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Radiocarbon in Hydrologic Systems Containing 
Dissolved Magmatic Carbon Dioxide 

Timothy P. Rose* and M. Lee Davisson 

In regions of active volcanism, the presence of magmatic carbon dioxide (C02) in regional 
hydrologic systems provides a radiocarbon-depleted tracer for delineating ground-water 
transport and mixing processes and provides a means of assessing regional magmatic 
carbon fluxes. Variations in the stable carbon isotopic composition (813C) and carbon-14 
values of springs and surface waters from the southern Cascade Range show consistent 
patterns of carbon isotopic mixing between magmatic, biogenic, and atmospheric C02 

reservoirs. Radiocarbon measurements of waters from the Lassen region in northern 
California were, used to construct a ground-water carbon-14 contour map, revealing 
principal subsurface flow paths and a broad region of diffuse magmatic C02 flux. 

Ivecent soil gas studies have shown that 
large quantities of magmatic C 0 2 are re
leased as diffuse emissions from the flanks of 
some active volcanoes (I). In many cases, 
the C 0 2 must percolate through a thick 
section of water-saturated bedrock on its 
way to the surface, raising the question of 
how much of the total C 0 2 flux is removed 
by dissolution in ground water. If the quan
tity of dissolved CO z is characteristically 
large relative to the diffuse or geothermal 
gas flux, it may have implications for esti
mates of the global volcanic C 0 2 flux (2) or 
studies of catastrophic COz-degassing 
events (3). Because magmatic C 0 2 ordi
narily contains no 14C, the measurement of 
ground-water 14C activities in volcanically 
active regions may provide a means of ad
dressing this question. We describe here 
results from a regional 14C hydrologic sur
vey in the southern Cascade Range of Cal
ifornia and Oregon. 

We collected about 40 water samples 
from springs and spring-fed creeks in the 
southern Cascades during 1994 and 1995, 

Isotope Sciences Division, L-231, Lawrence Livermore 
National Laboratory, Livermore, CA 94550, USA. 
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more than half of which were from the 
Lassen region (Fig. 1). Dissolved inorganic 
carbon (DIC) extracted from these samples 
(4) was analyzed for 14C and 813C (5). 
Graphical variations in 14C versus 813C 
values (Figs. 2 and 3) reveal similar isotope 
mixing patterns in each volcanic system. 
We identified three DIC end members, 
with isotopic compositions represented in 
Fig. 2 by shaded boxes: (i) DIC in equilib
rium with biogenic soil CO z [with §13CDIC 

near —18 per mil relative to the Pee Dee 
belemmte (PDB) standard and 14C > 100% 
modern carbon (PMC)]; (ii) DIC in equi
librium with atmospheric CO z [§13CDIC 

near 0 per mil, 14C > 100 PMC]; and (iii) 
DIC in equilibrium with magmatic CO z 

[14C = 0 PMC]. Carbonate rock is absent in 
the study areas. 

Dissolved inorganic carbon of magmatic 
origin can show a range in 813C values that 
depends on the initial composition of the 
CO z gas and on the temperature and pH 
conditions during COz-DIC equilibration 
(6). In the Lassen region, magmatic DIC-
enriched fluids (with. 14C < 1 PMC) were 
observed only in bicarbonate (HC0 3~) hot 
springs (temperature T = 60° to 80°C; 
pH = 6.4). The 813C values of these springs 

( — 5.7 to —7.0 per mil) are consistent with 
the results that would be obtained as a 
result of high-temperature isotopic equili
bration with CO z gas from the Lassen geo
thermal system (813C = —7.5 to —10.5 per 
mil; average value = —9.5 per mil) (7). 
Lower temperature (10°C) equilibration 
with Lassen geothermal CO z could yield 
813CDIC values as enriched as 0 per mil 
(shaded box in Fig. 2). 

At other Cascade volcanic centers, flu
ids with negligible 14C activity were ob
served only in low-temperature, COz-rich 
soda springs (8). Soda spring 813C values 
ranged from —11.7 to —7.3 per mil and 
showed an increase in pH from 4.5 to 6.4 
that is concomitant with increasing 813C 
values (Fig. 3). 

The 813C-14C data from the Lassen re
gion define three distinct mixing arrays, 
represented by linear trends in Fig. 2, all 
with a common origin at the biogenic DIC 
end member. Large springs (flow > 0.3 m3 

s_1) generally have lower 14C values rela
tive to smaller springs, implying a deeper, 
regional ground-water flow path (9) with a 
higher probability for interaction with mag
matic COz . Simple mixing of ground waters 
containing biogenic DIC with waters simi
lar in composition to the HC0 3 ~ hot 
springs produced the "dead carbon addi
tion" mixing line of Fig. 2. The exceptional 
linearity of the data along this trend sug
gests mixing with magmatic DIC equilibrat
ed over a limited range of temperature and 
pH conditions. 

A second mixing line in Fig. 2 is defined 
by the interaction of waters containing bio
genic DIC with waters that recharge in the 
Lassen Peak region. The latter is character
ized by surface water from Lost Creek, 
which originates from springs on the poorly 
vegetated north slope of Lassen Peak and 
has a 813C value that indicates low-temper
ature equilibration with a mixture of mag
matic and atmospheric CO z gases. Winter 
snowfall in this region averages >2.3 m of 
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Fig. 1 . Map showing locations of major volcanic 
centers and rivers discussed in the text. 
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Table 1. D~ssolved magmatic carbon fluxes. 

Sample D~scharge Tt::zr- DIG 8I3C Fract~on Magmatic 

(m3 s - ' )  pH ( X  lo-' kg 14C magmatic DIG flux 
("C) m-3 HCO,-) (per m i l )  (PMC) DIC (kg year-') 

Lassen volcanic center 
Risng R~ver Springs 8.5 8 7.3 5.2 -9.1 79 0.28 3.9 X loG 
Crystal Lake Sprngs 2.8 10 8.2 5.6 - 12.5 83 0.25 1.2 x loG 
B I ~  Spring 3.5 8 6.9 8.0 - 10.5 44 0.60 5.3 X loG 
Hat Creek 0.4 4 7.3 2.5 7 . 6  73 0.34 1.2 x lo5 

Total 1.1 x lo7 
Mount Shasta volcanic center 

Sacramento River near Dunsmuir 
Base flow (August 1994) 6.5 14 8.4 6.6 -6.5 70 0.36 4.9 x loG 
Runoff (June 1995) 21.8 12 6.8 4.9 -6.1 95 0.13 4.5 x 10" 
Average 4.7 x 10" 

McCloud River near McCloud 22.4 13 7.5 6.0 -17.4 92 0.17 7.1 x 10" 
Base flow (August 1994) 

Big sprlngs of McCloud River 7 7.5 6.2 1 7 . 4  90 0.18 
Total 1.2 x lo7 

rainfall equivalent per year (1 O), providing 
a seasonal blanket that can trap and con- 
centrate diffuse magmatic CO, ernanations 
(1 1 ). During spring melting, magmatic CO, 
in  the  soil zone can dissolve in  the  down- 
ward oercolatine s ~ l o w ~ n e l t  and mix with - 
atmospheric C02 trapped in the snowpack. 
Silicate hydrolysis reactions neutralize the  
pH,  resulting in  ground water with a DIC 
co~nposition like that  of Lost Creek. T h e  
largest cold spri~lgs in the  Lassen region, 
Rising River Springs (8.5 tn' s-I), have a 
S13C-14C pair that plots o n  this mixltlg line 
(Fig. 2)  and a S1" value that  reflects re- , - 
charge in the  Lassen Peak region (1 2) .  

T h e  effect of atrnosnheric eauilihration 
o n  waters containing hiogenic DIC is rep- 
resented by the zero-slope lnixing line he- 
tween the hioeenic and a t t~~osoher i c  LIIC 
end-members in Fig. 2. Most of the  salllples 
o n  this trend are from low-volume sprlngs 
with bomb pulse "C values (13) ,  represent- 
ing shallow, localized ground-water flow 
.paths. Because atmospheric COZ has a S1'C 
value near 8 per mil (14) ,  a HC03- 
solution that has coillpletely equilibrated 

with the  atmosphere at  15°C will have a 
S1'C value near + 1 (6). 

Carbon isotope variations sinlilar to 
those of the  Lassen region are observed in - 
waters throughout the southern Cascade 
Range (Fig. 3 ) ,  including the  Mount  
Shasta, Crater Lake, and Three  Sisters re- 
gions (see Fig. 1). Most of the  data in Fig. 3 
are from large springs, with additional sam- 
ples from alpine creeks and soda springs. 
Two  subparallel mixing trends are shown 
between the  inferred biogenic and magmat- 
ic DIC end members, one  for Mount Shasta 
and the  other for Oregon (Fig. 3 ) .  In  each 
case, the  "C-depleted inag~uatic cotnpo- 
nent  is represented by C02- r i ch  soda 
springs. T h e  "C enrichment in the  Oregon 
data relative to the  M o u ~ l t  Shasta data tnay 
reflect higher S1'C values in the Oreeon - - 
soda springs, more I3C-enriched hiogenic 
DIC values, or the  influence of partial at- 
tnospheric equilibration of the  biogenic 
DIC source. 

Alnine creeks from the  Mount Shasta 
and the  Three Sisters regions show an  irn- 
pressive degree of S13C etlrichlnent as a 

Fig. 2. Varlatons In I4C ver- -- 
-1 

sus 8'" values of DIC in wa- 
ters from the Lassen region. 
L~nes ident~fy Important mix- 

ing processes involving bio- 
genlc, atmospheric, and 
magmatic DIC end-mem- 
bers (shaded boxes). B~car- 
bonate hot sprlngs represent 
magmatic DIC equilibrated at 
higher temperatures. The av- 40 I 
erage composit~on of CO, 
gas from the Lassen geo- 20 t 

i 
thermal system is shown as a 0 C 

g ~ ~ ~ ~ ~ a l  \ Bicarbonate Magmati DIG 

CO, gas 
hot sprlngs (low-T equlllbrat~on) 

A * *  - 1  
trlangle (7). Circles corre- ----A I I 2-2 

spond to samples from large -20 1 5  1 0  - 5 0 

springs p 0 . 3  m3 s-:), soyld Si3CD,, (per mil) relative t o  PDB 
dlamonds ~nd~cate samples 
from smaller springs (<0.3 m3 s-I), and open squares represent surface waters. 

result of equilibration with atmospheric 
CO, (Fig. 3 ) .  These samples represent late 
summer snowmelt from high alpine regions. 
T h e  modern 14C values of the  creeks sug- 
gest that  little magmatic C02 escapes from 
the  high slopes of these volcanoes. If a 
significant alpine ~naglnatic C02 flux were 
present, these creeks would have C isotope 
values similar to those of Lost Creek at  
Lassen (Fig. 2).  

T h e  Lassen volcanic center, unlike other 
active Cascade volcanoes. hosts a well-de- 
veloped geothernlal system with numerous 
surface discharge features (7, 15,  16).  Re- 
cent volcanistn a t  the Lassen region is char- 
acterized by silicic dorne emplacement, in- 
cluding the  dacite dome of Lassen Peak 
(1 7). Degassing of CO, from the  shallow, 
silicic magma chamber beneath Lassen 
Peak gives rise to a high C02 flux o n  the  
flanks of the  volcano, as indicated by the  
low 14C v a l ~ ~ e s  of spring waters origi~lating 
o n  Lassen Peak (Lost Creek) and the  pres- 

o L A  Atmospheric equll~brat~on , % I 

0 ' creeks 
A 

1 

Soda springs 
~,e,e. -1 

-20 -15 -10 -5 0 

Si3CD,, (per mil) relative t o  PDB 

Fig. 3. Variations in ILC versus 81SC values of DIC 
in waters from Mount Shasta (circles) and south- 
ern Oregon (triangles). Mixing processes are ~ndi- 
cated by lines. Biogenic and atmospheric DIC 
end-members are inferred to be composit~onally 
similar to the Lassen system (see Fig. 2), whereas 
the magmatic DIC end-member is represented by 
soda springs. 
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ence of HCO,- hot  springs in the  geother- 
mal system. In  contrast, the  composite vol- 
canoes that make up most of the  Cascade 
Range evidently lack the  Lost Creek type of 
low-14C water, suggesting a low rate of dif- 
fuse C02 flux in these systems. Soda springs 
rich in CO, associated with composite 1~11- 
canoes are situated only at low ele\rations, 
o n  the margins of the  volca~loes. T h e  strat- 
ified lithology of these volcanoes may 
therefore provide an  effecti1.e barrier to  dif- 
fuse CO, emissions 011 the  volcanic edifice. 

In  the  Lassen region, sufficient data exist 
t o  construct a generalized ground-water 14C 
contour map (Fig. 4).  T h e  contour lines are 
based primarily o n  data from the  thermal 
and large-volume springs. Dashed contour 
lines encompass the entire Lassen geother- 
mal area (shaded regions) under the as- 
sumption that low-14C fluids discharge 
throughout this region. T h e  elongate, con- 
centric pattern of contours (Fig. 4 )  stretches 
from Lassen Peak northward toward Rising 
River Springs. Radiocarbon values gradually 
increase along this flow path as low-14C 
ground water from the  Lassen Peak reglon 

121 "45' 121 "30' 

Spr~nge > 0.3 m3 s - '  

0 Geothermal areas 

/? Ground-water flow path 

, - g -  - Q9 k,, - -  
7 ,  

d . .' ,' - + ~ 5 ~ '  
Cysts1 Lake Sprs , + 115 

83.1 + i n n  

+ 116 

115 95 

Crater Peak A 

km , 89 102 

Peak 

Fig. 4. Radiocarbon contour map of ground water 
in the Lassen regon of northeastern Californ~a. 
Contour Ines are controlled primarly by data from 
large springs (circles). which represent deep 
ground-water flow paths (arrows) Contours are 
dashed where inferred. Shaded areas correspond 
to regions of hot spring activ~ty. Numbers next to 
sample locat~ons ~ndcate I4C values (PMC). Lo- 
catons are noted for major sprlngs and creeks 
used to estmate the regional d~ssolved magmatic 
CO, flux (see Table 1) .  

mixes with water enriched in b i o g e ~ l ~ c  DIC. " 

yielding a final mixed composition like that 
of Rising River. Two springs with nlodern 
or near-modern I4C values (104 and 94 
PMC)  occur near Lassen Peak (Fig. 4 ) ,  in  
close proximity to samples with much lower 
14C values. Heterogeneous 14C values rnay 
reflect local variations in ground-water flow 
paths. Shallow, localized flow paths with 
short aquifer residence times will tend to 
limit ground-water interaction with diffuse 
magmatic C02 emissions, as colnpared with 
deeper flow paths in the same region. 

W e  infer that most of the dissolved mag- 
matic carbon in the Lassen region originates 
from diffuse C02 emissions, particularly in 
view of the  fact that the Lassen geothermal " 
system is centered south of the regional 
drainage dil~ide, opposite the dominant 
ground-water flow system. Although small 
geother~nal vents occur o n  the  north side of 
Lassen Peak 116). t he t~  cannot account for , , ,  , 

the quantity of magmatic carbon present in 
the large-volume springs. Additional evi- 
dence for diffuse COz emissiolls is provided 
by data from a large spring located -20 kin 
west-northwest of Lassen Peak. This spring 
has a 14C value of 78 P M C  (Fig. 4 )  and a 
6'3C-"C pair that plots 011 the "dead carbon 
addition" line of Fie. 2. However, its 6"O 
value indicates meteoric recharge from the 
north,  thus ruling out any direct connection 
with the  Lassen Peak highlands. 

Given a conlbination of k ~ l o ~ v n  dis- 
charge rates, DIC concentrations, and I4C 
activities for major flow systems, it is possi- 
ble to estimate the  dissolved magmatic car- - 
ban flux for any given volcanic center. W e  
have calculated approximate flux values for 
both the  Lassen and Mount Shasta volcanic 
centers (Table 1) .  T h e  Lassen data include 
the  three largest low-14C springs and one 
creek, all of which are located north of 
Lassen Peak. W e  determined the fraction of 
nlagmatic DIC in  each water, assuming 
two-component 14C mixing between mag- 
matic ( 0  PMC)  and biogenic-atmospheric 
sources ( 1  10 PMC).  Using this approach, 
we estimate a minirnurn dissolved magmatic 
carbon flux of 1.1 x 10' ke vear-' at Las- - ,  
sen. If all of the  dissolved magmatic carbon 
is in  the  form of HC0,-, this is equivalent 
to 7.6 X lo6 kg yearp1 of magmatic CO, 
gas. Published gas chemistry data (15) and 
mass flux estimates 11 6 )  for the Lassen eeo- . , " 

thermal system indicate a C02 gas effusion 
rate of 3.5 X 10' kg yearp' (18).  This result 
suggests the dissolved magmatic carbon flux 
is e q ~ ~ i v a l e n t  to -20% of the  estimated 
geothermal CO, gas flux at Lassen. 

Our  dissolved magmatic carbon flux es- 
timate for the Mount Shasta region is based 
o n  the 'T values of the two maior river 
systems that drain the area, tine Sacramento 
and McCloud rivers (Fig. I ) .  T h e  inajority 

of the spring flow from Mount Shasta is 
contributed to these rivers. Two indepen- 
dent dissolved  nagm ma tic carbon flux deter- 
minations for the Sacramento River varied 
by < l o % ,  despite significantly different 
flow conditions. T h e  McCloud River exhib- 
its onlv small variations between base flow 
and peik  r ~ n o f f  co~lditions because virtually 
the  entire discharee is contributed bv one 
group of springs. A 14C measurement of 
these springs (Big Springs of the  McCloud 
River) was similar to the integrated value for 
the river (Table 1) .  T h e  total dissolved mag- 
matic carbon flux for these two rivers is 
estimated at 1.2 X 10' kg yearp', equivalent 
to 8.5 X 10Qg of magmatic C02 
gas. This value is slightly larger than the 
dissolved magmatic carbon flux from Lassen. 
However, geotherlnal activity a t  Mount 
Shasta is verv limited. consistine of one 
slnall group of ac~d-sul'fate sprln; located 
near the sulnmit 119). T h e  lack of a large. " 

obserlwl gaseous CO, flux suggests elther 
that the total rnagmatlc C02 flux 1s lower at 
Mou11t Shasta than at Lassen or that a com- 
parable lnagrnatlc flux at A?ount Shasta 1s 
unacco~~nted  for. In  the  latter case, the  soda 
springs that occur a t  Mount Shasta and in 
Oregon, but not at Lassen, may represent 
deep ground water from beneath these com- 
posite cones that buffers the unaccounted 
COz by water-rock interaction. 
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Fossil Velvet Worms in Baltic and Dominican 
Amber: Onychophoran Evolution and Biogeography 

George Poinar Jr. 

Velvet worms identified in Baltic and Dominican amber demonstrate that terrestrial 
onychophorans were present in the early Tertiary. Characters of the amber fossils are 
similar to those of the Cambrian Aysheaia and the Pennsylvanian Helenodora, which 
suggests that these Paleozoic lobopods are ancestral to extant velvet worms. The 
presence of slime secretions in the Dominican amber fossil shows that the slime gland- 
pore complex had developed by the mid-Tertiary and could have been an adaptation to 
terrestrial life. The Baltic amber fossil shows that the range for this now predominately 
gondwanan group was expanded in the Tertiary. 

Members of the phylum Onychophora or 
velvet worms have incited debate for years 
regarding their position in the animal king- 
dom ( 1 ) .  Traditionally they have been re- 
garded as a sister group to the monophyletic 
Arthropoda and a link between the Anne- 
lida and the Arthropoda, with the Cam- 
brian Aysheaia possibly representing an an- 
cient marine ancestor of today's velvet 
worms and of the entire Atelocerata (Myri- 
apoda and Hexapoda) (2).  However, there 
had not been any intermediate forms con- 
necting the Cambrian Aysheaia and Xenu- 
sion (3-5), and Pennsylvanian Heknodora 
from (6), to present-day onychophorans. 

Here, 1 describe terrestrial velvet worm 

amber fossils with the Paleozoic forms is the 
structure of the legs (sac-like, nonjointed 
extensions of the body). The leg of a typical 
present-day onychophoran consists of a 
proximal trunk portion and a dorsal foot 
portion bearing a terminal pair of claws and 
associated papillae. In the amber fossils, the 
foot is lacking and only the trunk is present 
(Figs. 1 to 3). The claws of the Dominican 
fossil are attached to the trunk, a condition 
similar to that reported in Aysheaia pedun- 
culata (3) and Heknodora (6). This undif- 
ferentiated type of leg structure is also rem- 
iniscent of that found in some Tardigrada 
(Haplomacrobiotus) (9). A similarity be- 

the geothermal system is 41 kg s '  (76). This Implies 
aC0,fluxof 1.1 k g s l  oranannualfluxof3.5 X l o 7  
kg year-'. 
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tween Aysheaia and tardigrades has already 
been proposed (1 0). 

One of the unique characters (and cer- 
tainly essential for survival) of extant ony- 
chophorans is the slime gland and pore com- 
plex (1). The slime glands are well devel- 
oped in relation to the body size of velvet 
worms. These glands open to the exterior at 
the oral or slime papillae and produce a 
water-soluble sticky secretion that is used 
both to obtain food and for defense. There is 
no definite evidence of oral papillae in the 
two species of Aysheaia or in Heknodora. 
Slime would have been ineffective in an 
aquatic environment, and these organs 
evolved as the animal adapted to terrestrial 
life ( I  1 ). The oral papillae are quite distinct 
in the Dominican amber specimen, and a 
thick, copious deposit extends from near the 
openings of each gland (Fig. 3). This deposit 
is interpreted as slime that had been emitted 
from the oral papillae as a triggered defense 
reaction at the time the animal fell into the 
sticky resin. This fossil establishes a mini- 
mum time for the evolution of this slime 
production system and connects the Domin- 
ican fossil to the modem velvet worms. 

If the slime gland-pore complex did 
evolve as an adaptation to invasion of the 
land, then its primary function (aside from a 
possible use as a protective coating as the 
animal became terrestrial) was probably for 

fossils found In Domlnlcan and Baltlc amber Fig. 1. Lateral vlew of a fos- 
and d~scuss the~r connection to Paleozoic s~l onychophoran ~n Baltic 
forms (3, 7) and extant onychophorans. In amber (body = 8 mm) 
addltlon, I will d~scuss the development of the 
elaborate sllme gland-pore complex found In 
modem velvet worms, and the ~mpl~cat~ons 
the Baltlc amber fossll has regarding the dls- 
trlbutlon of onychophorans In the past 

The purple- to black-colored Baltlc am- 
ber speclmen (about 40 rnlll~on years) (8) 
(Flg. 1) IS represented by 8 mm of the ante- 
rior of the body. It contains a pair of anten- 
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