
Fig. 2. (A) Schematic representation of the inter- 
connection of s-shaped moieties vertically, along 
[ l o l l ,  and along [IOO]. In the x-direction con- 
nection is achieved through two Sb3-S5-Sb3 
bridges, which form the stippled 4-ring. A linkage 
out of  the plane of the drawing is made through 
the S2 atom, here represented as a circle. Repre- 
sentation (B) is a view at almost 90" to (A) and 
shows the connections Sbl-S2-Sb2 responsible 
for the channels in this direction. 

Fig. 3. The structure of SbS.Me,N viewed down 
the crystallographic direction [OlO]. Circles rep- 
resent the Me4N' molecules. 

form the flat s-shaped structure shown in 
Fig. lA, a collection of four fused 4-rings 
with composition [Sb2S2I2+. The s-shaped 
units are located close to the origin and 
body center of the unit cell (7) and are 
interconnected in two directions (Fig. 2). 
The buckled sheets of s-shaped units, close 
to the (010) plane, are connected together 
both by Sb3-S5-Sb3 bridges along the 
crystallographic direction [loo] and by 
Sb 1-S2-Sb2 bridges along [OO 11 ; compare 
Fig. 1 and Fig. 2A. These connections out- 
line a channel along [OlO]. The second 
system of channels is formed along [loo] by 
the interconnection of s-shaped units 
through Sbl-S2-Sb2 bridges, as shown in 
Fig. 2B. 

The Me4N molecules are contained with- 
in the channels as shown schematically in 
Fig. 3. Two orientations of the molecule 
randomly occupy the same site in the sub- 
structure. This feature, along with the dis- 
order in one Sb and two S sites close to the 
Me4N site, suggest that ordering of the 
template 'molecule within the channels may 
be responsible for the observed incornrnen- 
surate superstructure. 

It may be possible to connect the motif 
shown in Fig. 1 in a variety of ways; the 
obvious extensions of this work are the use 
of different templates and other lone-pair 
cations in attempts to produce new open 
frameworks. Along these lines, a number of 

materials based on Sb2S, have been synthe- 
sized and await characterization. The build- 
ing principles for these and the other sulfide 
frameworks reported previously (5)  also re- 
quire elucidation, with a view toward enu- 
merating possible sulfide networks and syn- 
thesizing materials with larger cavities and 
channels. 
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Local Structure and Chemical Shifh for Six-Coordinated 
Silicon in w-Pressure  Mantle Phases 
JONATHAN F. STEBBINS AND MASAMI KANZAKI* 

Most of the earth's mantle is made up of high-pressure silicate minerals that contain 
octahedrally coordinated silicon (Siw), but many thermodynamically important details 
of cation site ordering remain unknown. Silicon-29 nuclear magnetic resonance 
(NMR) spectroscopy is potentially very useful for determining short-range structure. 
A systematic study of silicon-29 chemical shifts for Siw has revealed empirical 
correlations between shift and structure that are useful in understanding several new 
calcium silicates. The observed ordering state of a number of high-pressure magnesium 
silicates is consistent with the results of previous x-ray diffraction studies. 

u NLIKE THE SILICATE MINERALS OF 

the crust and uppermost mantle of 
the earth, the silicates that form the 

bulk of the planet contain silicon coordinat- 
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ed by six (&"I) instead of by four 0 atoms 
(Si'"). The basic structures of the composi- 
tional end-members of the most abundant of 
these high-pressure phases (for example, 
MgSiO, perovskite and garnet) are now 
known, but many details remain uncertain. 
In particular, solid solution and disorder of 
cations among multiple sites can have major 
effects on thermodynamic stability and thus 
on the range of pressures and temperatures 
over which the minerals form in the earth. 
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At high pressure and temperature, disorder 
is likely between SiV' and AIV' in phases 
such as garnet, ilmenite, and perovskiie, and 
even disorder involving MgV' might occur. 
Similar structural questions arise for the 
titanate and aluminate analogs of these com- 
pounds, which are important in ceramic and 
electronic materials. 

X-ray diffraction (XRD) remains the pri- 
mary tool for determining the structures of 
minerals. However, difiraction generally 
gives only an average structure in a disor- 
dered material. In addition, the similarity of 
the atomic numbers of the abundant ele- 
ments Mg, Al, and Si often means that their 
sites must be assigned indirectly by bond 
length rather than by x-ray scattering power. 
Other techniques must therefore supple- 
ment diffraction methods. One of the most 
useful of such techniques is magic-angle- 
spinning (MAS) NMR spectroscopy. Be- 
cause of the relative simplicity of interpret- 
ing and quantifying spectra of dipolar 
nuclei, 29Si MAS NMR spectroscopy has, 
for example, become the method of choice 
for evaluating short-range Al-Si ordering on 
tetrahedral sites in aluminosilicates (1). The 
method holds great promise for the deter- 
mination of cation ordering in high-pressure 
SiV' phases, as well as for investigating other 
details of their local structures and for char- 
acterizing small, polycrystalline experimen- 
tal samples. Recently, the related approach 
of 27Al MAS NMR has been used to study 
high-pressure garnets in the MgSi0,- 
Mg3A12Si30,, system (2). 

The relation between observed NMR iso- 
tropic chemical shifts (6) and structure is 
difficult to predict from theory. The first step 
in the application of this technique thus 
must be to establish correlations between 6 
and known variations in structures. We 
therefore have carried out a systematic 29Si 
NMR study of high-pressure silicates. These 
results are useful in predicting new, incom- 
pletely known phases, and they also test our 
general understanding of chemical shift sys- 
tematics in a new class of structures. 

The use of NMR to study minerals com- 
mon in the earth at depths greater than 
about 150 krn has been made possible only 
by the development of the multianvil high- 
pressure apparatus, coupled with improved 
spectroscopic methods. The materials de- 
scribed below were synthesized in a USSA- 
2000 split-sphere apparatus (C. M. Scarfe 
Laboratory for Experimental Petrology, 
University of Alberta) at pressures as highas 
20 GPa and temperatures to 1800°C (Table 
1). To improve NMR sensitivity with the 
resulting 2- to 10-mg samples (1120 to 
11100 of the usual sample size for this type 
of spectroscopy), we used 95% 29Si02; 
0.2% by weight Gd203 was added to de- 

Table 1. Conditions and products of high-pressure experiments. Uncertainties in pressures are about 
i.1 GPa for the MgSiO, experiments and about C0.5 GPa for the others. Primarily because of 
thermal gradients in capsules, uncertainties in temperatures are about rt 100°C for pressures less than 
15 GPa and about t200"C at higher pressures. Phase names refer to structure type; see Table 2 for 
formulas. Phases X and Y are plotted in Fig. 2. 

Composition P T 
(GPa) ("C) 

Products 

MgSiO, 18 1800 Garnet 
MgSiO, 20 1600 Ilmenite 
MgSiO, 18 1400 Garnet + ilmenite + stishovite + P-Mg2Si04 
CaSiO, 12 1500 CaSi20, + larnite (=P-Ca2Si04) + Y 
CaSiO, 15 1500 Amorphous + CaSi20, + X + Y + perovskite(?) 
NaMgo.~Sio.5Si206 12 1500 Pyroxene 
K2Si409 4 900 Wadeite 

crease spin-lattice relaxation times. Ob- 
served 6 values and peak assignments (Figs. 
1 and 2, Table 2) fell into the known ranges 
for SiN (-60 to -120 ppm) and for SiV' 
(- 179 to -220 ppm) in silicates, with one 
exception discussed below. Ilmenite-struc- 
tured MgSiO, and NaMgo,5Sio,5Si20, py- 
roxene each showed only a single SiV' peak. 
The presence of a single peak indicates that 
ordering of SiV' and M ~ ~ '  is complete, 
because (as for SiN in disordered alumino- 
silicates) variations among the first cation 
neighbors of SiV' caused by Mg-Si disorder 
should result in multiple peaks. In the spec- 
trum of the mixed-phase sample containing 
P-Mg2Si0,, the only feature not assignable 
to stishovite, garnet, or ilmenite is a single 
SiN peak. The lack of a SiV' peak for 
P-Mg2Si0, shows that all octahedral sites 
are occupied by Mg and that the cations are 
fully ordered. These results are fully consis- 
tent with published x-ray structure refine- 

ments (3-5), as is the spectrum for the 
wadeite structure of K2Si,09 (6). 

For the MgSiO, tetragonal garnet phase 
(Fig. l ) ,  we observed at least three SiN 
peaks, which can be assigned to SiN with 
zero, two, and four SiV' neighbors (and thus 
with four, two, and zero MgV' neighbors) 
with increasingly negative 6. These sites 
probably represent the three T sites of the 
x-ray structure ( 7 ) ,  although the large sepa- 
ration in 6 between the T 3  (74 ppm) and T2 
(90 ppm) peaks relative to that between the 
T 3  and T 1  (68 ppm) peaks is somewhat 
surprising. Simple considerations of the ef- 
fects of neighboring cations suggest that the 
three peaks should be roughly evenly 
spaced, as is commonly observed for SiN 
sites in aluminosilicates that have increasing 
numbers of AIN neighbors. In the garnet 
structure, however, the presence of both 
octahedral and dodecahedra1 site neighbors 
complicates predictions of 6. In any case, the 

Fig. 1. Silicon-29 MAS NMR 
spectra for various high-pressure 
phases. Measurements were made 
with a Varian VXR-400s NMR 
spectrometer with a 9.4-T magnet 
and a Doty Scientific, Inc., MAS 
probe. Chemical shifts are relative 
to tetramethylsilane. For most sam- 
ples, 20,000 to 60,000 signal aver- 
ages were collected with delay times 
of 1 to 10 s. A Gaussian smoothing 
function was applied that broad- 
ened lines by about 0.3 ppm. Spin- 
ning side bands are shown by solid 
circles. Peaks were assigned to the 
following phases (formulas in Table 
2) on the basis of stoichiometry, 
NMR peak positions and areas, and 
x-ray diffraction data: G, garnet; B, 
P:Mg2Si04; I, ilmenite; and S, 
st~shovite. The Nahigo,5Sio,5Si206 
sample crystallized to a single-phase 
pyroxene; the K2Si40, formed the 
wadeite phase only. 

MgSi03, 18 GPa, 1400°C 

MgSi03, 20 GPa, 1600°C C L  
NaMgo,,Si,,,Si,O,, 12 GPa, 1500°C A A  

I K,Si,O,, 4 GPa, 900°C 
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reported space group of 14,1a, which is the sistent with the x-ray data. The SiV' peak for 
only subgroup of Ia3d with three Si'" sites this sample is also relatively broad, as would 
( 8 ) ,  is strongly supported. Several smaller be expected if the local SiV' environments 
peaks may be unresolved in the broad enve- varied somewhat because of disorder. The 
lope beneath the sharp spectral features. configurational entropy S that results from 
This pattern suggests that there is a small this cation site mixing may have major ef- 
amount of octahedral Si-Mg disorder, con- fects on high-pressure phase equilibria. The 

pressure-temperature (P-Q boundary curve 
between MgSiO, pyroxene and garnet has a 
negative slope (dPldT = ASIA V < 0, where 
V is volume), and the curve between the 
garnet and higher pressure phases has a 
positive slope (9). This behavior is opposite 
to that observed for hlly ordered analogs 
such as MnSiO,, CaGeO,, and CdGeO, 
(10). 

For the CaO-SiO, system (1 I), our NMR 
and XRD data indicate that in a sample 
compressed at 12 GPa and 1500°C (Fig. 2, 
bottom) CaSiO, disproportionated into a 
mixture of P-Ca,SiO, and a phase with a 
CaSi205 composition (12). The appearance 
of SiN and SiV' peaks of roughly equal area 
for this phase suggests that its structure may 
be related to that of titanite (CaTiV'- 
SiN05). A small peak at - 150 ppm in this 
spectrum has the same 6 as peaks attributed 
to five-coordinated Si in high-pressure alkali 
silicate glasses (13) but is much narrower. 
This shape suggests the presence of a small 
amount of a new crystalline phase of un- 
known structure containing this unusual Si 
coordination. The pairing of the - 150 ppm 
peak with a Si'" peak at -80 ppm of similar 
intensity indicates that the structure has a 
mixed coordination (phase Y) . 

At 16 GPa, in situ x-ray work in diamond- 
anvil pressure cells shows that CaSiO, trans- 
forms into a perovskite structure, which 
becomes amorphous on depressurization 
(14). The broad Siw NMR line for a sample 

Y 

Fig. 2. Silicon-29 MAS NMR 
spectra for CaSiO, high-pressure 
phases. Experimental conditions 
were similar to those described in 
Fig. 1. The large, broad peak for 
the 15-GPa sample is caused by 
amorphous material produced on 
the depressurization of the per- 
ovskite phase. Marked peaks in- 
clude: D, CaSi,O,; L, lamite (P- 

Table 2. Measured and predicted negative 2 9 ~ i  isotropic chemical shifts by Roman numerals. In the last column, the first number is the reference 
(in parts per million relative to tetramethylsilane) for crystalline oxides for structure, the second is for NMR data, and ts indicates this study. 
containing six- or five(?)-coordinated Si. Coordination numbers are shown 

L 

Phase Measured shift, 
- d ZEN Measured Predicted 

Siw shift, SiV' Predicted Reference shift, Eq. 2 shift, Eq. 3 

a !JL the spectrum for the 15-GPa sam- 
ple are shown. The horizontal scale 
in the upper insert is expanded 

I ~ ~ ~ ~ I ~ ~ I ~ ~ ~ ~ I ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ I ~ ~ I  about the peaks near - 194 ppm. 
-80 -100 -120 -140 -160 -180 -200 In the lower insert, only the verti- 

PPm cal scale is expanded. 

D Ca2Si04); Y, a new Ca silicate that 

Thaumasite, H excluded 
Thaumasite, H included* 
MgSiV103 ilmenite 
Stishovite eV102) 
NaMg Si o,5S~N206 pyroxene 65 Mg4Si SiN30,, garnet 
K2SiV1SiN309 wadeite 
SiV1,0[P04],, Si2 t 
SiV150[P04]6, SII t 

MgSiV103 perovskite 
CaSiv103 perovskite $ 
CaSiTVSiV 0, 
Ca-silicate X 
Ca-silicate Y (SiV?) 
Siv1P20,, Sil 
Siv1P,07, Si2 
Siv1P207, Si3 
SiV1P2O7, Si4 
SIv1P207, Si5 
SiV1~,O7, Si6 
P-Mg,Si04 

CaSi03, 12  GPa, 1500°C 

Octahedral site data used in regressiows 
0.0378 21.64 179.6 
0.2788 21.62 179.6 
0.0526 21.62 181.0 
0.1177 22.20 191.3 

92.1, 97.6 0.1730 22.16 194.7 
68.0,74.3,90.3 0.1621 22.52 197.6 

95.0 0.2219 23.33 203.1 
0.2565 24.06 214.0 
0.2797 24.06 217.0 
Data not iwcluded in regressions 
0.1148 21.50 191.7 
0.1367 21.82 194.5 

88.9 22.69 193.4 
208.6 
150.0 

0.2750 24.06 -220. 
0.2913 24.06 -220. 
0.3150 24.06 -220. 
0.3020 24.06 -220. 
0.2925 24.06 -220. 
0.2851 24.06 -220. 

79.0 

apparently contains Siw and SiV in 
roughly equal proportions; X, an- 
other new phase with high-coordi- 
nate Si; and P, CaSi03 perovskite. 
Two enlargements of portions of 
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that we synthesized at 15 GPa (Fig. 2, top) 
in the multianvil apparatus shows that most 
of the material is it;deed amorphous. How- 
ever, small, narrow peaks for crystalline 
phases are also evident. These include the 
Siw-Sivl pair for the CaSi205 and the pos- 
sible Siw-Siv pair noted in the 12-GPa 
sample. Powder XRD data on similar sam- 
ples of natural isotopic abundance show 
small amounts of quenched CaSiO, perov- 
skite, which may be the source of the poorly 
resolved, small peak at -194.4 pprn (15). 
Another small SiV' peak at -208.6 (phase 
X) indicates that a second new phase formed 
under these disequilibrium conditions. This 
value of 6 is, intriguingly, the most negative 
shift observed for a P-free silicate. 

The most important effects on 6 for Siw 
in silicates are those of the number and field 
strength of the first-neighbor cations. Prob- 
ably because of decreased paramagnetic 
deshielding (16), smaller, more highly 
charged cations cause a magnetically more 
shielded local environment and thus more 
negative 6 values. This general pattern is also 
clear in the data for SiV1 (Table 2). When 
the first neighbor cation is P5+, the most 
extreme shifts are observed. SiV1 sites with 
Si" neighbors (wadeite, garnet, NaMg,,,- 
Si0,,Si2O, pyroxene) are less shielded, fol- 
lowed by those with SiV1 neighbors (perov- 
skite, stishovite, ilmenite), and finally by 
thaumasite with no Si neighbors at all. 

Several more specific relations between 6 
and variables that described the local struc- 
ture have been reported for Siw in silicates 
of widely varying structural class (17-19). 
Sheriff and Grundy (19) described an excel- 
lent linear relation between 6 and a variable 
X' (relabeled here as d) that was based on the 
effects of magnetic susceptibility anisotropy 
(MSA) on proton shifts in organic mole- 
cules (20). Their equation 2 includes a stan- 
dard geometric term that is multiplied by a 
measure of the strength of the cation-0 
bond and .that is summed over all first- 
neighbor cations X: 

Here si is the bond valence as defined by 
Brown and Altermatt (21), 0 is the angle 
between the 0-X vector and the vector from 
the central Si to the midpoint of the 0-X 
bond, and R is the length of the latter 
vector. The geometric term is only a rough 
approximation to theory for substituent 
groups that are as close to the central Si as 
those considered here. Also, the bond-va- 
lence term only proxies for the MSA for 
each 0-X bond, which is generally un- 
known in these materials. However. it does 
make sense that a more ionic bond (smaller 
bond valence) should have a smaller MSA, 
because the electron distribution is more 

spherical. The sign of the bond-valence term 
implies that the major effect on shielding is 
that of the paramagnetic term, as in the 
model based on group electronegativity de- 
scribed below. 

The original fit equation for Siw sites (19) 
poorly predicts observed SiV1 data (Fig. 3). 
However, an excellent independent relation 
is found between d and 6 for SiV' sites only 
(22), with 

6 = 145.4d - 173.2 (SD = 2.7 ppm) (2) 

where SD is the standard deviation of the 
points about the line. For thaumasite, 6 is 
poorly predicted if H t  ions in the structure 
are included, as was found for Si" sites 
(19). This problem suggests that proton 
mobility may somehow average the effects 
of this cation on 6, or that H +  sites are not 
accurately located. The predicted 6 for Mg- 
SiO, perovskite agrees well with that ob- 
served (23). For the complex structure 
SiP20,, which has six distinct SiV1 sites 
(24), a range of shifts from -214 to -220 
pprn is predicted that sum to give a single 
broad peak, similar to that previously re- 
ported (25). 

A second approach correlates 6 with the 
sum of the group electronegativities (ZEN) 
derived for each type of 0-X bond (18). We 
have taken published results for 0-Ca, 
0-Mg, and 0-H bonds (18), assumed an 
average value of EN for 0-Siw bonds of 
4.00 and assumed that EN for 0-K bonds is 
approximated by that for 0-Na bonds, and 
have derived EN values for 0-SiV1 bonds of 
3.70 and for 0-P bonds of 4.01 from the 
data set for octahedrally coordinated phases. 
We calculated ZEN using equation 4 of 
Janes and Oldfield (18), treating all cations 
as nonframework species, and found a good 
relation between ZEN and 6 (Fig. 4): 

6 = -13.48 ZEN + 108.7 

(SD = 3.1 ppm) (3) 

The prediction of this equation for MgSiO, 
perovskite is, however, relatively poor. 

The chemical shifts for both Siw and SiV1 
sites appear to fall on a single nonlinear 
curve if plotted against ZEN (Fig. 4). This 
result supports the assumption that peaks 
near to -150 ppm are caused by SiV sites. 
If, for example, there were sites in the Ca 
silicate phase Y that had five SiIV and ten Ca 
cation neighbors (analogous to a garnet 
structure), then the calculated ZEN and the 
observed 6 fall just where expected between 
the data for Si" and SiV1. 

The structure of CaSiO, perovskite is not 
yet known in detail, but powder XRD data 
indicate that it has a cubic unit cell with a = 

0.3562 nm (1 1). Taking the ideal perovskite 
structure as an approximation and using Eq. 

Fig. 3. Measured chemical shifts versus the vari- 
able d (Eq. 1) for octahedral Si sites in oxides, 
with the fit line of Eq. 2. Points marked by *were 
not used in this regression and include Ca and Mg 
perovskite. Two points are shown at - 179.6 ppm 
for thaurnasite: one lies on the fit line, the other, 
calculated including H+ ions, is the extreme out- 
lier below the line. The lower line shows the fit to 
data for tetrahedral sites of equation 3 of Sheriff 
and Grundy (19). 

2, we predict that 6 = -193.6, close to the 
peak at - 194.4 ppm seen in the spectrum of 
the 15-GPa sample. Use of Eq. 3 does not 
require detailed structural information (and 
thus this approach is less precise) but yields 
a similar difference of 4.3 pprn between Mg 
and Ca perovskites. Assuming that the new 
CaSi20, phase has a titanite-like cation 
neighbor distribution (26) and using Eq. 3, 
we predict a shift within 4 ppm of that 
observed. Finally, both models suggest that 
peak X in the 15-GPa CaSiO, sample is 
caused by an unknown new structure with a 
large number of high-field strength cation 
neighbors such as Siw (27). If this is the 
case. an additional SiTV ~ e a k  must be ob- 
scured by the large peak for the amorphous 
material. 

Both fitting procedures (Eqs. 2 and 3) 
were originally based only on data for Si". 
Their reasonably good success for the rather 
different SiV1 structures suggests that both 
have real physical significance. Theoretical 

Fig. 4. Measured chemical shifts versus ZEN for 
octahedral Si sites in oxides, with the fit line of 
Eq. 3. Three points not included in the regression 
are shown by *: these include Ca and Mg perov- 
skite and CaSi,O,. Also shown is the fit line for 
tetrahedral sites from equation 1 of Janes and 
Oldfield (18). The open circle is the presumed SiV 
site in Ca silicate phase Y, calculated for five SiN 
and ten Ca neighbors. 
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justifications for the two types of equation 
are related but somewhat different. Howev- 
er, the important point is that in crystal 
structures many different structural variables 
can be highly correlated, with none that by 
itself describes all magnetic interactions. 
More work on a wider range of composi- 
tions, and particularly single-crystal 29Si 
NMR studies, is needed to understand such 
models completely. 
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Arctic Lakes and Streams as Gas Conduits to the 
Atmosphere: Implications for Tundra Carbon Budgets 

Arctic tundra has large amounts of stored carbon and is thought t o  be a sink for 
atmospheric carbon dioxide (CO,) (0.1 t o  0.3 petagram of carbon per year) (1 
petagram = 10'' grams). But this estimate of carbon balance is only for terrestrial 
ecosystems. Measurements of the partial pressure of CO, in 29 aquatic ecosystems 
across arctic Alaska showed that in most cases (27 of 29) CO, was released t o  the 
atmosphere. This CO, probably originates in terrestrial environments; erosion of 
particulate carbon plus ground-water transport of dissolved carbon from tundra 
contribute t o  the CO, flux from surface waters t o  the atmosphere. I f  this mechanism 
is typical of  that of  other tundra areas, then current estimates of the arctic terrestrial 
sink for atmospheric CO, may be 20 percent too high. 

A RCTIC ECOSYSTEMS ARE EXPECTED 

to be strongly affected by future 
climatic change (1-3), and, if these 

ecosystems either accumulate additional C 
or lose C to the atmosphere, they will be 
important to the global C budget ( 4 8 ) .  At 
present, tundra ecosystems appear to be 
small sinks for C; that is, the amount of C 
extracted from the atmosphere during pho- 
tosynthesis is slightly more than that re- 
spired by plants and soils and lost to the 
atmosphere (7, 9).  But there is evidence that 
additional C loss to and from aquatic eco- 
systems may also be significant. One type of 
loss, by erosion of peat into lakes and rivers, 
can be a substantial part of the long-term 
accumulation rate of terrestrial C (10, 11). 
There is also some indication that terrestrial 
C washed into lakes is respired and lost to 
the atmosphere as CO, (10, 12). It is not 
known how widespread these CO, losses 
from surface waters are, and thus to what 
extent tundra C budgets are affected. In this 
report, we describe measurements of CO, 
concentration and flux from 25 lakes and 4 
rivers on the North Slope of Alaska. Our 
results suggest that the transport of dis- 
solved C from terrestrial to aquatic environ- 
ments is significant. 

We sampled locations on the North Slope 
of arctic Alaska within several kilometers of 

the oil pipeline and between the foothills of 
the Brooks Range and Prudhoe Bay on the 
Arctic Ocean (Table 1). Partial pressures of 
CO, (Pc02) were obtained by direct mea- 
surement or by calculation from data on pH, 
temperature, and concentrations of alkalini- 
ty or dissolved inorganic C (DIC) (13). The 
CO, flux was calculated from partial pres- 
sure differences between air and water and 
an estimated gas transfer coefficient, or mea- 
sured directly at one site with a floating 
chamber (14). We used a gas transfer coef- 
ficient of 2.1 cm hour-' for all sites; this 
value could be too small (15), and therefore 
our calculated CO, fluxes may well under- 
estimate actual fluxes. 

Although these lakes and rivers lie in 
varied terrain, we observed no systematic 
patterns of CO, flux with site location, lake 
area, or maximum depth. The average PcO, 
value for surface waters of all lakes was 
1162 * 134 parts per million by volume 
(ppmv) ( 4  1 SE), which is supersaturated by 
more than three times with respect to the 
atmosphere (Table 1). The flux of CO, from 
water to the atmosphere ranged from -5.5 
to 59.8 mmol m-, day-' and averaged 
20.9 4 3.3 mmol m-2 day-' in the lakes 
and 7.1 4 3.0 mmol m-2 day-' in the 
rivers. 

Annual variations in CO, flux are small 
for lakes with a long run ofldata (Table 1). 
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