
23 M Cha a rd  J M Brown, Geooh!/s Res. Let: 23 
3539 11 9961 

24 T S Duffy R J Hemley H K Mao Phys Rev Letr 
74 1371 11995) 

25 A Kelly a rd  N H Macmlar ,  Srroi.9 Solids [Oxford 
Unv. Press New York, ed 3, 1986f. 

26 V1! C. Moss, J 0. Palqust, R. R e ~ c h n ,  K. A Goet- 
tel, S. M a d ~ r  AppI. Phys, Let: 48, i 2 ' 5  (1986) 

27 Moreover because gaskets provde both sample con- 
talrment ard a r v  supp0.i at hgh pressures the gasket 
mater~al must exhb~t duct ty  as w e  as hgh strength 
under oad rg  (I 7) Yet most of the propeirles of ree- 
vant mater~als have not beer measured at h~gh loads. 
ror have the optmum mater~als ard cord tors  for hgh- 
pressure appcators necessary been found 

23 The measuremerts were carred out at the Europe- 
an Synchrotron Radaton F a c t y  Grerobe (beam 
n e  IDS) usng polychromat~c x-ray beams coI11- 
mated to 5 (*m by 5 krn at the sample. The prmary 
beam was co lmated w ~ t h  three sets of s t s ,  and 
the dffracton was measured by the erergy-d~sper- 
slve technque w ~ t h  a Ge sold-state detector. All 
expermenx were performed a; room temperature. 
See also (9) 

29 S P Marsh, Ed . LASL Si.ock Hugonio: Dara ~ U ~ I V  
of Caforna Press Berkeley. 1990). 

30 The gasket thckness was calculated usng Beer's 
law, x = (I/(*! lr(l,/l). where (* IS the average (or 
effectve) e x t r c t o r  coeffcent for Re at 10 to 60 
keV. and I, and I are the r t e n s t e s  of the x-rays 
r c d e n t  o r  a r d  trarsmtted through the gasket We 
determred I, from measuremerts at the center of 
the cuet  at the maxmum load, where the gasket 
thckress has a m r m u m  1<3 ~ m )  and the effec- 
tlve p. was determred from measuremerts at the 
cuet  edge before damond defor~nator ,  where the 
th~ckness was 45 krn The shape of the t p  of each 
d amond IS glven by x12. Callbrators at n termed-  
ate loads a rd  measuremert of pas te  deformaton 
of gaskets recovered at zero pressure ndcated no 
measurable effects of pressure on the effect~ve ex- 
t n c t o r  coef fcer t  at these ererges. 

31 A. K. S~ rgh ,  J. Aopl Phys 73, 4279 (-993). A K. 
Sngh and C. Baasngh, ibid. 75. 4956 11994) 

32 The determnat~or of pressure urder ronhydro- 
state c o n d t o r s  IS v a d  o r y  for the same geometry 
r whch  the c a b r a t o r  was oerformed The pres- 
sure cabratons n v o v r g  x-ray dffractor (6-8)- 
n c u d n g  the secordary ruby scale, whch  1s based 
o r  dffractor (5)-were carred out for the axal 
geometry Above 12 GPa and room temperature, 
a pressure meda s o d f y  and therefore exeii some 
degree of norhydrostatc stress on samples 

33 We prepared the gasket from I m m - t h c k  Be metal 
(Brush W e m a n  grade 200) by drlllng a c o r c a  n -  
dentator that matched the shape of the arv.1. 

34. Ths quart~ty IS der~ved from the gerera expresson 
dulhk1! = d,lhkI![l - (1 - 3cos2$)F~hk0j, where i/l 1s 
as def~ned r Fig. 1 131). 

35. For example, by t hs  method a stress of 340 GPa IS 

found at the hghest load for F-Fe w~ th  rl i =: 0 '  where- 
as the stran measured for $ = 90' corresponds to a 
stress of 290 GPa Thls approxlmatlor overestl- 
mates the devatorc stress because t neglects the 
effect of the shear modulus o r  the measured d~ffer- 
entla stralrs (20. 21). 

36. The results may be compared w t h  the rcrease n 
shear strergth of Re to 15 GPa at P = 120 GPa 
I IA),  obtaned from the pressure-gradent method 
177) .  r t h s  approach. the shear stress IS deter- 
mned from measurement of pressure gradents by 
: = 1h:2)dP(r/o?, where h 1s the sample thckress. 
As ponted out r (14, 7 7, 19 )  r h s  a r a y s s  depends 
c r~ t ca l y  o r  the shape of the damord  and IS only 
i,al~d wher the damords reman flat ( r o  cupp~ng) 
and the sample cortnues to flow urdel- oad l rg .  

37. P L. Raffo, J. Less Commov fvle:. 17, 133 I 1969). 
38. V1!. A. Sp tzg  and W. C. L e s e  kc ta  1A4etall 19, 1 -43  

(1971) 
39. P. V1!. B r~dgman Phys. Rev. 48, 825 (1935); Proc. 

Am. kcad. Arts Sci. 72, 45 (1937). Brdgman fourd 
that for V1! a rd  Fe, u, Increases morotor~cally to 2.4 
a rd  2.0 GPa, respect~vey at c o r f ~ r r g  pressures of 
5.0 a rd  4.2 GPa, respectvey. 

40. K. W. Katahara. M P. Marghnan, E. S. F~sher. J. 

Ph!/s. F 9. 773 11979). M. W Gunan a rd  D N cuss~ons a rd  to J Shu for exper~merta help We 
Beshars. J. Phys. Chem Solids 29, 541 11969) also thank C Meade and two arorymous revewers 

41. P. Sodernd, J. A Mor~ady J M W I ~ ,  Pi.ys. Rev, B for comments that r iproved the maruscr~pt Thls 
53 14063 11996); R. E. Cohen, L St~xrude. E. Was- work was suppo~ed  by NSF 
sermar r preparation. 

42 We are grateful to A. K. Sngh for lnary useful dls- 4 February 1997, accepted 28 March 1997 

Silicon and Oxygen Self-Diffusivities 
in Silicate Liquids Measured to 
15 ~igapascals and 2800 Kelvin 

Brent T. Poe,* Paul F. McMillan, David C. Rubie, 
Sumit Chakraborty, Jeff Yarger, Jason Diefenbacher 

Mass transport properties of silicate liquids exhibit complex behavior as a function of 
pressure, as the tetrahedral framework structure of the liquid shifts to a more compact 
arrangement of atoms. For highly polymerized aluminosilicate liquids, oxygen diffusivi- 
ties pass through a maximum at pressures below 10 gigapascals, whereas up to 15 
gigapascals diffusivities continue to increase for sodium tetrasilicate liquid. A diffusivity 
maximum indicates a change in the mechanism of formation of 5-coordinated silicon or 
aluminum in the liquid. In the case of aluminosilicate liquids, this mechanism is restricted 
to aluminum sites in the network, suggesting that not only degree of polymerization, but 
also the ratio of aluminum to aluminum plus silicon strongly influences the behavior of 
magmatic processes at depth. 

T h e  ascent and emplacement of magma 
within Earth's crust and mantle are largely 
controlled hy the viscosity and density of 
silicate melts at  high pressure ( 1 ,  2 ) .  Recent 
studies have sholvn that viscous flo\ir in 
high silica liquids is determined by 0'- 
transfer reactions, involving the formation 
of S iOj  or AIOj  intermediate species (3-5). 
These high-coordinate species are also 
formed during compression of melt (4-9), 
which could explain the reduced viscosity 
reported for some silicic magmas at pres- 
sures extending up to 3 GPa, corresponding 
to depths of less than 100 km. W e  have 
obtained data on  the diffusivities of the 
network-forming ions 0'- and Sii+ in sil- 
icate and aluminosilicate melts at  pressures 
uo to 15 GPa, and we use the data to 
estimate tnelt viscosity throughout the pres- 
sure range of the upper mantle to the tran- 
sition zone. 

Direct viscosity determinatiolls on  alu- 
minosilicate melts had been litnited to  
pressures less than  3 GPa  (13-13). A t  
higher pressures (14-16), one can esti- 
tnate melt viscosity ( T )  by measuring the  
02- diffusivity (Do:-) through the Eyring 
equation, 

T h e  properties of molten aluminosilicates 
depend on  the degree of polymerizatioll of 
their tetrahedral frarue\i.ork, which is conve- 
niently expressed in tertns of the average 
number of nonbridging 0 atoms (NBOs) per 
tetrahedrally coordinated net\irork-forming 
cation (usually T = Si4+ or A13+ and is 
defined for the liquid at ambient pressure) 
(2 ,  18). This paratneter (NBO/T) varies 
from zero (fully polymerized) to four, if all Si 
and A1 atoms are tetrahedrally coordinated 
to 0. W e  focused on  (i)  a fully polymerized 
aluminosilicate liquid with a composition of 
NaA1Si30, (NBO/T = 0) ,  (ii) a partially 
depolymerized aluminosilicate liquid, 
Na,AlSi;O,, (NBO/T = 0.25), and (iii) a 
further depolymerized Al-free silicate liquid, 
Na,Si40, (NBO/T = 0.5). 

For all the liquids, 0 '  diffi~sivity in- 
creased wit11 increasi~lg pressure (Fig. l ) ,  at  
least initially, as predicted from molecular 
dyl~ainics (MD) sirnulatiol~s (1 9-23) and 
co~~s i s t en t  wit11 the  results of other experi- 
mental studies of polymerized silicate liq- 
uids (14-16). Only the Na,Si40,, samples 
nere  3'7Si-enricl~ed, and Si4+ diffi~sivities 
were very similar to those for 0'-, also 
increasing as a function of pressure (Fig. I ) .  

B. T Poe and D C. Rube, Bayersches Geonsttut. Unl- 
versltat Bayreuth D-95440 Bayreuth. Germany. 
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In  the  case of NaAlS1-0,.  \ \e  \\ere able to  , 
compare experimentally iietermineii viscos- 
1tie5 with those deterlnineil h ~ .  the  Evring 
relation from our high-presiure 0 diffusion 
data (Fig. 2 ) .  T h e  data agree well from lon. 
pressure (1-iscosit\- data) to high pressure 
(Jiffusivit~- data).  If the  Eyring relation also 
holds for the  other tn.o I~quids 11-e examined 

2 4 6 8 10 12 14 16 

Pressure (GPa) 

for \vhich v1scosit~- data a t  high pressure are 
not  available and if h is invariant n.it11 
pressure, the  data in Fig. 1 suggest that 
viscosities tor all three liquids initially de- 
crease n . ~ t h  increasing pressure. 

For the  Al-free Na:Si40, n ~ e l t ,  0' dit- 
fusiv~ty increases by a n  order of magnitucie 
between ambient pressure and 15 CPa.  This 
increase can be understooil as resulting trom 
a n  increase in the  propi~rtiiin of the  5- 
cooriiinated Si (["Si) intermediate species 
necessary tor 0'- transport. Tile [''Si spe- 
cie> is formed by attachment og a nonbriiig- 
ing O atom to a n  adjacent S i 0 4  tetrahedron 
( 4 ,  8).  T h e  transport step is co~ilpleted 
\\.hen a ' j lSi -0  bond different trom the  one 
formed is broken. This O e r c h ~ n g e  mech- 
anism is characterired by a loaereJ  energ\- 
harrier to formation of the  high-coordinate 
interrneciiate with increasins premlre. A 
decrease in viscosity can also l?e related to 
the  increased conf ig~~rat ional  entropy in the  
high-press~ire lnelt, heca~ise of the  presence 
of significant amounts of species with dif- 
ferent coord~nat ion n~uml7ers (1  3 .  24).  
Spectroscopic studies have shown that,  in 
the  low-temperature glassy state, ['iSi spe- 
cies continue to he formecl at the  expense of 
N B O  until pressures of 20 GPa  or so are 
reached (8). Tlie li~iiiting pressure shoulcl 
be lonver a t  high temperatures because the  
reactloll f o r m i ~ ~ g  the  hiyh-coordinClte spe- 
cies has a positive heat of forlilation AH, 
(25). Hcxvever, a l n a x i ~ n u ~ n  in DL,:-, also 
predicted from l-1D sinlulations ( 2? ) ,  is i ~ o t  

I ,  I 

0 5 10 15 20 25 

Distance (1W4 m) 

Fig. 1. Self-diiiusiv~t~es of O i  rin Na,SilO, 
N~,AISI-O,,, and N&ISI,O,) and S I '  (In 
Na2S~,0,) as a functon of pressure rAj Exper- 
ments were carred out in a 1000-ton multi-anv11 
apparatus as described in Rubie eta /  (14). Rapid 
Iieatng (2500 K mn- ' )  was requred to mnmize 
dffuson before the run temperature v/as reached. 
Samples were held at the indicated temperature 
for up to 2A0 s. Error from the heat~ng ramp was 
estimated to be less than 5% at 2' 00 K and less 
than 10% at hglier temperatures. Tlie samples 
were ~sobar~cally quenched to glasses and ana- 
lyzed by ion mcroprobe at the Univers~ty of Edn- 
burgh to determnether 1s0,'(160 - 'j0) and33S~,' 
("SI + "Si) concentraton profles. Fourer trans- 
form Infrared analyses of selected samples n d -  
cated that the OH content ).was n the range 10 to 
50 ppm (by ~liie~glit). A representatve O 2  dffu- 
sion pro fe  and f ~ t  s shojliin in (6). The profiles 
could be f~tted by an analytical expresson for d f -  
fuson bet\r\ieen t \ ~ o  semi-nfinte bodies jsee (14) 
for additona details]. Because of relatively higli 
d~ffus~v~t~es, fittng tlie Na,Si,O, profles at 2500 
and 2800 K requred the use of an expresson for 
diffusion in f n t e  meda accountng for boundary 
nteractions. In sucP, cases, the length of tlie dif- 
fc~sion coupe v/as constrained n the f~ t tng  pro- 
cess Activat~on volumes (V) over the pressure 
ranges Indicated by n e s  are gven n Table 1 .  

1.4 
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Fig. 2. A comparison of the pressure dependence 
of the ~~scos i t y  ( T ,  n Pas) of N&ISI,O, deter- 
mined by f a n g  sphere viscometry rcrosses) up to 
2 GPa by Kushro 112; and by our 0 dffusiv~:y 
measurerrients (dots) from 2.5 to 6 GPa usng the 
Eyrng relation iEq. 1). Tlie comparson is made for 
21 00 K tlie temperature at svP,cP, the 0 '  d~ffusiv- 
ty  experiments were conducted. The v~scos~ty- 
temperature reaton of alb~te iN&S_O,) s Arken- 
an, with an act~vaton energy E, = 400 kJ mol-' 
133). 

observed, e17en at 15 GPa,  for the  Al-free 
co~~lposi t ion.  

In contrast, measured 0 '  d i f f~~s iv l t~es  
tor the  ?la,A1SiiOi7 liq~iid pass through a 
maximum near 8 GPa (Fig. 1 ) .  Belo\\, this 
pressure, the  rate of increase in DL,. \vith 
pressure is grexer  than for the  Al-free sill- 
cate l~qu id ,  indicating that the  activation 
~ ~ o l u r n e  1s more negative. Because the  
Na,AlSi,O,, melt is more polymerizeil 
( that  is, NBO/T is lo~ver)  than the  
NalSi40, melt, its tlui,Iity and 0 '  difhi- 
sivity a t  1o1-i. pressure is much lower. HOT\-- 
ever, 0'- diffusivity increased Inore rapidly 
o n  initial compression, indicati~lg that for- 
mation of hieh-coordinate A1 f,~cilitateh the  " 
compression of the  aluminosilicate liquid. 
This inference is borne o ~ ~ t  by "A1 nuclear 
magnetic resonance (NMR)  measurements 
of NajAISi ;O, ;  glasses quenched from the 
11ioIi-~lressure melts. T h e  res~ilt sho\\,s that 

L- L 

large iluantities of 5- and 6-coordinated A1 
species are retained in the  decompressed 
sa~uple (9), \\,hereas no 5- or 6-coordinated 
Si n.az detected by '"Si NMR. High-coor- 
clinatecl 51 species are observeil in a b ~ m -  
dance in N a z S i 4 0 ,  glass synthesizecl at high 
pressure under similar quench conditions 
(41. 

T h e  0 '  ciifhsivity maximum near 8 
GPa  likely occurs when all NBOs have 
heen esl~austeci fix formatii~n of ["Al spe- 
cles. T h e  Na,AISiiO,i l iqu~ii  has a lower 
NBO/'T ratio tlian the  Na,Si,O, melt, so 
fewer NROs are initiallv available to  in- 

Pressure (GPa) 

Fig. 3. Abundances of 5- and 6-coordinated A n 
N ~ , A I S I ~ O , ~  rsolid lines) glasses taken from 
Yarger et a/, (9) and 5- and 6-coordinated Si n 
NaiS~,O, (dashed nes)  glasses taken from Xue e: 
ai, (4) quenched from Iiigh pressure [A), compared 
i t  0 -  diiiusivites for tlie Iquids as a functon of 
pressure, measured in this study {B). Tlie maxi- 
mum in 0 2  diffusvty occurs at a pressure corre- 
sponding to that at which the largest amount of 
5-coordinated A is found n the alutr.~nos~l~cate 
glasses. Curves are intended merely as gudes to 
tP,e eye. Tlie lower curve n (B; {thick Inn) v/as 
ntent~onaly made to be dent~cal to the upper 
curve in (A). 
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crease A1 coordi l~at iol~ by this mechanism. 
This result is consistent with the observation 
that the relative proportion of [']A1 sites, 
estimated from the NhlR  data o n  the 
quenched high-pressure glasses ( 9 ) ,  also pass- 
es through a maximum for the glass 
quenched from 8 GPa (Fig. 3 ) .  Likewise, at 
the Na2Si40, compositiol~ in which no  0'- 
diffi~sivity maximum is observed, glasses con- 
tall1 increasing proportions of high-coordi- 
nate species as a function of the pressure a t  
which they a-ere quenched (Fig. 3 )  (4) .  

T h e  NaA1Si30, liquld is fully polymer- 
ized (KBO/T = I?). However 0'- diffusiv- 
ity increased initially with i l~creasil~g pres- 
sure, consistent with viscosity determina- 
t1o11s a t  lower pressures (Fig. ?,), and a dif- 
fus~r:ity m a x i n l ~ ~ ~ n  a-as observed close to 5 
GPa  (Fig. 1). ?I different mechanism for 0 
transport, not involving NBO, must operate 
in this case. T h e  [ ' l ~ l  intermediate specles 
must be formed by reaction with bridging 0 
atoms instead. This rnechanisnl in pure s ~ l -  
icates has a high activation barrier because 
three short 0-Si  bonds must for111 In the  
t ra l~si t io~l  state (8,  26).  However, the  A1-0 
bond 1s longer and [3]-coordinate 0 ~nvo lv -  
ing bridging 0 can form at lower pressure. 
This certainly contributes to the lowered 
\7~scos~ ty  in fully polymerized melts as the  
alumina content increases (27). High-coor- 
dinate A1 species have been detected by in 
situ spectroscopy in fully polymerized alu- 
minosilicate glasses a t  even moderate pres- 
sures (4 to  5 GPa)  ( 6 ,  28) ,  and this result is 
confirmed by N M R  studies of quenched 
samples (29) .  T h e  presence of the  0'- 
diffusivity maximum at  5 GPa  indicates 
that this "bridging 0 "  compression mecha- 
nism changes when the  Si-0-'41 linkages 
involving 4-coordinated A13+ ions in the  
lo1\,-pressure glass structure have been ex- 
hausted in the formati011 of high-coordinate 
'41 species. 

Our  observations imply that fully poly- 
merized melts have high \~iscosities and low 
mobilities of netrvork-forming ions, because 

Table 1. Actlvaton volumes (V) determned for 
0' self-d~ffus~on by llnear least squares f~t to the 
equaton D = Do exp(-VPfRT), where D IS d~ffu- 
s~v~ty (In meters per second) P 1s pressure (In 
pascals), T IS temperature (In kelv~n), and R IS 

8 31 45 J mol-I K-' 

P range V 
Compound 

(GPa) 
(cm5 

(M mol-l)  

~Determned for SiL+ self-d~Pus~on 

of the  high activation energy associated 
with formatio~l of high-coordinate interme- 
diate complexes. This activation barrier is 
reduced as S14- is replaced by A p t .  T h e  
viscosity decreases rapidly with increasing 
pressure, as high-coordinate species involv- 
lng the  network ions are produced up011 
densification of the  melt. T h e  negative ac- 
tivation volume reflects both the  propor- 
tion and the  type of high-coordinate inter- 
mediate sites involved in the  0" transport 
process. A dif f~rs ivi t~  maximum is observed 
a-hen the available tetrahedral A13- ions, 
which tral~sfornl most easily to  higher co- 
ordination, are saturated hy pressurization. 

T h e  observed trends from our studies 
also help predict how water, a depolymerir- 
ing agent, and Fe3+ will affect the  Inass 
transport properties of more complex sili- 
cate melts a t  h i ~ h  aressure. Incor~ora t ion  of 

c= L 

water into the  melt creates additional 
NBOs, so that  the  melt viscosity will be 
lowered because of the  relative ease of 0'~- 
transfer by the N B O  exchange ~nechanlsnl 
with lncreaslllg pressure, coupled a - ~ t h  the  
interaction between the  0 '  and the I T I L I C ~  

faster H+ diffusivities. Like A13-, Fei+ is 
another favorable site for the  0 exchange 
process. Long Fe-0 bonds allolv high-coor- 
dinate intermediate complexes to be formed 
more easily upon denslflcation. This reac- 
t ion will n o  longer proceed at high pressure, 

in determining the  rheology ( 1  1 . 16).  Dif- 
fusion experinlents of the  type described 
here are not  likely to be successfi~l for high- 
ly depolymerized 11quids because of quench- 
i ~ l g  problems: falling sphere viscometry 
might be used to identify the  polymeriza- 
tion threshold for comperillg viscous and 
clensiflcation processes (1 1 ). However, it is 
also possible that partla1 melting and other 
segregation processes may result in high- 
silica melts deep w ~ t h i n  the  ~ n a n t l e  (32) ,  
Inore similar to  those invest~gated here. 
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Trace Gas Emissions and Smoke-Induced 
Seed Germination 

Jon E. Keeley* and C. J. Fotheringham 

Dormant seeds of a California chaparral annual were induced to germinate by smoke or 
vapors emitted from smoke-treated sand or paper. Nitrogen oxides induced 100 percent 
germination in a manner similar to smoke. Smoke-treated water samples inducing 
germination were comparable in acidity and concentration of nitrate and nitrite to ni- 
trogen dioxide (NO2)-treated samples. Vapors from smoke-treated and NO2-treated filter 
paper had comparable NO, flux rates. Chaparral wildfires generate sufficient nitrogen 
oxides from combustion of organic matter or from postfire biogenic nitrification to trigger 
germination of Emmenanthe penduliflora. Nitrogen oxidetriggered germination is not 
the result of changes in imbibition, as is the case with heat-stimulated seeds. 

Fire-prone mediterranean-climate regions 
are noted for their abundance of plant spe- 
cies whose germination and recruitment are 
restricted to postfire environments. For 
seeds of many species (such as Fabaceae, 
Convolvulaceae, and Rhamnaceae), heat 
shock during fire weakens the cuticle and 
loosens cells in localized regions, such as the 
hilum or strophiole, allowing imbibition 
and germination (1 ). 

However, many species that restrict ger- 
mination to postfire environments lack an 
impervious external cuticle and are not 
heat stimulated; instead, germination can 
be induced by chemicals released from the 
combustion of natural fuels (2). Incubation 
in the presence of charred wood has been 
shown to induce the germination of the 
Californian chaparral annual Emmenanthe 
penduliflora (3), as well as that of other 
species (4). Smoke triggers the germination 
of South African fynbos and savanna ( 5 ) ,  
western Australian heath (6), and Great 
Basin (Utah) scrub (7). Although 71 com- 
pounds have been identified from active 
fractions of smoke, none of these com- 
pounds were highly stimulatory in pure 
form (7), and other studies have also failed 
to identify the active components of smoke 
(8). Here we show that certain trace gases 

from smoke are sufficient to trigger germi- 
nation and discuss mechanisms of how 
these gases may induce germination. 

Emmenanthe penduliflora (Hydrophyl- 
laceae) is an annual largely restricted to 
postfire sites, and its germination is cued 
not by heat (2) but chemically, by charred 
wood (3) or smoke (Fig. 1). For most chap- 
arral populations, seeds exhibited deep pri- 
mary dormancy: Controls uniformly gave 
0% germination, whereas dormancy was 
overcome with as little as 1 min of smoke 
exposure at ambient temperature (9). 

Smoke acts directly on seeds and indi- 
rectly through secondary transfer after fire 
(Fig. 1); 100% germination was induced by 
direct exnosure of seeds to smoke or bv 
incubation of untreated seeds on sand or 
filter paper previously exposed to smoke, 
with water previously exposed to smoke, or 
in the Dresence of eases emitted from - 
smoke-treated sand or filter paper. For in- 
direct treatments, seeds were sown on me- 
dia between 1 and 4 hours after smoke 
treatment, and we have observed the same 
response with filter paper that was smoke- 
treated more than 2 months earlier. Seeds 
tolerate 10 min of direct exnosure to smoke 
but are killed when sown with water ex- 
~ o s e d  for that duration. Water samples that 
are lethal at 10 min of exposure will induce 
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gaseous smoke emissions from the combus- 
tion of wood and foliage (1 1 ). Although 
CO, and C2H4 are known to induce germi- 
nation in many species, they failed to affect 
Emmenanthe (Table 1). Nitrogen oxides in- 
duced 100% germination, and NO, was 
more stimulatory than NO, (NO + NO,). 
With increasing concentration, the expo- 
sure time needed to induce germination 
declined; NO, induced 100% germination 
with 3 min of exposure at 790 mg m-3 [500 
parts per million by volume (ppmv)] or with 
30 s of exposure at 21.5 X lo3 mg m-3. 

NO, induced germination both directly 
and indirectly (Fig. 2), as did smoke (Fig. 1). 
Also, both smoke-treated and NO2-treated 
water extracts were acidic (12). For water 
extracts inducing 100% germination, acidity 
and the concentration of nitrites and nitrates 
in smoke-treated samples were comparable 
to those of NO2-treated samples (1 2). Trap- 
ping NO2 ( 1  3) emitted over 24 hours [time 
sufficient to induce germination in vapor 
experiments (Figs. 1 and 2)] from smoked or 
NO,-treated paper gave comparable NO2 
flux rates (26 to 38 ng mP2 s-'). Thus, 

Direct Sand Paper Water Vapor 
seed 

treatment Indirect seed treatments 

Fig. 1. Germination of Emmenanthe for control (0) 
and smoke treatments of 1 - or 10-min exposures 
for direct treatment (smoke-treated seeds incu- 
bated on nontreated filter paper) and indirect 
treatments [untreated seeds incubated on 
smoke-treated sand (1 0 g of Fisher S25-3) or filter 
paper or untreated seeds incubated with smoked 
water or exposed in a 1 80-cm3 chamber to gases 
emitted by smoke-treated filter paper (similar re- 
sults occur when paper is replaced with sand)]. 
Bars, 1 SE (n = 3). 
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