discoveries appear to be the first exam-
ple of refuge facilitation in primary suc-
cession after a major natural distur-
bance. This process may commonly con-
tribute to regrowth of kelp (21).
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Bishop Tuff Revisited: New Rare Earth Element Data
Consistent with Crystal Fractionation

Abstract. The Bishop Tuff of eastern California is the type example of a high-silica
rhyolite that, according to Hildreth, supposedly evolved by liquid-state differentia-

tion. New analyses establish that the Bishop Tuff “earlyllate’’

rare earth element

trend reported by Hildreth mimics the relations between groundmass glasses and
whole rocks for allanite-bearing pumice. Differences in elemental concentrations
between whole rock and groundmass are the result of phenocryst precipitation; thus
the data of Hildreth are precisely those expected to result from crystal fractionation.

Considerable interest has been fo-
cused recently on the Bishop Tuff be-
cause it is the type example of a major
high-silica rhyolitic magma that suppos-
edly evolved by liquid-state diffusion.
The tuff was the subject of an exhaustive
petrologic study by Hildreth (I, 2), who
concluded that crystal fractionation
played no important role in establishing
preeruptive chemical gradients in the
Bishop Tuff magma chamber. Hildreth
proposed that the magma differentiated
in the liquid state, and he coined the term
“‘thermogravitational diffusion”” to en-
compass liquid-state fractionation pro-

1338

cesses such as Soret separation and dif-
fusion of cations complexed with volatile
components. Hildreth (3) and Mahood
and Hildreth (4) have treated high-silica
rhyolites as a class distinct from less
silicic rocks because they believe that
liquid-state mechanisms played a leading
role in the evolution of high-silica rhyo-
lites.

The thermogravitational mechanism is
admittedly poorly understood (I—4), and
the model is not even qualitatively test-
able. Rhyolites and granites that suppos-
edly have evolved by liquid-state diffu-
sion are usually identified on the basis of

a comparison of their geochemical en-
richment patterns to that of the Bishop
Tuff (5). The rare earth element (REE)
trends are thought to be especially im-
portant in the recognition of rock suites
affected by thermogravitational diffu-
sion; in the Bishop Tuff the light REE
decrease and the heavy REE increase
with diminishing temperature, increasing
inferred stratigraphic height, and in-
creasing rock SiO, content (/). The ma-
terial that erupted early is more differen-
tiated than that erupted later, and this is
interpreted to represent the inverse stra-
tigraphy of the magma chamber. Criti-
cisms of the liquid state—differentiation
model have been based on reinterpreta-
tions of Hildreth’s data (6) or on studies
of granitoids (7). Important experimental
studies of Soret diffusion in melts of
Bishop Tuff compositions are now in
progress but have not yet been published
.

The data reported here are, to my
knowledge, the first new geochemical
analyses of the Bishop Tuff to be pub-
lished since Hildreth’s study, and these
data are significantly more precise than
his. In this study the differentiation of
the Bishop Tuff is examined on the least
equivocal scale, that of individual hand
specimen-sized samples (about 1 kg).
For such small-scale samples the differ-
ences in REE concentrations between
porphyritic whole-rock specimens and
their groundmass glasses must reflect
crystal-melt processes such as crystal
precipitation or accumulation, provided
that the effects of alteration are minimal.
These concentration differences cannot
be the result of thermogravitational dif-
fusion because no significant thermal or
gravitational gradient existed on the
scale of a hand specimen. Hildreth has
detailed (/) several mineralogical argu-
ments that establish that there was no
significant crystal settling or accumula-
tion in the Bishop Tuff magma chamber.
These groundmass/whole-rock relations,
therefore, clearly document the effects
of crystal precipitation.

I discuss the samples in the context of
Hildreth’s (/) temperature stratigraphy.
He found that the temperatures of the
iron-titanium oxides ranged from 720°C
in the early erupted air fall to 790°C in
rocks that erupted late. Quartz, sanidine,
oligoclase, biotite, ilmenite, titanomag-
netite, zircon, and apatite are ubiquitous
phenocrysts. Allanite, a light REE-rich
mineral of the epidote family, appears at
763°C and is present in all samples of
lower temperature.

For this study pumice blocks were
collected from three of Hildreth’s (2)
sample localities that represent nearly
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the entire temperature range of the tuff.
Temperatures and mineral assemblages
referred to here are based on Hildreth’s
descriptions of the localities (9). The
high-temperature sample is allanite-free,
whereas the two samples of lower tem-
perature contain allanite. The chemical
separations and mass spectroscopy of
the REE were done in G. N. Hanson’s
laboratory at the State University of
New York, Stony Brook. Replicate dis-
solutions and analyses of Bishop Tuff
glass (Table 1) and other homogeneous
samples indicate a precision of about 1
percent. The precision is not-as good
(about 5 percent) for europium in sample
HB52 because of its very low concentra-
tion in this particular sample and an
unfavorable spike/sample ratio.

The pumice whole-rock REE trends
(Fig. 1A) agree with those reported by
Hildreth (I). The heavy REE increase
with decreasing temperature. The high-
and medium-temperature samples have
similar concentrations of light REE, but
the low-temperature sample is relatively
depleted in the light REE. The low-
temperature REE pattern crosses the
two higher temperature patterns be-
tween neodymium and samarium (Fig.
1A). In the high-temperature sample, the
groundmass glass is enriched in all REE
except europium with respect to the
whole rock (Fig. 1D, Table 1). The heavy
REE are, however, enriched far more
(about 20 percent) than the light REE
[neodymium (about 5 percent) and ceri-
um (about 2!, percent)]. The ground-
mass glass in the medium- and low-
temperature samples, both of which con-
tain allanite, is also enriched (about 20
percent) in the heavy REE with respect
to the whole rocks (Fig. 1, B and C;
Table 1). These groundmasses, however,
are depleted in cerium by 7 to 13 percent
with respect to the whole rocks, and the
groundmass/whole-rock patterns cross
between neodymium and samarium.

The striking feature of the REE pat-
terns in Fig. 1 is that the groundmass/
whole-rock relations for the allanite-
bearing samples are identical to the Bish-
op Tuff early/late trend reported by Hil-
dreth (/). Although only three samples
were analyzed in this study, they cover
the complete range in REE compositions
found by Hildreth. Results for the high-
temperature sample (Fig. 1D) demon-
strate that, even in the absence of allan-
ite, crystal fractionation suppresses en-
richment of the light REE. This suppres-
sion is the result of the light REE-
enriched partition coefficient patterns of
the ferromagnesian phenocrysts. Ma-
hood and Hildreth (4) reported that the
major ferromagnesian phases in the
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Table 1. Rare earth element analysis of Bishop Tuff pumice samples. Results of analyses of
separate dissolutions of glass from sample HB52 are shown.

Concentration (ppm)

Sample Ce- Neo-  Samar- Euro- Gado- Dyspro- Er-  Ytter-
rium  dymium ium pium  linium sium bium  bium
HB77 (790°C)
Rock 91.6 24.9 299  0.336 1.78 1.51 0912  0.987
Glass 93.9 26.1 3.22 0.235 2.08 1.86 1.10 1.21
HB133 (762°C)
Rock 89.5 25.3 3.23 0.296 2.12 1.92 1.19 1.24
Glass 83.0 24.5 3.45 0.188 2.34 2.23 1.4 1.45
HBS52 (733°C)
Rock 54.2 19.5 370 0.0658  3.00 3.15 192  2.04
Glass 1 47.1 18.3 390 0.0480  3.39 3.71 229 242
Glass 2 47.5 18.4 3.89 0.0458 3.40 3.71 227 239

100 4
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t Jr.Med. temp.
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REEsample/REEc hondrite

2 1 1 L

Ce Nd SmEuGd Dy Er Yb Ce Nd SmEuGd Dy Er Yb

Fig. 1. Chondrite-normalized rare earth element patterns of pumice whole rocks and pumice
groundmass glasses from the Bishop Tuff: (A) pumice (rocks); (B) low-temperature, allanite-
bearing sample (HB52); (C) medium-temperature, allanite-bearing sample (HB133); and (D)
high-temperature, allanite-free sample (HB77). See Table 1 for sample analyses.
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Bishop Tuff, pyroxenes, magnetite, and
biotite, all have rather similarly shaped
light REE-enriched partition coefficient
patterns with typical values of 5 to 20
for cerium and with Ce/Yb ratios com-
monly of 3 to 5. Bulk distribution coeffi-
cients for the high-temperature, allanite-
free sample are about 0.9 for cerium and
0.1 for the heavy REE (6, 10). Michael
(6) and Mittlefehldt and Miller (7) have
pointed out that the addition of only
trace quantities of allanite to the mineral
assemblage will result in bulk distribu-
tion coefficients greater than 1 for cerium
and neodymium and consequently deple-
tion of the light REE with crystal frac-
tionation.

If one determines bulk distribution co-
efficients of pumice samples by the
“‘groundmass-mode’’ method (10), one
avoids uncertainties encountered by Mi-
chael (6), arising from estimating the
amounts of accessory minerals, estimat-
ing mineral/melt partition coefficients,
using average compositions, and assum-
ing that whole-rock (nonpumice) compo-
sitions represent the compositions of lig-
uids. Using ‘‘groundmass-mode” bulk
distribution coefficients and the Rayleigh
equation, I find that the REE pattern of
the medium-temperature pumice can be
modeled by subtraction of 23 percent
crystals (that is, 0.77 weight-fraction lig-
uid remaining) from the parent high-tem-
perature pumice. The low-temperature
pumice can be modeled by subtraction of
42 percent crystals (that is, 0.58 weight-
fraction liquid remaining) from the medi-
um-temperature pumice. Thus the REE
calculations suggest about 55 percent
fractionation (that is, 0.45 weight-frac-
tion liquid remaining) is required to de-
rive the low-temperature pumice from a
magma similar in composition to the
high-temperature sample. The strontium
isotopic diagram for the Bishop Tuff pre-
sented by Hildreth (3) requires some
assimilation to accompany fractional
crystallization. The REE were probably
less sensitive to assimilation than stron-
tium because there was less of a concen-
tration difference between the magma
and the wall rock for the REE than for
strontium.

The major conclusion from these anal-
yses is that the Bishop Tuff ‘‘early/late’’
REE trend reported by Hildreth mimics
the groundmass/whole-rock relations of
allanite-bearing pumice; that is, more
differentiated rocks differ from less dif-
ferentiated rocks as the groundmass dif-
fers from the whole rock in a single
sample. Thus the trend reported by Hil-
dreth is precisely that expected to result
from crystal fractionation, and there is
no need to invoke liquid-state differenti-
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ation to explain the REE geochemistry
of the Bishop Tuff.

Hildreth (/) emphasized that the
chemical gradients in the Bishop Tuff
magma chamber were established before
crystallization of the phenocrysts found
in the rocks. The results of this study
indicate that the REE gradients in the
magma chamber could be the result of
fractionation of phases similar in miner-
alogy and in relative proportion to those
found in the rocks. Hildreth has convinc-
ingly demonstrated that crystals neither
settled nor floated in the magmas cham-
ber. The mechanism of crystal fraction-
ation remains speculative; it may, how-
ever, involve precipitation or accretion,
or both, of crystals onto the chamber
walls.

KENNETH L. CAMERON
Board of Earth Sciences,
University of California,
Santa Cruz 95064

References and Notes

1. W. Hildreth, Geol. Soc. Am. Spec. Pap. 180
(1979), pp. 43-75.

, thesis, University of California, Berke-

ley (1977).

, J. Geophys. Res. 86, 10153 (1981).

. G. Mahood and W. Hildreth, Geochim. Cosmo-

chim. Acta 47, 11 (1983).

. C.R. Bacon, R. A. Macdonald, R. L. Smith, P.
A. Baedecker, J. Geophys. Res. 86, 10223
(1981); H. R. Crecraft, W. P. Nash, S. H.
Evans, ibid., p. 10303; A. Ludington, ibid., p.
10423.

. P. J. Michael, Geology 11, 31 (1983).

. D. A. Mittlefehldt and C. F. Miller, Geochim.
Cosmochim. Acta 47, 109 (1983).

8. C. E. Lesher, D. Walker, P. Candela, J. F.
Hays, Geol. Soc. Am. Abstr. Programs 14, 545
(1982); C. E. Lesher and D. Walker, Eos Trans.
Am. Geophys. Union 64, 883 (1983).

9. The high-temperature sample (HB77) was col-
lected from Hildreth’s (2) locality B77. Like-
wise, the low-temperature (HB52) and medium-
temperature (HB133) samples are from Hil-
dreth’s localities B52 and B133, respectively.
The pumice blocks came from nonwelded or

‘oW

=N

slightly welded deposits. Sample HB77 is from a
single block 45 cm in diameter, but samples
HB133 and HB52 are composites, each consist-
ing of three to five identical appearing smaller
pumice blocks collected from within a few me-
ters of one another. Hematite-stained alteration
rinds were cleaned from the specimens, and
only the fresh white interiors were analyzed.
After crushing, the samples were split. One
aliquot was set aside for the whole-rock analy-
sis, and the other was used for separation of
groundmass glass. The glass was concentrated
with the use of heavy liquids and a Franz
isodynamic separator, and then it was hand-
picked free of impurities under a microscope.

10. Bulk distribution coefficients can be calculated
bé/ two methods. In the ‘‘mineral-mode’’ meth-
od,

Da=Xi+Ki +Xox Kr + ...

where D, is the bulk distribution coefficient of

element a, X is the weight fraction of phase 1 in

the mineral assemblage, and K| is the crystal/
melt partition coefficient of element a for phase

1. Alternately, D, can be calculated by the

‘‘groundmass-mode’’ method where

b G ____F_
G -F) (A-F)

and F' is the weight fraction of liquid remaining

(that is, weight-fraction groundmass in the

mode), C; is the concentration of element a in

the original melt (in the whole rock), and C; is
the concentration of element a in the fractionat-
ed liquid (in the groundmass). Because there is
considerable uncertainty in estimates of the
modal amounts of accessory minerals, bulk dis-
tribution coefficients are calculated with the
greatest confidence by the ‘‘groundmass-mode”’
method. The high- and low-temperature samples
contain about 0.79 and 0.83 weight-fraction
groundmass glass, respectively. These data,
when combined with those from Table 1, yield

Dc¢. = 0.88, Dyy = 0.78, Dg,,, = 0.52, D, = 3.0,

Dgy = 0.31, Dp, = 0.10, Dg, = 0.19, and Dy, =

0.12 for the higﬂ-temperature sample and D¢, =
1.86, Dyy = 1.39, Dg,, = 0.71, Dg,, = 3.4, D,y =
0.31, Dp, = 0.11, Dg, = 0.07, and Dy, = 0.12 for
the low-temperature sample.

11. I thank G. Hanson for Eroviding access to the
isotope laboratory at the State University of
New York, Stony Brook; J. Whitlock who pre-
pared the glass separates; and J. B. Gill, M. G.
Sawlan, and D. E. Sampson who made sugges-
tions for manuscript improvement. A grant from
the Faculty Committee on Research, University
of California at Santa Cruz, supported the REE
analyses. Field collecting expenses were de-
frayed by a grant from Institute of Geophysics
and Planetary Physics, University of California,
Los Angeles; Los Alamos National Laboratory;
and the University of California.

24 February 1984; accepted 18 April 1984

The Association of Iron and Manganese with Bacteria on

Marine Macroparticulate Material

Abstract. Evidence of in situ metal (iron and manganese) deposition onto bacteria
associated with rapidly sinking particles in the open ocean is reported. Below 100
meters, bacteria are found with extracellular capsules containing metal precipitates;
the frequency of these capsules increases with depth. The capsular metal deposits
appear to contribute a major portion of the weakly bound fraction of the particulate

iron flux.

Microbes have frequently been impli-
cated in the phase changes (for example,
from dissolved to solid) and redox trans-
formations of metals such as iron and
manganese in soils (I), springs, streams,
and lakes (/-5). Although bacteria capa-
ble of oxidizing manganese in culture
have been reported from seawater (2, 6),
evidence of their in situ activity in ma-
rine environments has thus far been
found only in sediments and certain

stratified areas such as Saanich Inlet (a
British Columbian fjord with seasonally
anaerobic conditions in its deep waters)
(2, 7), in hydrothermal vent systems (8),
and possibly in ferromanganese nodules
2, 9), but not in pelagic environments.
We report here the discovery of iron and
manganese deposits associated with bac-
teria commonly found with macropar-
ticulate material in the oceanic water
column. Our distributional data and a
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