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BASALTS, basaltic andesites and andesites in subduction-related
magmatic arcs are all depleted in high-field-strength elements
(such as Ti, V, Zr, Nb, Hf and Ta) relative to mid-ocean-ridge
basalt (MORB). Here we show that these depletions can be pro-
duced in liquids by interaction with depleted mantle periodotite,
as would occur during the ascent of an arc magma through the
mantle lithosphere of the overriding plate. This process involves
extensive reaction between liquid, olivine, orthopyroxene and
spinel. High-field-strength element depletions are produced
because olivine, orthopyroxene and spinel have higher crys-
tal/liquid distribution coefficients for these elements than for other
incompatible trace elements. Liquids modified by mantle-magma
interaction will also be depleted in heavy rare-earth elements, Cr
and Ni, and enriched in light rare-earth and large-ion lithophile
elements, relative to MORB. These characteristics are all common
in mafic magmas at convergent plate margins'~’.

Our trace-element modelling complements recent experi-
mental and theoretical investigations, which show that reaction
between magnesian olivine tholeiite and depleted peridotite can
produce the major-element characteristics of calc-alkaline
basalt, basaltic andesite and andesite® '2. Calc-alkaline andesites
are found almost exclusively in subduction-related magmatic
arcs®. Effects of interaction between ascending liquid and upper-
mantle wall rock will be enhanced where magma ascends slowly
through narrow conduits or by grain-boundary infiltration. The
absence of high-field-strength element (HFSE) depletions in
most MORBs and back-arc basin basalts is therefore ascribed
to relatively .limited interaction between liquids and mantle
peridotite, due to rapid aggregation and ascent of partial melts
at divergent-plate margins.

HFSE depletions have been defined in the following two ways.
(1) Many primitive magmas in subduction-related magmatic
arcs have abundances of HFSE, heavy rare-earth elements
(HREEs) and some compatible elements (Cr, Ni) that are lower
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FIG. 1 Electron-microprobe analyses of TiO, (weight per cent) in coexisting
olivine, orthopyroxene, Cr-Al spinel and liquid (quenched glass) from experi-
ments on magnesian basalt compositions at pressures =10 kbar. On the
basis of these and other data®2>~2” we have adopted values of 0.015 for
Dfy(Ti0,), 0.15 for DRRX(TiO,) , and 0.15 for D§2™!(Ti0,) in the upper mantle.
Data of Lorighi et al* are for lunar basalts at an oxygen fugacity buffered
by Fe-FeO. Data of Falloon and Green®” are for basalt-periodotite mixtures
at 10 kbar. Data of Kinzler (this paper and R.J.K. and T. L. Grove, manuscript
in preparation) are for MORB + olivine bulk compositions at 12 and 15 kbar.
Oxygen fugacity was not buffered in the experiments of ref. 37 and of R.JK.
and T. L. Grove, but all were performed in graphite inner capsules.
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than those of primitive MORB. These characteristics have been
attributed to the stabilization of a phase with HFSE crys-
tal/liquid distribution coefficients (Di‘ilq = concentration in crys-
tal/concentration in liquid) >1 in the arc magma source, to
metasomatism of the arc magma source by a fluid or magma
depleted in HFSE, to a high degree of partial melting, and/or
to early fractionation of magnetite'~"'*'*. In general agreement
with our study'®, Meen and Ayers'® attributed HFSE depletions
to reaction with mantle wall rock. (2) HFSE anomalies have
been defined as depletions or enrichments of HFSEs relative to
the adjacent elements on compatibility diagrams. The order of
elements on such diagrams has been determined on the basis
of smoothness of the normalized trace-element pattern of MORB
(ref. 17 and references cited therein). The Zr anomaly is defined
as 2Zr/(Sm+Nd), and Ti anomaly as 2Ti/(Eu+Tb), using
chondrite-normalized concentrations. Where the anomalies are
less than unity for HFSEs in a solid or liquid phase, the phase
is considered depleted in HFSEs. Depletions defined in this way
are common in arc magmas*~'*'* and occur in clinopyroxenes
from mantle peridotites'®'®. Mantle-magma interaction can pro-
duce both types of HFSE depletion.

We have used Zr and Ti as analogues for all HFSEs. The
crystal/liquid distribution coefficients for other HFSEs in olivine
(ol), orthopyroxene (opx) and spinel are virtually unknown. We
use generally accepted values of Di‘i‘q for rare-earth elements
(REEs), Zr and Ti, supplemented by new experimental data for

DR, DP* and Dy}, . There is considerable uncertainty in these

TABLE 1 Phase proportions and distribution coefficients used in modelling

(a) Phase proportions (weight per cent)

Iherzolite Harzburgite

(residue (50%

of 16.5% iherzolite

Melting melting of 50%
Pyrolite®®  mode* pyrolite) dunite) Dunite
Olivine 55.2 -20 69 83 97
Orthopyroxene 247 25 24 12 0
Clinopyroxene 17.8 83 5 25 0
Spinel 23 2 2 251 3t
(b) Crystal/liquid distribution coefficients at ~10 kbar (by weight)
Olivinet Orthopyroxene§ Clinopyroxene|| Spinel

La 0.000007 0.0025 0.04 0.0006
Ce 0.00001 0.005 013 0.0006
Nd 0.00007 0.01 0.25 0.0006
Zr 0.007 0.07 0.20 0.07
Sm 0.0007 0.02 0.45 0.0006
Eu 0.00095 0.03 0.50 0.0006
Gd 0.0012 0.04 0.50 0.0006
Ti 0.015 0.15 0.30 0.15
Dy 0.004 0.05 0.51 0.0015
Er 0.009 0.07 0.52 0.003
Yb 0.023 0.11 0.52 0.0045
Cr 20 80 2.0 200.0
Ni 11.0 35 3.0 10.0

* The melting mode was determined by solution of the matrix X-ol + X-opx +X-cpx +
X-spinel =100-liq using data on coexisting liquid and solid phases in spinel Iherzolite
at 10-20 kbar, adjusted to produce approximately constant modal proportion of spinel
during melting.

+ The modal proportion of spinel produced by pyroxene dissolution is calculated
assuming that virtually all Cr in pyroxene reactants consumed is incorporated in spinel,
pyroxenes contain ~1 wt% Cr,03, and the proportion of Cr,05 in spinel is approximately
constant at 30 wt%.

i REEs, ref. 20; Zr and Ti, refs 23-27, this paper, P.B.K., unpublished ion-probe data,
R. J. K. and T. L. Grove, manuscript in preparation; Cr and Ni, ref. 23 and references
cited therein.

§ REEs, ref. 35, clinopyroxene partition coefficients; Zr and Ti, ref. 22, this paper,
R. J. K. and T. L. Grove, manuscript in preparation; Cr and Ni, ref. 23 and references
cited therein.

| REEs, ref. 36, K. T. M. J. and R. J. K., unpublished ion-probe data; Zr and Ti, ref. 23
and references cited therein, refs 25, 26, 36, K.TM.J. and RJ.K., unpublished ion-probe
data; Cr and Ni, ref. 23 and references cited therein.

9 REEs, ref. 35, clinopyroxene partition coefficients; Zr, by analogy to clinopyroxene
with 2D(Zr) = D(Ti): Ti, this paper, R. J. K. and T. L. Grove, manuscript in preparation;
Cr and Ni, ref. 23 and references cited therein.
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values owing to inhomogeneity of products in experiments,
analytical errors arising from low concentrations, and incom-
plete characterization of variation of Di‘ilq with temperature,
pressure and bulk composition. It is especially worrisome that
Dﬁlc; for REEs, Ti and Zr have rarely been measured in the same
experiment. Here we adopt the lowest D}‘ilq for Ti and Zr compat-
ible with experimental data. These minimize fractionation of
HFSEs by reaction; larger values would produce larger HFSE
depletions. An essential point is the adoption of D‘,’i'q for REEs
determined by McKay®®. Slightly higher values from the
algorithm of Colson et al*' could be used, but the algorithm
does not fit McKay’s data for light rare-earth elements (LREEs).
We consider much higher values of D(REE)}’}q to be incorrect,
in agreement with McKay®®. Aside from this, the qualitative
results of our modelling can be reproduced using virtually any
consistent set of Di‘ilq from the literature.

Published Djls for Zr and Ti in olivine and
orthopyroxene®®*’, and new results presented here (Fig. 1) for
Ti in olivine, orthopyroxene and Cr-Al spinel, show that these
two HFSEs have Di‘i'qs that are orders of magnitude larger than
Df‘il‘]s for REEs in these phases (Table 1 and references cited
therein). Zr and Ti are not strongly fractionated from the REEs
in liquids produced by partial melting (Fig. 2a). But during
mantle-magma interaction, liquid may react with large masses
of olivine, or orthopyroxene and spinel, and these phases will
fractionate Zr and Ti relative to REEs (Fig. 2b-d).

We modelled mantle-magma interaction using the equations
in refs 8 and 28 for combined assimilation and crystal fraction-
ation. Results are presented in Fig. 2. The reactants used are
depleted-mantle lherzolite (Fig. 2 and Table 1), and aggregate
liquid from 3% melting of pyrolite® (Fig. 2). Liquids formed
by partial melting of four-phase periodotite will become satur-
ated only in olivine (+ Cr-rich spinel) on decompression®*-*2,
Their reaction with lherzolite will involve incongruent dissol-
ution of pyroxene to produce olivine + spinel + modified liquid.
Although decompression alone should increase the mass of
liquid in mantle-magma systems, we suggest that this effect may
be balanced in natural systems by cooling and chemical effects
of wall-rock reaction®'° during ascent. For example, possible
increase in magma mass owing to pyroxene dissolution would
decrease the water content of initially hydrous liquids, leading
to increased crystallization. For these reasons, and for simplicity,
we model mantle-magma interaction with constant magma mass
(mass assimilated/mass crystallized, M,/ M_=1).

Three different types of reaction between basaltic magma and
lherzolite are illustrated. (1) In Fig. 2a dissolution of pyroxene
is small, so phase proportions in the lherzolite remain constant.
(2) In Fig. 2b ascending magma dissolves some pyroxene, but
not all, leaving a harzburgite residuum. (3) In Fig. 2c¢ all
pyroxene in the wall rock dissolves, leaving a dunite residuum.
Liquid products of reactions involving extensive pyroxene dis-
solution will probably be calc-alkaline basalt, basaltic andesite
and andesite; derivative liquids of reactions involving minimal
pyroxene dissolution will generally be tholeiitic®'°. All these
reactions produce depletions of Zr and Ti in derivative liquids.
Reactions (1) and (2) also lead to depletion of REEs relative
to MORB. If liquid mass decreases slightly (M,/ M. = 0.9990),
owing to reaction stoichiometry and/or cooling of ascending
magma, Cr and Ni are also depleted.

Many of the distinctive trace-element characteristics of primi-
tive arc magmas can be accounted for by reactions in which
liquids formed by partial melting of fertile peridotite at depth
interact with depleted upper-mantle wall rocks during ascent.
During the formation of ocean crust, the uppermost mantle is
subjected to the largest degree of melting, with progressively
deeper lherzolites undergoing progressively less depletion in
basaltic components. We envision an initial state in which such
variably depleted mantle becomes part of the overthrust plate
in a subduction zone. Melting of a fertile source produces liquids
that rise through, and react extensively with, more-depleted

NATURE - VOL 345 - 7 JUNE 1990

© 1990 Nature Publishing Group



LETTERS TO NATURE

o
o

—— pyrolite
—®— 3% melt
—a— 16.5% melt
—— 16.5% solids

o
rrw—r

pyrolite

-

concentration/chondrite

1r Iherzolite 1
r a 1
001
10 -
. LHERZ + LIQ
m -»LHERZ + LIQ
1
(@]
= | J
\ 1
=
3
g
; l .
10 -
Iherz/liquid
. LHERZ + LIQ —a— 000
m —>HARZ + LIQ )
8 —o— 200
= | | —— s00
3 —o— 100.
3 —— 10%xI
g |
A -
10 v
LHERZ + LIQ
. -»DUNITE + LIQ
m
o
(]
= | J
_ 1
=
z
g1 d
2 La Nd Sm Gd Dly Yb NI
Ce Zr Eu TI Er Cr

FIG. 2 Results of modelling the reaction between basaltic magma and
depleted-mantle lherzolite. Phase assemblages, bulk compositions and Dﬁgs
given in Table 1. g, Initial solid and liquid compositions used in modelling.
Initial compositions produced by fractional melting of pyrolite®®. Fractional
melting does not significantly fractionate HFSEs from REEs in aggregate
liquids. This is true for liquids produced by batch melting (not shown) as
well. Curve labelled 3% is aggregate liquid from 3% fractional fusion. MORB
is putative mid-ocean-ridge-basalt composition, and is the aggregate liquid
formed by 16.5% fractional fusion. Lherzolite is the bulk-solid composition
after 16.5% fractional fusion, and is similar to abyssal peridotites, which
have strongly depleted REE patterns®®. Initial pyrolite composition has REEs
from 1.5 (for La) to 2 (for Sm to Yb) times the chondritic abundance, Zr and
Ti=2 x(chondritic), Cr=0.5 x(chondritic), and Ni=0.1 X (chondritic)3*>°,
Order of elements as for compatibility diagrams of ref. 17 and references
cited therein. b, ¢, d Results of reaction between basalt and depleted
Iherzolite: Wall-rock reaction in the upper mantle produces HFSE depletion,
accompanied by HREE depletion relative to MORB, in derivative liquids. Initial
liquid (mass Iherz/mass liquid=0.00) is aggregate melt from 3% fractional
melting of pyrolite. Lherzolite reactant is residue of 16.5% fractional melting
of pyrolite. Reaction modelled using equations of refs 29 and 8. Key to
abbreviations: MORB' =aggregate melt produced by 16.5% fractional melting
of pyrolite; LHERZ, HARZ, DUNITE denote Iherzolite, harzburgite and dunite
phase assemblages, respectively; LIQ, liquid; Iherz/liquid, mass of Iherzolite
reactant to mass initial liquid in the system. All calculations for constant
magma mass except curves labelled 10% xl. In these, magma mass
decreases 10% during reaction, mass lherz reactant to mass liquid=100,
and M,/M_=0.9990.
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FIG. 3 Schematic illustration of mantle melting processes. At spreading
centres, the aggregate melts of large degrees of fractional melting rise to
form MORB. In subduction zones, H,0 from the downgoing slab rises into
the mantle and causes small degress of partial melting in fertile mantle at
depth. Liquids generated here pass slowly upward through, and interact with,
depleted peridotite wall rock.

mantle lithosphere on their way to form new arc crust (Fig. 3).
Both liquid and solid products of reaction will develop HFSE
and HREE depletion during this process. This hypothesis is
consistent with the theory that some calc-alkaline basalts, basal-
tic andesites and andesites are produced by reaction between
ascending tholeiitic magmas and mantle wall rock®'°.

We believe that the following results are general: reaction will
produce depletions relative to MORB in Zr, Ti and REEs in
derivative liquids. Where initial liquids are enriched in REEs
and large-ion lithophiles relative to MORB, this enrichment
will be retained in derivative liquids. Where magma mass
decreases slightly during reaction, concentration of Cr and Ni
in derivative liquids will be lower than in primitive MORB.
Although reaction will produce large variations in trace-element
concentration, Mg/(Mg+ Fe) will be high and approximately
constant in derivative liquids®'°.

Our calculations do not require ascending liquid to reach
major-element or trace-element equilibrium with surrounding
mantle wall rock. Calculated mass ratios of reactant lherzolite
to initial liquid are similar to fluid/rock ratios in metamorphic
petrology. They represent the minimum mass of lherzolite
necessary to produce a given liquid composition, assuming
complete equilibrium between reactants is attained. Our results
would be qualitatively unchanged even if some reaction mechan-
isms, such as dissolution of pyroxenes, were more rapid than
others, such as solid diffusion in olivine and spinel. Our results
are, however, dependent on the implicit assumption that rates
of exchange reactions for Zr and Ti are greater than or equal
to rates of exchange reactions for REEs, on the timescale of
mantle-magma interaction.

Isotope analyses of many arc magmas indicate the presence
of a slab-derived component in their source (refs 1, 2, 33, 34
and references cited therein). But the slab-derived component
need not have the trace-element characteristics, such as HFSE
depletion, which distinguish arc basalts from MORBs. Although
other hypotheses are viable, we believe that the essential contri-
bution of the slab-derived component in arc magmatism is water,
which leads to partial melting in the overlying mantle wedge.
HFSE depletions arise as partial melts formed in the wedge
move slowly up and react with mantle wall rock. 0
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Induced vertical migration in
copepods as a defence
against invertebrate predation
William E. Neill

Ecology Group, Department of Zoology, 6270 University Boulevard,
University of British Columbia, Vancouver, BC V6T 2A9, Canada

THE adaptive significance of diel vertical migration by planktonic
organisms is often explained in terms of daily changes in foraging
locations that reduce the risk of depth-stratified predation'. The
timing, extent and rate of migration are usually presumed to be
more or less invariant (closed*) behaviours that have evolved under
local predation regimes>®. Observational and experimental
evidence, however, indicate that migratory patterns in the presence
of predators may be altered substantially by short-term reduction
in the availability of food®~'>. Behavioural flexibility of food-
limited individuals rather than genetic change of populations seems
likely'’. Whether individuals are also sensitive to changes in the
risk of predation is unknown, though some field observations are
highly suggestive'*. Here I report rapid initiation (<4 h) of vertical
migration in previously non-migrating freshwater copepods inside
large in situ enclosures on exposure to an invertebrate predator.
Responses of copepods to water that had previously held captive
predators suggests that a chemical cue is involved. These results
show that crustacean zooplankton may be capable of flexible,
predator-sensitive foraging and suggest a mechanism for rapid
changes in migration patterns.

Larval phantom midges Chaoborus spp. (Diptera;
Chaoboridae) are large, ‘nocturnal’'* vertical migrators (night-
time ascent, daytime descent) that eat other freshwater zoo-
plankton. Some prey taxa abandon more productive shallow
strata during nocturnal incursions of chaoborids and establish
opposing ‘reverse’ vertical migrations'*>'® (night-time descent,
daytime ascent). I examined a reverse migration by the calanoid
copepod Diaptomus kenai in oligotrophic Gwendoline Lake
(49°19' N, 122°34' W, 13 ha, 27 m maximum depth, mean Secchi
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depth 8 m) before and after chaoborids were eliminated by
escaped juvenile trout (Salmo clarki). Predatory mortality of
copepods (annually ~20% (refs 16, 17)) became negligible for
the next 3 yr (no invertebrate predators of copepods detected
in 166 bi-weekly plankton samples and only 9 D. kenai in 27,128
diet items from 88 netted and angled trout) as trout focused on
abundant alternative prey.

When re-examined 28 months (four copepod generations)
after midge extermination, the enhanced population of D. kenai
had ceased migrations (Fig.1). All copepods continuously
occupied more productive shallow waters previously exploited
only during daylight hours. Grazable algal concentrations were
30-50% higher than in pre-fish samples (Fig. 1), presumably as
a result of reduced cladoceran grazing under fish predation.
Whether migratory behaviour had been lost through natural
selection for non-migratory morphs or through phenotypic plas-
ticity of individuals, and whether increased abundance of phyto-
plankton had any measurable consequences on altered migration
were examined in experimental enclosures.

I exposed D. kenai from Gwendoline Lake, which had been
free of phantom midge predation for four copepod generations,
to imported Chaoborus trivittatus inside 1.5 m x 15 m deep poly-
ethylene tubes inserted in Gwendoline Lake. Migratory fourth
instar midge larvae (2,500 per enclosure, collected in a nearby
fishless lake) and Gwendoline Lake zooplankton were stocked
at historical pre-fish densities. No fish were stocked in any
enclosures. Triplicate 100-litre, depth-stratified pump samples'’
taken at 1.5 m intervals were used to estimate plankton densities
and document vertical spatial distributions. Sampling began 4 h
after adding crustaceans and chaoborids to enclosures that had
been filled with lake water earlier that day.

Initial samples taken after dark revealed that exposure to
chaoborids had rapidly (<4 h) stimulated a reappearance of
reverse migrations in these previously non-migratory individuals
(Fig. 2). Copepods descended to the bottom of all four predator
enclosures and remained there until dawn. Not one copepod
was detected in surface waters after dark, where added
Chaoborus larvae were abundant. Copepods in controls (added
lake water, no chaoborids) remained at shallow depths after
dark, as did copepods in the Chaoborus-free lake (Fig. 1). Ascent
on the following morning required their passing through the
mass of descending Chaoborus larvae, indicating that reverse
vertical migration had been re-adopted, and that the downward
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FIG. 1 Mean vertical distributions of the copepod Diatomus kenai (stippled)
and the midge predator Chaoborus trivittatus (open) in Gwendoline Lake
between 1100 and 1330 h (noon) and 2330 and 0200 h (midnight) on four
dates during the month of July. Samples were taken by Clark-Bumpus sampler
at 2-m depth intervals. Vertical distributions of chlorophyll a (pump samples
at 0.5 m intervals) are for 5-50-um fraction collected during the day. Each
figure is a mean of 12 samples (3 replicates on 4 dates) and is taken to
represent the summer mean. Left-hand panel, vertical profiles 20 months
before Chaoborus extermination by trout. Right-hand panel, vertical profiles
28 months after Chaoborus extermination.
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