
a necessary constituent (5).The presence of 
some amount of a highly polymerized hy- 
drocarbon, like the bitumen present in tar 
sands, may be needed to modify the clay 
spectrum in the region from 0.8 to 1.4 km. 
A few percent of bitumen can be present and 
not exhibit distinct absorption bands. Final- 
ly, a material spectrally similar to the coal tar 
extract is needed, which can effectively mask 
the negative slope of the clays between 2.2 
and 2.6 pm, reduce the reflectance rise at 
longer wavelengths, and suppress clay-or- 
ganic bands at 2.2 to 2.6 km. 
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Temperature Measurements in Carbonatite Lava 
Lakes and Flows from Oldoinyo Lengai, Tanzania 

The petrogenesis of carbonatites has important implications for mantle processes and 
for the magmatic evolution of mantle melts rich in carbon dioxide. Oldoinyo Lengai, 
Tanzania, is the only active carbonatite volcano on Earth. Its highly alkalic, sodium- 
rich lava, although Werent in composition from the more common calcium-rich 
carbonatites, provides the opportunity for observations of the physical characteristics 
of carbonatite melts. Temperature measurements on active carbonatitic lava flows and 
from carbonatitic lava lakes were carried out during a period of effi~sive activity in June 
1988. Temperatures ranged from 491"to 519°C. The highest temperature, measured 
from a carbonatitic lava lake, was 544°C. These temperatures are several hundred 
degrees lower than measurements from any silicate lava. At the observed temperatures, 
the carbonatite melt had lower viscosities than the most fluid basaltic lavas. The 
unusually low magmatic temperatures were confirmed with 1-atmosphere melting 
experiments on natural samples. 

CARBONATITES ARE IGNEOUS ROCKS 

rich in primary carbonates, domi- 
nantly calcite and dolomite. Al-

though rare compared with silicate rocks, 
carbonatites provide important constraints 
on partial melting processes, volatile con- 
tent, and cl,emical composition in 
earth's mantle. 

Oldoinyo Lengai, Tanzania, the only 
active carbonatite volcano on Earth, is fa- 
mous for its unusual alkali-rich magma, 
termed natrocarbonatite. The volcano, a 

M. &a&, Centre Vulcain, F-6700 Grnay, France. 
J. Kekr, Mineralogisch-Petrog'a hisches Instirut der 
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steep cone about 2900 m high, is 16 km 
south of Lake Namn in the Tanzanian part 
of the Gregoty Rift Valley. There have been 
about ten eruptions since early explorers 
reached the area around the year 1880 (1, 
2). Most eruptions were don&antly expie 
sive, but accounts of lava flows date back to 
1913 and 1917 (1). However, until the 
1960 lava eruption, the carbonatitic compo- 
sition of its lava was not recognized (3, 4). 
Since then, Oldoinyo Lcngai has attracted a 
great deal of scientific interest because its 
activity provides direct evidence for the 
physical nature, chemical composition, and 
crystaUization history of carbonatite mag- 
mas (5-8). As namcacbonatites have not 
been f o k d  elsewhere, several workers have 
suggested that the more common calcite- 
rich carbonatites originally crystallized from 
a sodium-rich magma and were subsequent- 
ly altered to calaacacbonatites (8). 

In spite of the petrological importance of 
Oldoinyo Lengai, no systematic observa- 
tions of active flows were possible since the 
1960 eruption mainly because of discontin- 
uous activitv and the difficult access to the 
volcano. A large eruption in 1966 was ex- 
plosive (9), and since then there was no 
reported activity until 1983 (10). After the 
ex$osive eruption of January 1983, sporad- 
ic visitors to the summit reported the renew- 
al of effusive activity in the north crater (10). 
It also appeared from these reports that the 
deep explosion pit resulting from the 1966 
explosive events (9) had been filled by subse- 
quent lavas. 

During a 1-week investigation of the ac- 
tive summit crater in June 1988, we studied 
the eruptive phenomena during a period of 
continuous lava-lake and lava-flow activity 
in the north crater. We were also able to 
carry out systematic temperature measure- 
ments on flowing carbonatite lava and in 
aaive lava lakes and to collect fresh lava 
samples. 

The activity during June 1988 was purely 
elfhive. In the crater, which has a diameter 
of about 250 m (Fig. l) ,  three open vents 
were filled with pools ofmolten lava. One of 
these lava lakes, with a diameter of 10 m, 
showed a steady-state vigorous boiling dur- 
ing the period of observation. Periodically 
the level of the lake rose 1 to 2 m and 
overflowed. This activity resulted in lava 
flows 100 to 200 m long, which flooded the 
flat crater floor (Fig. 1). The lava flows were 
rarely thicker than 0.5 m and were extremely 
fluid with flow velocities of 1 to 5 mls. The 
flows near the vent were g e n d y  of "pa- 
hoehoe" type, but the distal part of some 
flows had an "aa"-like appearance. Lava 
flows originated not only fiom the over- 
flowing lava lakes, but also from parasitic 
vents on the crater floor where small spatter 

Tabb 1. Tanp"we -tS from car- 
bonatitic lava, Oldoinyo Lcngai, 24 to 27 June 
1988 (14). 

Volcanic katurr Tan- ("C) 
- --- 

Lava lake Maximum 544 
Adventive vent Maximum 527 
Fast-moving flow in lava 516, 5 19 

tube 
Fastmovingflows 502,505,506 
Distal front of lava flows 491,494,495,503 
Rcsidual melt presscd 498,499,500,503 

out from cracks in 
solidified crusts 

cones formed. A distinct feature of the lava 
flow activity was the leaking out and s q u e e ~  
ing out of fluid, crystal-poor melt from 
fissures and cracks in the solidified crust of 
the flows, forming driblets and small sec- 
ondary flows. 

A rather low temperature of Oldoinyo 
Lengai natrocarbonatite lava had been sus- 
pected by several authors. Dawson (2) re- 
ported that flows of the 1960 eruption 
showed no incandescence, and even at night 
no glow was observed in the vents. Even 
though he did not make temperature mea- 
surements, Dawson estimated that the tem- 

5. 1. Anive natmcahnatitic lava flows, OC 
doinyq Lcngai (Tanzania), June 1988. (Top) 
Sumnut crater viewed from south on 25 June 
1988; crater diameter is -250 m. (Bottom) Lava 
flow of 27 June 1988 in the summit crater. 
Length of flow is - 100 m. 

perature was most likely not greater than 
about 500°C (2). In contrast, Richard (11) 
and Guest (12) reported that a "red glow" 
was observed during the 1940-1941 and 
1954 eruptions. 

Cooper et al. (13) determined experimen- 
taUy that the anhydrous liquidus of the 1960 
lava was 655°C at 1 kbar and estimated that 
the liquidus temperature at 1 atm would be 
about 20°C lower. This natural anhydrous 
liquidus is lower than the solidus tempera- 
ture in the synthetic Na2C03-K2C03- 
C a C a  system (13). The K2C03-rich part of 
the system has a cotectic minimum at 
665"C, but this composition is significantly 
different from that of the natural lava. Liqui- 
dus temperatures for the part of the system 
that resembles the composition of the natu- 
ral natrocacbonatite are above 700°C (13). 

During our visit to Oldoinyo Lcngai, the 
lava lakes and the more proximal parts of the 
flows showed a dull, red incandescence at 
night. Upwelling of hot magma to the lake 
surface was observed on several occasions, 
and as a result of this upwelling, the lava lake 
and the flows that originated from the over- 
flowing lake had a distinct orange incandes- 
cence. 

Temperature measurements were carried 
out with NiCr-NiAl thermocouples (14). 
The maximum temperature measured was 
544°C. This measurement was obtained 
during one of the episodes of upwelling of 
hot magma in the lava lake (Table 1). Simi- 
lar temperatures (52 PC) were measured in 
a parasitic vent that opened on the crater 
floor within 20 m of a complex lava lake 
with a central spatter cone. The parasitic 
vent was dearly related to this lava lake. 

Temperatures in the moving flows were 
consistently between 491" and 506°C. A 
fluid melt was being pressed out from fis- 
sures and cracks in the crust of partially 
solidified flows. This melt represents a resid- 
ual liquid that separated from the aystal 
mesh of nyerereite and gregoryite pheno- 
crysts because of its low viscosity and low 
density (15). This phenocryst-poor lava had 
temperatures tiom 498" to 503"C, similar to 
those measured from the fast-moving flows 
(Table 1). In all, the temperature measure- 
ments ranged from 544" to 491°C. Varia- 
tion in temperature is large for the narrow 
range of compositions observed (Id). 

Temperatures of fumaroles emanating 
from lissuces on the crater rim ranged fiom 
78" to 143°C. These values overlap with 
some of the earlier measurements by Guest 
(12) and Dawson (2), which were slightly 
lower, 50" to 80°C. 

The chemical composition of the 1988 
lavas is similar to that of the known products 
o f h e  1960 eruption: CaO + BaO + SrO 
-16 to 17% (weight percent), NazO -31 



- -  - -  

to 32%, K 2 0  =8 to 9%, and C 0 2  =27 to 
32% (3-5, 15). Analyses of fresh samples, 
which were sealed before complete cooling, 
indicate that the 1988 lavas were almost 
water-free. The volatile contents of F (2.5 to 
4.5%), CI (3.5 to 5%), and SO3 (4 to 5.5%) 
are higher than reported previously for the 
1960 lavas (15). Such high volatile concen- 
trations no doubt contributed to the lower 
solidus temperature of the lava of Oldoinyo 
Lengai compared with that of the synthetic 
system studied by Cooper et al. (13). 

The temperature measurements on natu- 
ral lava flows are in good agreement with 
experimental melting-temperature determi- 
nauons carried out-on s~mples from the 
same flows. The rock powder of the natural 
lava melted easily at temperatures of 500" to 
550°C. The melting temperature at 1 atm 
was determined by differential thermal anal- 
ysis (DTA) and differential thermal gravime- 
try (DTG). A pronounced DTA endotherm, 
representing the onset of melting, began at 
490°C (25") and had its maximum at 510" 
to 520°C. This range (490" to 520°C) is 
similar to the range of the temperature 
measurements of the lava flows. Dissocia- 
tion of C 0 2  from the carbonate melt began 
at 660°C. 

The observed temperatures are several 
hundred degrees lower than the lowest 1-
aun temperatures of silicate lavas. Signifi- 
cant cooling must have occurred from tem- 
peratures of possible partial melting in the 
mantle (6). Concomitant crystallization can 
account for the distinctly fractionated com- 
position of natrocarbonatites (5, 6, 15). 
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Magnification of Secondary Production by Kelp 
Detritus in Coastal Marine Ecosystems 

Kelps are highly productive seaweeds found along most temperate latitude coastlines, 
but the fate and importance of kelp production to nearshore ecosystems are largely 
unknown. The trophic role of kelp-derived carbon in a wide range of marine organisms 
was assessed by a natural experiment. Growth rates of benthic suspension feeders were 
greatly increased in the presence of organic detritus (particulate and dissolved) 
originating from large benthic seaweeds (kelps). Stable carbon isotope analysis 
confirmed that kelp-derived carbon is found throughout the nearshore food web. 

LTHOUGH PHYTOPLANKTON IS UN-

doubtedly the primary source of or- 
.ganic carbon in much of the world's 

oceans, benthic plants are thought to be 
important contributors to food webs in 
estuarine and coral reef habitats (1). In the 
early 1970s, Mann and others (2-4) showed 
exceptionally high productivity in benthic 
macrophytes belonging to the order Lam- 
inariales (kelps) and inferred that kelp-de- 
rived organic carbon could play a significant 
role in temperate coastal (nearshore) sec- 
ondary production. We assessed the signifi- 
cance of kelp-derived organic carbon to 
secondary production by a natural experi- 
ment involving islands in the Aleutian archi- 
pelago (Alaska) with and without sea otters, 
and thus with and without extensive kelp 
forests (5). We show that growth rates of 
benthic suspension feeders are two to five 
times as high at kelp-dominated islands as at 
those without kelp beds. Stable carbon iso- 
tope (8l3c) analyses show that kelp-derived 
carbon contributes significantly to the car- 
bon assimilated by secondary consumers at 
these islands. 

Kelps are a dominant feature of many 
exposed and semiexposed temperate coast- 
lines, where they frequently form dense 
stands from the low intertidal zone to 
depths approaching 40 m. Individual kelps 
can achieve large biomass and rapid growth 
even at high density, thus forming one of 
the world's most productive habitats (3, 6). 
Benthic marine herbivores such as sea ur- 
chins (Echinoidea) can retard the growth of 
kelp populations and occasionally decimate 
extant populations, but most kelp biomass is 
not consumed directly (7). This has led to 

speculation that kelp biomass enters the 
nearshore food web through indirect (detri- 
tal) routes. By releasing as well as 
dissolved organic matter (POM and DOM, 
respectively) as they grow and senesce, kelps 
could provide a significant organic carbon 
sourcefor the dive& and abundant assem- 
blages of nearshore suspension feeders, pe- 
lagic as well as benthic. Even the consider- 
able quantity of kelp biomass deposited on 
beaches adjacent to kelp stands ultimately 
may reenter the nearshore food web as 
POM and DOM after decomposition. 

The reestablishment of sea otters in the 
Aleutians after their near extinction in the 
19th century and the subsequent resurgence 
of otter predation upon sea urchins allow us 
to compare secondary production between 
areas that differ greatly in kelp biomass but 
are otherwise similar. Oceanographic data 
indicate that the pervasive influence of the 
westward-flowing Alaskan Stream accounts 
for relatively uniform physical conditions 
among the central and western Aleutian 
Islands (8).Neither the few prior studies nor 
our surveys provide evidence for significant 
differences in species composition (includ- 
ing phytoplankton) along-this segment of 
the archipelago (9). 

The mid- and low-intertidal zones 
throughout the Aleutian Islands are domi- 
nated by kelps belonging to the genera 
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