
phase n our system, this r~pple structure would pro- 
vide a reasonable explanation of the ntermed~ate 
structure observed in F I ~ .  28. The ripple phase has 
been observed in many 11p1d systems (24) and can 
include macroripples wth wavelengths of -1 00 nm 
(25) The slow neutrazaton strategy IS necessary to 
leave enough time for the soft layer contanng the 
hexagonal phase to bend 

19. It has been reported by Z. Luan eta1 [J. Chem. Soc. 
Faraday Trans. 91, 2955 ( I  995)I that the crystal size 
of MCM-41 IS reduced after ncorporation of alumi- 

num into the structure. In our case, this IS reflected in 
shorter and thinner tubules when alumnum is ncor- 
porated nto the framework 

20. H. P Lin, S Cheng. C.-Y Mou, unpublished results. 
21. L. H. Bureke, in Introduction to Marine Micropaleon- 

tology, B. U. Haq and A. Boersna, Eds (Elsevier, 
New York, 1978), pp 245-266. 

22. The difference In pH between experimental condi- 
tions and the naturally occurring state of diatoms 
should be noted 

23. S. Mann, J. Mater Chem 5, 935 (1995) 

Oil-Water Interface Templating of Mesoporous 
Macroscale Structures 

S. Schacht, Q. Huo, I. G. Voigt-Martin, G. D. Stucky, F. Schiith* 

Ordered mesostructured porous silicas that are also macroscopically structured were 
created by control of the interface on two different length scales simultaneously. Micellar 
arrays controlled the nanometer-scale assembly, and at the static boundary between an 
aqueous phase and an organic phase, control was achieved on the micrometer to 
centimeter scale. Acid-prepared mesostructures of silica were made with thep6, Pm3n, 
and the P6,lmmc structures in the form of porous fibers 50 to 1000 micrometers in length, 
hollow spheres with diameters of 1 to 100 micrometers, and thin sheets up to 10 
centimeters in diameter and about 10 to 500 micrometers in thickness. These results 
might have implications for technical applications, such as slow drug-release systems 
or membranes, and in biomineralization, where many processes are also interface- 
controlled. 

A s  noted by Israelachvili ( I ) ,  microemul- 
sions and emulsions occupy a special place 
in the hierarchy of structures, in that their 
formation involves long-range forces with 
an energy of assembly, including shape fluc- 
tuations and interaggregate interactions, 
approximately equal to the thermal energy 
kT. Hydrodynamic long-range forces can 
therefore be used to define eill~llsion mor- 
phology and the configuration of the emul- 
sion oil-water interface. If an oil-in-water 
interface is used as an Inorganic growth 
medium with the growth direction into the 
aqueous phase, morphological control of 
the resulting inorganic-organlc coinposite 
assembly can be achieved at micro~neter 
anit longer length scales. 

At a somewhat smaller length scale, me- 
soscale patterned silica-organic composite 
phases with organic domain itirnensions of 
up to 0.01 pin and periodic repeats of as 
much as 0.02 pm (2)  can now be created in 
a variety of two- and three-dimensional (2D 
and 3D) periodic arrays (3-7). These or- 
dered organic-inorganic coinposite precur- 
sors of norous oxide structures form in a 

cooperative way under the influence of sur- 
factants (4-lo), with the nanophase di- 
mensions and the overall 3D periodic ge- 
ometries determined orinlarilv bv the sur- , , 
factant molecular shape anit geometry. 

We combined long-range oil-in-water 
u u 

emulsion and 011-water interface physics 
with the shorter range cooperative assembly 
of silica and surfactants at the oil-water 
interface to create ordered co~nposite meso- 
structured phases that are also macroscopl- 
cally structured. The organic "oil" anit sur- 
factant can be removed from the silica 
phase to give mesoporous structures. Here 
the emulsion or the interface, or both, ex- 
erts morphological control during the for- 
ination of the inorganic gel or crystals. 

With self-assembly energies approaching 
kT. emulsions are often close to the limit of 
stability. Oil-in-water emulsions are stabi- 
lized by short-range m) and relatively 
weak van der Waals interactions between 
the hydrophobic tails of anlphiphilic surfac- 
tants and the emulsion organic phase. The 
M41S silicate mesostructures first described 
bv the Mobil grouo were svnthesized with " L 

sLirfactants under alkaline conditions (pH 
S. Schacht and F Schuth, lnstitut fur Anorganische Che- 
mie, Johann Wolfgang Goethe Univers~tst Frankfurt, l1 to 12). "lder "lese 
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(StI-) (9). This interaction is etlergetically 
disadvantageous for the creation of silica 
cotnposite illacroscale structures by the pro- 
cess of "coating" surfactant molecules that " 

are weakly coordinated to an organic sur- 
face through van der Waals interactions 
because if the surfactant molecules are ab- 
stracted from the organic media, macro- 
scopic control of the product by the organic 
phase is lost. 

An alternative synthetic approach is to 
use acid-prepared mesostructures (APMs) 
synthesized from very acidic solutions below 
the pH of the isoelectric point of silica (5). 
Under these conditions, halide ions (X-) 
mediate the interaction between the surfac- 
tant and positively charged inorganic spe- 
cies (StX-It) through weak hydrogen 
bonding forces so that the identitv of the " 

surfactant-coated organic surface is main- 
tained ( I  I ) .  Silica mesostructured phases 
svnthesized in this fashion have different 
composition, pore structure, and absorption 
properties conlpared wlth samples synthe- 
sized under alkaline conditions ( 1  2) .  

With this in mind, we exploited the 
biphase control in the synthesis of APMs 
on two different length scales sirnultaneous- 
lv: svnthesis at one scale forms the surfac- , , 
tant inorganic nanocomposite, and the oth- 
er controls the secondary particle inorphol- 
ogy on the microilleter to centimeter scale, 
with the large-scale control being similar to 
the approach of Walsh et al. (1 3). We used 
auxiliary organics to create an oil-in-water 
emulsion. In the acidic synthesis, tetra- 
ethoxysilane (TEOS) was the silica source. 
It hyitrolyzes under acidic conditions and 
then condenses to form the APM. If auxil- 
iary organics, such as n-hexane, benzene, 
toluene, mesitylene, or others are useit, the 
oil-in-water enl~llsion is formed where the 
TEOS is dissolved in the oil droplets that 
are surrouniteit bv an acidic aaueous solu- 
tion with s u r f a c k  concentrated in the 
interface. The TEOS is hvdrolvzed iust at , , 

the oil-water interface, and there forms the 
mesostructure, which reflects on a larger 
length scale the size anit shape of the oil 
spheres because the inorganic inaterial so- 
lidifies aro~lnd them. 

A typlcal synthesis was carried out as 
follows: The surfactant [4.74 g of C,, 
H,,N(CH,),Br or similar molar amounts of 
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other surfactants] was dissolved in 250 ml of 
water. Then 34 ml of aqueous HC1 (37 
weieht %) was added. To this solution a " 
mixture of 7 g of the auxiliary organic (typ- 
icallv mesitvlene) and 4 g of TEOS was 
added slowli ove; 30 min khile stirring at 
room temperature. During this time an 
emulsion forms. Stirring is one mechanism 
for controlling emulsion properties through 
modification of long-range hydrodynamic 
forces and is crucial in the formation of the 
secondary morphology (14, 15) (Fig. 1). 
Under slow stirring, predominantly fiber- 
type morphologies are observed. The rope- 
like fibers consist of several smaller strands 
that intertwine during the process of silica 
condensation. 

However, the first transmission electron 
micrographs (TEMs) and preliminary data 
from pulsed-field gradient nuclear magnetic 
resonance experiments (1 6) suggest that the 
channels preferentially orient parallel to the 

Fig. 1. Dependence of the morphology of the APM 
materials on the stirring rate, as seen with a SEM. 
At low stirring rates [(A) 120 revolutions per minute 
(rpm)], fibrous particles are formed, whereas at 
higher rates [(B) 220 rpm and (C) 400 rpm], the 
particles are spherical. The sizes of the spheres 
decrease with increasing stirring speed. The parti- 
cles in (B) were made under dilute conditions. 

fiber axis. With increasing stirring rate, more 
and more spherelike particles are formed un- 
til the fiber morphology disappears com- 
pletely. The size of the spherical particles 
decreases with increasing stirring rate. 

By carefully tuning the synthesis condi- 
tions, especially at low concentrations of 
TEOS, we prepared samples that consisted 
entirely of rather spherical particles with a 
relatively narrow size distribution (Fig. 1B). 
However, the particles had agglomerated into 
lumps. This aggregation was probably due to 
condensation of uncondensed surface groups 
of different s~heres when thev came into 
contact with each other in a later stage of the 
synthesis. This agglomeration can be avoided 
if the synthesis mixture is diluted, after the 
spheres have developed, by pouring the mix- 
ture (300 ml) into 2 liters of water and then 
slowly filtering the resulting suspension. Us- 
ing such a procedure, we produced almost 
exclusively isolated particles; however, the 
total solids vield was onlv about 20%. 

(SEM). Most of the particles were crushed, 
and the void inside of each particle was open 
to the eye (Fig. 2A). The SEM image of a 
sample that consisted of thin-walled larger 
spheres, most of which popped open during 
the drying and calcination steps after prep- 
aration or during introduction into the high 
vacuum of the SEM, is shown in Fig. 2B. 

These samples, consisting entirely of such 
spherical particles, have all of the features of 
the regular APMs (17). For example, Fig. 3 
shows the x-ray diffraction pattern of a phase 
exhibiting three peaks that can be indexed 
in a p6m hexagonal unit cell. The sorption 
isotherm for such APMs is different from 
that of MCM-41 synthesized from alkaline 
media (1 2). The capillary condensation step 
is not as steep, a high BET (Brunaer-Em- 
mett-Teller) surface area is calculated 
(which suggests microporosity), and the step 
in the isotherm is normallv shifted to lower 
values of normalized pressure p/po, which 
corresponds to a secondary micropore filling 
process rather than real capillary condensa- 
tion. Another difference compared with 
MCM-41 is observed in thermogravimetric 
experiments. The samples lose about 60% of 
their weight between ZOO0 and 600°C, first 

These particles are in fact hollow after 
the organic phase has been removed. Parti- 
cles from the same batch as depicted in Fig. 
1B were treated with a spatula on the sample 
holder of the scanning electron microscope 

in an endothermal and then in two distinct 
exothermal processes. A weight loss of 
-4.5% before this stage is probably due to 
water. The unusually high weight loss can be 
attributed to the airdried samples having 

Fig. 2. (A) Particles from Fig. 16 after crushing 
with a spatula. (6) Shell fragments of larger parti- 
cles. The larger spheres are relatively unstable 
mechanically and collapse either during process- 
ing after synthesis or during introduction into the 
high vacuum of the sample chamber of the SEM. 

1 3  5 7 9 . 1 1  
2 0  (degrees) 

Fig. 3. X-ray diffraction pattern of the sample from 
Fig. 2 in the (A) as-made, (6) dried (at 90°C), and 
(C) calcined (at 500°C) form. (inset) Three peaks 
corresponding to ap6 structure can be discerned. 

Fig. 4. SEM images of (A) a hollow sphere con- 
sisting of the generated intergrowth of platelike 
particles with the PGJrnrnc structure and (6) the 
same sphere after being crushed. 
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appreciable amounts of organics occluded in 
the internal voids of the particles, in addi- 
tion to the surfactant molecules in the pores, 
that volatilize during the themogravimetric 
ex~eriment. 

These structures can also be synthesized 
as P611mmc and Pm3n ~hases. For such 
preparations, large head-group surfactants 
must be used as described by Huo et al. (6). 
Dissolving 1 g of gemini surfactant ( 18-6- 1 ) 
in 56 g of 1.5 M HC1 and then adding 4 g 
of TEOS in 1.2 g of mesitylene over 40 min 
while stirring at room temperature results in 
the formation of a white, solid product after 
3 hours of stirring. This product contains 
hollow spheres (Fig. 4) -50 pm in diameter 
and consists of intergrown platelike parti- 
cles that are characteristic of the P6,lmmc 
phase. The diffraction pattem is identical to 
reported patterns for the P6,lmmc phase 
(lattice constants a = 5.02 nm, c = 8.84 
nm, and c/a = 1.63 after calcination at 
500°C). 

The formation of the particles can actu- 
allv be followed in real time under an o ~ t i -  
cal microscope. If a liquid sample is taken 
from the reaction mixture -15 min after 
the complete addition of the TEOS and 
immediately placed on a glass slide and 
viewed through an optical microscope, one 
can detect oil droplets that are in the pro- 
cess of being covered with a silica skin. A 
series of micrographs taken of an individual 
sphere during the formation of the silica 
skin (Fig. 5) show that the oil droplet is first 
completely transparent and then becomes 
gradually covered by a skin that somewhat 
scatters light. The situation in the optical 
microscope is certainly not identical to the 

Fig. 5. Evolution of the spherical particles as seen 
in an optical microscope. Fifteen minutes after all 
of the TEOS was added, a drop of the reaction 
mixture was placed on a slide and a sphere was 
selected. (A) The pure mesitylene sphere. (B) After 
10 s, a first APM layer formed. (C) After -30 s,  this 
layer grew as more TEOS was hydrolyzed at the 
interface. (D) A growing sphere (left bottom) and a 
completely formed sphere (left top). The spheres in 
the center are partially closed. 

situation in the stirred bulk solution, but we 
believe that a similar process is occurring 
there to form the hollow APM particles. 

We suggest a model for the formation of 
such materials according the process 
sketched in Fig. 6: Addition of TEOS dis- 
solved in an organic solvent to the acidic - 
solution containing the surfactant while 
stirring creates an oil-in-water emulsion. 
Surfactant is enriched at the oil-water in- 
terface and contributes to the stabilization 
of this emulsion. Then TEOS is hydrolyzed 
under acidic conditions at the interface, 
and there forms the mesostructure under 
the influence of the surfactant. There are 
TEM indications that the major parts of the 
APM pores are oriented radially in the shell 
of the hollow particles. 

After the successful preparation of the 
hollow-sphere materials, we used the two- 
level biphase control on a larger scale, to 
fabricate self-supporting membranes at a 
static interface between an aaueous and an 
organic phase. The chemical compositions 
of the two ~hases  were the same as those 
used in the preparation of the sphere mor- 
phology. The addition of the organic phase 
to the aqueous phase, however, was carried 
out very carefully in a crystallization dish to 
top the aqueous phase with the organic 
phase with as little mixing as possible. Al- 
ternatively, tribromomethane was used to 

.Oil droplet 

B ( Oil sphere 
46 

Fig. 6. Schematic drawing of the suggested for- 
mation process of the spheres. (A) The mesitylene 
drops in the mesitylen~queous HCI emulsion 
contain the dissolved TEOS; the emulsion is sta- 
bilized by the surfactant in the interface.,(B) At the 
interface [area in (A) expanded], TEOS is hydro- 
lyzed and solidifies there to an APM under the 
influence of the surfactant at the interface, medi- 
ated by chloride ions (not shown). The morpholo- 
gy of the final product is more or less molded on 
the original mesitylene droplet. 

reverse the order of the aaueous and the 
organic phases. About 5 min after addition 
of the organic phase, the formation of a thin 
film, which is at first patchy but later gives 
a coherent solid sheet, could be observed 
with the naked eye. The largest diameter for 
such films achieved so far is - 10 cm with a 
thickness of -0.5 pm. The film quality 
varied, depending on the conditions used, 
such as the concentration of TEOS in the 
organic phase and the organic solvent. For 
the TEM, a piece of a film formed at a 
decane-water interface auxiliary was re- 
moved from the interface with a copper- 
carbon grid and calcined at 300°C. The 
TEM shows that pores are predominantly 
hexagonally ordered and perpendicular to 
the film; the rest are probably less ordered 
but also appear to be perpendicular to the 
film (Fig. 7). The films can be isolated by 
evaporating the solvent and directly drying 
them in the crystallization dish, or even 
with pincers. 

Usually only one to two low-angle 
peaks can be detected in the film. A SEM 
image (Fig. 8) shows thin sheets on the 
copper-carbon grid of the TEM in Fig. 7. 
The cracks are formed by handling of the 
thin sheets. Thicker films consist of ag- 
glomerated particles but are relatively 
crack-free. Whether these films have 
pores only in the size range of APM ma- 
terials or also have larger pores is not 
clear. The film in Fig. 8 was prepared at a 
higher TEOS concentration than was the 

Fig. 7. TEM of an APM film with decane as organ- 
ic auxiliary. This film was removed with a copper- 
carbon grid and calcined at 300°C. The pores are 
predominantly hexagonally ordered and oriented 
perpendicular to the film. Scale bar, 50 nm. Tilting 
experiments proved that the hexagonal structures 
are not a Moir6 pattem. 

Fig. 8. SEM image of the sheets on the copper- 
carbon grid in Fig. 7. 
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film in Fig. 7,  to grow it thicker and make 
it easier to handle. 

These materials may have technological 
as well as f~lndamental impllcatlons. The  
hollow svheres, for Instance, could be used 
as contrilled drug-delivery systems. The  
membranes might be developed further for 
separation processes, where nanorneter- 
scale pores are needed. Frorn a more funda- 
mental voint of view, the Drocess described , 

here for structuring inorganic material 
might in a modified form be applicable to 
the formation of structured inorganic sep- 

cross-link~ng, so that d~fferent s~lhca wall structures 
are expected. Th~s contrast IS ev~dent ~n nltrogen 
sorption Isotherm measurements, which show that 
APMs exhb~t a sorptlon behav~or d~fferent from that of 
M41 S samples. with a step In the isotherm at appre- 
ciably lower plp, values (p ,  pressure) than samples 
synthesized from alkal~ne medla w~th a sm~lar attce 
spacng These data and diffraction results show that 
the APM slica walls are effect~vely th~cker than those 
of the correspondng M41 S phases. Nevertheless. 
BET surface areas calculated for such samples can 
be a factor of 2 h~gher, lndicat~ng the presence of 
mcropores or h~ghly ruffled suriaces. Even taking into 
account the m~tatons of BET analysis for such ma- 
terials, the dfference n the values obta~ned lndlcates 
a major d~fference In the pore and wall structure of 
APM and MCM-41 mater~als. 

reported In F I ~ .  1 are the same, although the numer- 
c a  values of strrng rate to obtan certa~n morphoo- 
ges might vary, depending on the other parameters 

15. S. Schacht, thesls, Unverstat Mainz (1995). Such 
s~liceous f~bers f a  in the classifcaton of potentally 
carclnogenlc f~bers and should thus be handled 
appropriately 

16 J. Karger, pr~vate communicat~on: n preparaton. 
17. Concentrat~ons of chlor~ne In the product corre- 

spond to the values reported by Huo et a/. (6) and are 
-2 weight 96. 

18 C. M. Zaremba et a/. , Chem. Mater. 8,679 (1 996): G 
Faini, S Albeck, S Wener, L. Addadi. Sclence 271, 
67 (1 996). 

19 Ths research was supported by the Deutsches For- 
schungsgemenschaft (Schu744112-I). NATO (CRG 
9501691. NSF fDMR 95-20971. MCB 92-027751. 

merits in living organisms, It by now 
L7 

1 3  D. Walsh, J. D Hopwood, S Mann, Science 264. and the Off~ce of Naval Research (~00014-93-  
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certain that hterfaces play a 14. The deta~ls of the morphology developed during such Schrach. C. Angelkort, and C. Zarembafor the SEM 
role in biornineralization (181, and the in- processes depend not only on the stirr~ng rate but analyses. 
terplay of control on different length scales also on the type of stlrrer used, the temperature, and 

the size of the reaction vessel. However, the trends 22 Apr~l 1996; accepted 5 July 1996 is certainly necessary to develop intricate 
structures such as diatoms. 

REFERENCES AND NOTES 

1 J. lsraelachv~l~, Co//o~ds Surf A 91, 1 (I 994) 
2. 0 Huo and G. Stucky, paper presented at the meet- 

~ n g  of the Mater~al Research Socety. San Francsco. 
7 to 11 April 1996. 

3. C T. Kresge, M. E. Leonowicz. W. J Roth, J C. 
Vartuli, J S. Beck. Nature 359. 710 (1992); J. S. 
Beck eta/. , J. Am. Chem. Soc. 11 4, 10834 (1 992). 

4. Q Huo eta/. . Ciiem. lvlater. 6, 1 176 (1 994). 
5. Q Huo eta/. . Nature 368, 31 7 ( I  994). 
6 Q .  Huo, R. Leon, P. M. Petroff. G. D. Stucky,Sclence 

268, 1324 (1 995). 
7 Q Huo. D. I. Margolese. G. D. Stucky. Ciiem. Mater. 

8. 1 147 (1 996). 

Mongolian Tree Rings and 20th-Century 
Warming 

Gordon C. Jacoby,* Rosanne D. D'Arrigo, Tsevegyn Davaajamts 

A 450-year tree-ring width chronology of Siberian pine (Pinus sibirica Du Tour) growing 
at timberline (2450 meters) in the Tarvagatay Mountains in west central Mongolia shows 
wide annual growth rings for the recent century. Ecological site observations and com- 
parisons with instrumental temperature records indicate that the ring widths of these 
trees are sensitive to annual temperature variations. Low-frequency variations in the 
Tarvagatay tree-ring record are similar to those in a reconstruction of Arctic annual - .  

8. A Monnier et a/. , Science 261, 1299 (1 993) temperatures, which is based on 20 tree-ring width series from northern North America, 
9 A. Firouzi eta/. , ibid. 267. 1 138 (1995). 

10. U. Ciesa et a/. , Chem. Commun. 1994, 1387 (1 994): 
Scandinavia, and western Russia. The results indicate that recent warming is unusual 

D. M.Antonell and J Y.Ying,Angew. Chem. /nt Ed relative temperatures the past 450 years. . . 
Engl. 34, 201 4 (1 995). 

11. To date, sl~ca-base synthesis chemistry carried out 
above the soelectric polnt of aqueous sout~ons of 
s c a  has not been successful for the s~lca compos- 
ite coatng of organic emulsions in water For organic 
arrays supported by norganc substrates [H. Yang, 
A Kuperman, N. Coombs, S. Mamche-Afara, G. A. 
Ozln, Nature 379, 703 (1996)], surfactants at the 
ar-water ntetface (G Ozn, paper presented at the 
NATO Conference on Supramolecular Chemistry, 
Montreal. I 7  to 20 May 1996), or organic q u d  crys- 
tals [G. S Attard. J. C. Glyde, C. G Goltner. Nature 
378, 366 (1995)], only S+X-I- syntheses at a pH 
below the aqueous sllica soelectric polnt have been 
used. 

12 The APM samples syntheszed below the s l~ca so-  
eectrc pont require a counter anon, generally a 
halide anlon, for each surfactant molecule that IS 

present Termna SI-0-groups are protonated so 
that the bulk compos~tions of M41 S and APM mate- 
r~als made with the same surfactant startng materl- 
als are distnctly dfferent ~n hydrogen and hal~de o n  
content The on-par surfactants of the APM mate- 
rials can be ready removed by washing with dst led 
water at -70°C because the wall charge 1s neutral or 
sl~ghtly posltlve Removal of surfactant from M41S 
samples requlres o n  exchange by reflux~ng w~th 
acid~c ethanol because of the negatively charged 
terminal oxygen atoms The ult~mate per~odic sym- 
metry IS determ~ned In both cases by surfactant 
packng requrements, so that slmlar space groups 
and attce symmetres are observed by x-ray d~ffrac- 
tlon and TEM imagng, but w~th dfferent dffraction 
intens~ties As po~nted out by C J Brlnker and G W. 
Scherer [J. Non-Cryst. Solids 70, 301 (1985)], 
APMs are prepared under cond~t~ons that glve 
Hugglns or cha~nl~ke polymer~zatlon, whereas 
M41 S silica poymer~zat~on cond~t~ons lead to Eln- 
steln or clusterl~ke conf~gurat~ons w~th  extensve 

Records covering a longer period of time 
than those that are available from instru- 
mental llleasurements are essential to eval- 
uation of the causes of climatic change, 
including posslble anthropogenlc influences 
on cllmate. Three-hundred-year a n n ~ ~ a l  
temperature reconstructions for the Arctic 
( I  ) and Northern Menlisphere (2 )  based on 
high-latitude tree-rlng data Indicate that 
the warming iiurlng the past century seen in 
instr~llnental data (3)  1s unprecedented. 
However, tree rings ~~sua l ly  reflect temper- 
atures during the warm season, and recon- 
struction of annual temperatures 1s contro- 
versial (4). Records froin other areas call 
complement the high-latitude data. The  
most appropriate locations are high-eleva- 
tion tree-line sites where growth is also 
limited by temperature. During a field in- 
vestlgation in the summer of 1995, we sam- 
pled trees growing at timberline in the Tar- 
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vagatay Mountains of western central Mon- 
golia (Fig. 1 ) .  Many trees in Mongolia's 
forests are old 1300 to 500 vears) and are , , 

~lndist~lrbed by hulnan activity. 
Mongolia's climate 1s characterized by 

extreme colntinentality (5). It is donlinated 
by the influence of the Siberian (Mongo- 
llan) high-pressure cell during the winter 
(Fig. 1). Rainfall occurs mainly in summer. 
Mean monthly temperatures in northern 
Mongolla are -30°C in January to 20°C in 
July. Daily temperatures range fro111 -50°C 
to 40°C and can vary by as much as 30°C in 
1 day (6). 

The northern third of Mongolia is a mon- 
tane forest-steppe zone (7). At  lower eleva- 
tions, the forests give way to grasslands or to 
the nlarglns of the Gobi Desert In the south. " 

Forests are most dense on  northern shady 
slopes. In the high western Altai Mountains 
(Fig. I ) ,  there are permanent snowfields 
and ice. T h e  tree llne is variously fornled 
by Siberian pine (Pinus sib~rica DLI Tour) ,  
Siberian larch (Lnrix sihirzca Ledebour), or 
mixed stands of these species. T h e  111ost 
orevalent tree soecies 1s Slberian larch. 
with lesser alnounts of spruce (Picea), pine 
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