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Most arc magmas are thought to be generated by partial melting of the mantle 
wedge induced by infiltration of slab-derived fluids. However, partial melting 
of subducting oceanic crust has also been proposed to contribute to the melt 
generation process, especially when young and hot lithosphere is being sub- 
ducted. The isotopic composition of boron measured in situ in olivine-hosted 
primitive melt inclusions in a basaltic andesite from Mt. Shasta, California, is 
characterized by large negative values that are also highly variable (8"B = 
-21.3 to -0.9 per mil). The boron concentrations, from 0.7 to 1.6 parts per 
million, are lower than in most other arc lavas. The relation between concen- 
tration and isotopic composition of boron observed here supports a hypothesis 
that materials left after dehydration of the subducting slab may have con- 
tributed to the generation of basaltic andesite lavas at Mt. Shasta. 

Boron is a geochemical tracer of recycling of 
crustal material into the mantle and of interac- 
tion of mantle-derived magma and crust. Boron 
isotope fractionation occurs during low-temper- 
ature and low-pressure processes, resulting in 
isotopic variations up to 90%0 among surface 
reservoirs (1). These reservoirs are enriched in 
boron (2) relative to the mantle (3), and inter- 
action between mantle-derived melts and crust- 
al reservoirs could alter the B isotopic compo- 
sition of magmas. Subduction of the shallow 
reservoirs, such as sediments and/or altered 
oceanic crust (AOC), and subsequent release of 
fluid from them, could impart diverse isotopic 
signatures to the mantle wedge and thus to arc 
magmas. 

Here, we determined the B isotopic com- 
positions in individual melt inclusions hosted 
by high-Mg olivines in a primitive basaltic 
andesite from Mt. Shasta, California. The 
Cascadia system is characterized by subduc- 
tion of young oceanic crust [age <6  million 
years (4)] and presents an end-member case 
where the possibility of a contribution from 
slab melting can be tested quantitatively. 
Melt inclusions hosted by high-Mg olivines 
are the least modified in a crustal magma 
chamber, and they represent the closest ap- 
proach to melting and melt migration pro- 
cesses beneath Mt. Shasta. 

The sample analyzed (sample 95-15) is a 
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basaltic andesite of the Misery Hill stage 
[80,000 to 10,000 years before the present (5)], 
collected from a cinder cone 10 km south of the 
summit. High-Mg olivines (forsterite content of 
89.3 to 90.6) occur as phenocrysts in a partially 
crystalline ground mass (6). Melt inclusions are 
subspherical, 50 to 100 km across, and partly 
crystalline. In addition to the growth of the host 
olivine, daughter crystals of clinopyroxene and 
occasional minor amphibole are observed. De- 
grees of post-entrapment crystallization range 
up to about 30% (20% olivine, 10% clinopy- 
roxene) on the basis of residual glass composi- 
tion. The B isotopic composition was deter- 
mined with an ion rnicroprobe (Cameca 1270), 
using techniques similar to earlier work (7, 8). 
The precision of S1'B measurements (relative 
to National Bureau of Standards 951) is better 
than ? l%o ( l a )  for the synthetic silicate glass 
standard named GB 4 and on average ?3%0 for 
melt inclusion with B contents <1 ppm. Con- 
centrations of B were determined with an ion 
microprobe (Cameca 3f), using an energy fil- 
tering-based procedure (9) and basaltic glass 
standards. The precision is assessed on the basis 
of counting statistics and ranges from 2 to 5% 
(1 a). 

We obtained the following results: (i) The 
B concentrations, 0.67 to 1.64 pprn (Table I), 
are much lower than in any other arc rocks 
reported thus far (Fig. 1A). Considering the 
degrees of post-entrapment crystallization, B 
concentrations in the initial melts could be 
even lower, by -40%. (ii) The S1IB is highly 
variable, ranging from -2 1.3 to -0.9%0. 
These melts must have been derived from 
sources of distinct 8I1B compositions. (iii) 
Three of seven melt inclusions analyzed have 
8I1B < -10%0. These large negative values 
are unusual for subduction zone magmas. 
Our results differ from the findings for other 

arc magmas (10-13), reflecting the unique 
character of the Cascadia system. 

The B concentrations measured in the 
melt inclusions are similar to those in mid- 
ocean ridge basalts [MORB (12)l. This result 
indicates that the source rocks for these melts, 
relative to depleted MORB mantle [DMM 
(14)], are at least as depleted in B. This 
observation is not consistent with a hypothe- 
sis of fluid-induced melting of the mantle 
wedge, because B is considered to be parti- 
tioned into the fluid (14), and, relative to 
DMM, fluid-infiltrated mantle should be en- 
riched in B. For instance, a fluid released 
from an altered basalt (10 pprn B) could 
contain 500 pprn B with a fluid/rock partition 
coefficient of 50. This fluid would increase 
the mantle wedge B concentration to 1.5 
ppm, even when only 0.03% of fluid is added 
(15).This B concentration is about a factor of 
10 greater than that in DMM (1 6).Melting of 
the fluid-modified mantle wedge would pro- 
duce melts with B concentrations higher than 
1.5 pprn (assuming that B is perfectly incom- 
patible, 10% melting would yield 15 pprn B 
in the melt). Direct melting of AOC ( > l o  
pprn B) or sediments (-100 pprn B) would 
produce melts with even higher B contents, 
which is unrealistic for the origin of the Mt. 
Shasta melts. Two of the melt inclusions in 
our sample have S1'B at -21.3 and -17.0%0. 
These values are much lower than those for 
AOC (+6%0) and sediment (> -15%0), and, 
together with low B concentrations, argue 
against direct melting of these sources. 

Dehydration of a subducting slab extracts B 
into the fluid and leaves residues that are de- 
pleted in B. Recent studies have shown that 
8' IB of dehydration residues (prograde meta- 
morphic rocks) become increasingly lighter 
with increasing degree of dehydration (1 7-20). 
Therefore, dehydration residues become in-

Table 1.B isotopic composition and concentration 
(pprn) in  melt inclusions from sample 95-15. B 
isotopic compositions are expressed in per m i l  

( O W  as ([(llB/loB),,m,,,/(llB~lOB)~tandardl - 1) X 
1000, where the standard is Nat~onal Bureau of 
Standards 951 and (llB/lOB),t,,d,,d = 4.04558 
(29). B concentrations were determined with a 
Cameca IMS 3f ion microprobe wi th an energy 
offset of -90 V using a working curve based on 
basalt glasses. Analytical uncertainties (in ppm) 
are based on counting errors. 

Melt 611~ 
inclusion p 0  t l~me,, ? l a  
number ( P P ~ )  
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Fig. 1. (A) Isotopic composition and concentration of B in melt inclusions 
hosted by high-Mg olivines in basaltic andesite (95-15) from Mt. Shasta 
(solid circles). Striped areas are B reservoirs relevant to this study (72, 14, 
27). The areas with confetti denote B characteristics of island arc rocks 
(whole rocks) in the literature (70, I 7, 73.26); the shaded vertical bar on the 
y axis represents Cascades whole rocks [B concentrations only (27)) The 
dark-shaded area marked "source rock" is where the potential source rocks 
for 95-15 melt inclusions lie, and is derived from the present results by 
lowering the B contents by a factor of 10 (equivalent to 10% melting for a 
Derfectlv incom~atible element) with S1'B unchanged. Arrows indicate how 
6 conc&tration' and B isotopi~composition chara2eristics vary in melting 
and subduction processes. (B) Diagram showing how major B reservoirs for 

creasingly depleted in B, and isotopically they 
become increasingly lighter (larger negative 
S1 lB). Exact pathways of B depletion and iso- 
topic fractionation depend on the partitioning of 
B and the magnitude of isotopic fractionation 
between fluid and rock (14, 21); these variables 
are not well known for natural conditions, nor 
are they considered to be constant during poly- 
baric and polythermal dehydration processes. 
The isotopic fractionation is also influenced by 
the pH of the fluid (14, 21). Assuming that the 
partition coefficient of B between solid and 
fluid Kd = 0.015 (21), and assuming that the B 
isotopic fractionation factor between fluid and 
solid A,, (= Sl1B,,, - S1lB,,i& = +1 or 
+5%, an open-system Rayleigh model yields 
B trajectories from AOC and sediment (Fig. 
1B). Instantaneous fluid compositions track the 
solid residue trajectories with greater B concen- 
tration (by a factor of 67) and with heavier 
isotopic composition (by + 1 or +5OmO). If fluid 
~ o n s  released during dehydration are 
''pooled" together, mass balance would dictate 
that the pooled fluid would be indistinguishable 
from the starting material. The B concentrations 
and B isotopic compositions shown as "95-15 
source rock" (Fig. 1) are derived from the melt 
inclusion 
factor of 
perfedy 
changed. 

data by lowering the B content by a 
10 (equivalent to 10% melting for a 
incompatible element) with S1 un- 
This range is reached from AOC and 

sediment sources after removal of more than 
99% of the B. Extraction of B from the system 
is much more efficient than removal of water 
because of low K,. With Kd = 0.015, the 
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the subduction system (AOC and sediments) are reconciled with the ob- 
served B characteristics of the Shasta melt inclusions (solid circles). Solid and 
dashed lines originating from AOC and sediments are theoretical trajec- 
tories for subducting AOC and sediments. The trajectories were calcu- 
lated using an open-system Rayleigh model by which B is efficiently 
extracted in fluid and isotopic fractionation occurs during dehydration. It 
was assumed that the partition coefficient K, for B between solid phase 
(i.e., AOC or sediments) and fluid is 0.015 (21) and that the isotopic 
fractionation factor between fluid and solid A,, is + 1 %O (solid curves) or 
+5% (dashed curves). Tick marks with large numbers denote amounts 
of boron (in weight percent) extracted from the system. Small numbers 
denote amounts of water (in weight percent) extracted from the system. 

system loses only 7% of original water when 
more than 99% of B is removed; with Kd = 
0.05, a 30% water loss occurs when 99.6% of B 
is removed 

Although exact pathways are uncertain, the 
dehydration process results in increasingly low- 
er B concentration and increasingly light B 
isotopic composition in both residual rock and 
instantaneous fluid Therefore, the B character- 
istics observed here suggest that the primitive 
melt inclusions contain components derived 
from (i) melting of dehydrated residues (i.e., a 
subducted slab) andlor (ii) melting of the man- 
tle wedge triggered by infiltration of a late-stage 
B-poor fluid. The B systematics alone are not 
sufficient to choose between the two possibili- 
ties. Trace element signatures such as a high 
SrrY [up to 200 (22)] and covariation of TUZr 
and La/Sm have been proposed to indicate the 
role of slab melting (10, 22, 23). However, the 
major element composition of the primitive 
basaltic andesite bears little resemblance to a 
siliceous slab melt and indicates a noticeable 
contribution from melting of depleted mantle 
peridotite source. High pre-emptive H,O con- 
tents (6, 12) postulated for Mt. Shasta lavas are 
unlike those of hypothesized slab melts (22,23) 
that are viewed as products of volatile-he 
melting of subducted oceanic crust. Therefore, 
the slab component in the Mt. Shasta primitive 
basaltic andesite may be hydrous fluid released 
after extensive B removal or %O-rich slab melt 
derived from dehydration residues that has been 
reequilibrated with the overlying mantle wedge, 
preserving evidence for progressive dehydra- 

tion of the slab source in its B characteristics. It 
is noteworthy that the B concentration and B 
isotopic composition characteristics observed 
here reflect dehydration and extensive extrac- 
tion of B, which is expected for hot subduction 
of the Cascadia system (24, 25). On the other 
hand, for arc systems dominated by fluid-in- 
duced melting of the mantle wedge, the B char- 
acteristics of the melts would resemble those of 
major fluid reservoirs such as AOC or sedi- 
ments. The literature data for the HaImahera 
(lo), Izu-Bonin (ll), Antilles (26), and Kurile 
(13) arc systems suggest that magmas were 
derived from the mantle wedge and AOC 
source (Fig. 1A). Variable Sl1B found in our 
melt inclusions reflects locally heterogeneous 
sources of B and could indicate a metamorphic 
complex containing metasedimentaq and me- 
tabasaltic lithologies as sources for hydrous slab 
melts. 
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Climate Change During 

indicate that initial warming in the North Freshwater Forcing of Abrupt Atlantic region was accompanied by an in- 
crease in the rate of THC (Fig. 2). Assuming 
that the detrended record of atmospheric ra- 
diocarbon (A14C) is primarily a signal of 

the Last Glaciation ocean circulation (13), the post-LGM de-
crease in A14C suggests that THC increased 

Peter U. lark,'* Shawn J. Mar~hal l ,~  to essentially interglacial levels by 19,000 cal Garry K. C. Clarkep3 
Steven W. ~ostet ler ,4 '~ose~h yr B.P. (19.0 cal kyr B.P.) (Fig. 2B). The M. Licciardi.'t James T. Teller5 

Greenland oxygen isotope (6180 record), on 
Large millennial-scale fluctuations of the southern margin of the North Amer- the other hand, indicates that air temperatures 
ican Laurentide Ice Sheet occurred during the last deglaciation, when the margin remained relatively cold, which suggests that 
was located between about 43" and 49"N. Fluctuations of the ice margin low atmospheric greenhouse gas concentra- 
triggered episodic increases in the flux of freshwater to the North ~tlantic-by tions and large ice sheets partially attenuated 
rerouting continental runoff from the Mississippi River drainage to the Hudson ocean-induced warming of the North Atlantic 
or St. ~ahrence Rivers. We found that periods of increased freshwater flow to region. In addition, convection in the North 
the North Atlantic occurred at the same time as reductions in the formation Atlantic basin may have been restricted to 
of North Atlantic Deep Water, thus providing a mechanism for observed climate intermediate depths, which allowed substan- 
variability that may be generally characteristic of times of intermediate global tial sequestering of atmospheric 14C while 
ice volume. contributing less heat than would have been 

released from deepwater formation (13). 
A leading hypothesis about the origin of the the causes of increased freshwater flux from Our reconstruction of rerouting events 
large and abrupt fluctuations in high-latitude these ice sheets to the North Atlantic and their suggests that these initial deglacial warming 
climate on millennial time scales invokes exact relationship to abrupt climate change are trends were subsequently reversed by three 
changes in the rate of formation of North At- unknown. The best-documented case of such sequential periods of increased freshwater 
lantic Deep Water O\IADW) and their attendant freshwater forcing occurred during the Younger flow to the North Atlantic originating from 
effect on oceanic heat transport (1, 2). Numer- Dryas cold interval, when continental runoff two rerouting events through the Hudson 
ous modeling studies demonstrate that the At- that was rerouted from the Mississippi River to River (labeled R7 and R8 in Fig. 2F) that 
lantic thermohaline circulation (THC) is sensi- the St. Lawrence River at 11,000 14C years bracket increased iceberg discharge, culmi- 
tive to the freshwater budget at the sites of before the present (yr B.P.) [13,000 calendar yr nating in Heinrich event 1 (Fig. 2E). During 
deepwater formation (3-5): Increased freshwa- B.P. (cal yr B.P.)] reduced NADW formation this Oldest Dryas cold event, proxies of ocean 
ter flux to the North Atlantic decreases the (69). This mechanism for large-scale cooling circulation identify a long-term decrease in 
formation of deep water, thereby reducing me- has been regarded as unique to the Younger the rate of THC that was episodically inter- 
ridional heat transport, whch causes cooling of Dryas, however, and alternative mechanisms rupted by large variations in the rate, depth, 
the high latitudes. During glaciations, the cir- have been proposed to explain other millennial- or location of deepwater formation (Fig. 2, B 
cum-North Atlantic ice sheets would have been scale climate fluctuations (10). Our new recon- and C). The climate of the North Atlantic 
a ready source of fresh water, but in most cases structions of North American runoff (1 1, 12) region remained cold during the Oldest Dryas 

suggest that the freshwater rerouting that ( ~ i g .  2A), suggesting that- despite apparent 
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1N4, Canada. 3Department of Earth and Ocean Sci- (LIS) was located in the Great Lakes region The abrupt warming of the Bslling at 12.8 
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British Columbia V6T 124, Canada. 4U.S. Geological (Fig. 1). Here, we compare our time series of 14C kyr B.P. (14.6 cal kyr B.P.) coincides 
Suwey, Department of Ceosciences, Oregon State North American runoff during the last deglacia- with the end of the second rerouting event 
University, Corvallis, OR 97331, USA. 5Department of tion to high-resolution records of North Atlantic through the Hudson River (Fig. 2). Proxies of 
Geological Sciences, University of Manitoba, Win- climate and conclude that these other rerouting ocean circulation imply that THC also in- 
nipeg, Manitoba R3T 2N2, Canada. events caused abrupt climate change in the creased to interglacial levels similar to those 
*To whom correspondence should be addressed. E- North Atlantic region similar to that of the preceding the Oldest Dryas (Fig. 2B). In con- 
mail: clarkp@ucs.orst.edu Younger Dryas. 	 trast to pre-Oldest Dryas conditions, howev- ?Present address: Department o f  Marine Chemistry 
and Geochemistry, Woods Hole Oceanographic Insti- Proxy records of climate and ocean circu- er, the invigorated THC at the start of the 
tution, Woods Hole, MA 02543, USA. lation since the last glacial maximum (LGM) Bslling was accompanied by an increase in 

www.sciencemag.org SCIENCE VOL 293 13 JULY 2001 	 283 

mailto:clarkp@ucs.orst.edu

