in eastern Ch ina, bu t
adak ites from the A ndean A ustral V o lcan ic Zone w h ich
show iso top ic evidence fo r sign ifican t in teract ion w ith the
sub2arc crust (e. g. , Bu rney and R eclu s vo lcanoes; K illian
and Stern, 1996) st ill have“no rm al”, adak it ic, N a2O öK2O
ratio s ( 3 - 5) , and sign ifican tly low er L IL E abundances
than the po tassic adak ites of eastern Ch ina.

T hese considerat ions lead us to believe that the
geochem ical pecu liarit ies that dist ingu ish po tassium 2rich
adak ites arise from som e un ique aspect of either their
sou rce, o r the low er crustal m ateria l w ith w h ich they
in teracted. Po tassium 2rich sho shon ites w ith h igh L IL E
abundances (e. g. , Ba, T h, U , L R EE s) , erup ted in eastern
Ch ina in the early C retaceous (W ang and Zhang, 2001)

at test to m an tle act ivity and suggest a po ssib le“en riched”
sou rce fo r the C2type adak ites that fo llow ed upon m agm atic
underp lat ing and crustal overth icken ing. A lternat ively,
assim ilat ion of compo sit ionally in term ediate granu lit ic
litho logies in the m iddle to low er crust (T aylo r and

992R app R P et a l. : 中国东部富钾埃达克岩成因的实验约束



T ab le 2　M ajo r2elem en t compo sit ions of near2so lidus m elts from 3. 8 to 5 GPa

P (GPa) 1. 8 3. 2 3. 8 3. 8 3. 8 3. 8 5. 0 5. 0

T emp (℃) 1000 1100 1000 1100 1200 1000 1100 1200

O xide (w t% )

SiO 2 67. 88 65. 93 71. 10 67. 52 66. 61 73. 15 67. 20 69. 29

T iO 2 0. 49 1. 31 0. 79 1. 72 1. 88 0. 68 1. 78 2. 19

A l2O 3 18. 01 17. 55 14. 43 17. 60 13. 84 14. 68 12. 01 11. 58

FeO 3 2. 27 3. 15 1. 16 3. 45 3. 68 1. 33 4. 02 4. 13

M nO 0. 24 0. 12 0. 02 0. 07 0. 04 0. 03 0. 05 0. 06

M gO 1. 49 1. 02 0. 43 1. 53 1. 48 0. 67 1. 65 1. 84

CaO 1. 25 1. 47 1. 36 2. 55 2. 42 2. 98 3. 37 2. 56

N a2O 6. 47 6. 72 3. 12 5. 12 5. 98 4. 53 2. 77 2. 69

K2O 2. 62 2. 55 7. 03 4. 13 3. 66 1. 59 6. 46 5. 66

P2O 5 n. a. n. a. 0. 57 n. a. 0. 42 0. 35 n. a. n. a.

M g# 0. 28 0. 37 0. 40 0. 44 0. 42 0. 47 0. 42 0. 44

A öCN K 1. 14 1. 06 0. 95 1. 00 0. 76 1. 01 0. 68 0. 76

N a2O öK2O 2. 47 2. 64 0. 44 1. 24 1. 63 2. 85 0. 43 0. 48

M elt (% ) 20 30 12 17 36 8 13

T race elem ents

L a 8. 8 15 20 16. 6 - 72 39. 4 -

Yb 0. 6 0. 5 0. 6 0. 9 - 1. 5 0. 7 -

L aöYb 15 30 36 18 - 48 56 -

Sr 390 820 - 854 - 907 1663 -

Y 4. 5 4. 5 - 10 - 8. 2 13. 5 -

SröY 87 182 - 85 - 111 123 -

M cC lennan, 1995) cou ld exp lain the p referen tia l en richm en t
in po tassium and o ther L IL E s. In either case, C2type
adak ites are considered to be the p roducts of part ia l m elt ing
at the base of m agm atically th ickened low er crust; adak ite
m agm atism w as fo llow ed by a period of crustal ex tension
and th inn ing, po ssib ly in response to the foundering of dense
eclogit ic residues of m elt ing, low er crustal delam ination,
and inflow of ho t astheno spheric m an tle (W ang and Zhang,
2001).

“F lat slab subduction ”models based on seism ic,
geochem ical and geoch rono logic evidence have recen tly been
p ropo sed fo r the A ndes in Peru and sou thern Ecuado r (Beate
et a l. , 2001; Gu tscher et a l. , 1999; Gu tscher et a l. , 2000) ,
offering an alternat ive to the low er crustalm elt ing models of
A therton and Petfo rd ( 1993). In these models, adak ite
m agm atism is the resu lt no t of part ia l m elt ing in the low er
crust, bu t a consequence of slab m elt ing. Subduction of the
th ick and buoyan t“lo st Inca P lateau”p roceeded at a shallow
angle and fla t tened ou t after penetrat ing 300 - 400 km
inboard of the trench (Beate et a l. , 2001) , p roviding an
alternat ive (m elt ing of the fla t slab ) to the low er crustal
m elt ing models fo r adak ite vo lcan ism in no rthern Peru and
sou thern Ecuado r. It rem ains to be seen w hether o r no t such
geodynam ic models are app licab le to eastern Ch ina. K im ura
et a l. (1990) suggest that eastern A sia w as being in tensely
defo rm ed in the early C retaceous as a consequence of
co llision betw een the Indoch ina B lock and the Eurasian
con tinen t, argu ing that these even ts con tro lled the evo lu t ion
of subduction along the eastern con tinen tal m argin.
Yanshan ian adak ite m agm atism in eastern Ch ina w ou ld then

have to be understood w ith in the con tex t of th is mo re
comp lex geodynam ic set t ing, and any petrogenetic model fo r
po tassium 2rich adak ites w ou ld have to accoun t fo r their
compo sit ional un iqueness.

Conclusion s

Po tassium 2rich adak ites of eastern Ch ina appear to be
compo sit ionally among adak ites fo rm ed by either “slab
m elt ing”o r “low er crustal m elt ing”of b roadly basalt ic
sou rces. T he dist inct iveness of the po tassic adak ites is
at t ribu tab le either to un ique aspects of the sou rce (alkailic
basalt en riched in L IL E s) , o r to the natu re of the m ateria l
w ith w h ich it reacts du ring transpo rt and emp lacem en t. Fo r
mo st of the eastern Ch ina adak ites, there is evidence fo r
on ly lim ited m an tle invo lvem en t in their petrogenesis, given
their generally low M g# ’s ( < 45 ) ; assim ilat ion of
granu lit ic litho logies in the low er to m iddle crust cou ld
exp lain bo th the low M g# ’s and the p referen tia l en richm en t
in po tassium and o ther L IL E s, w h ile being consisten t w ith
the iso top ic evidence. C learly, addit ional experim en tal study
( including m elt ing and assim ilat ion experim en ts) is needed
to better constrain the petrogenesis of po tassium 2rich
adak ites, and their ro le in crustal grow th in eastern Ch ina,
bu t their inclu sion in the adak ite fam ily of gran ito ids, w ith
o rigin s in the dehydrat ion m elt ing of garnet2bearing
m etabasalt, seem s app rop ria te.
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