Mantle Plumes and Entrainment: Isotopic Evidence
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Many oceanic island basalts show sublinear subparallel arrays in Sr-Nd-Pb isotopic space.
The depleted upper mantle is rarely a mixing end-member of these arrays, as would be
expected if mantle plumes originated at a 670-kilometer boundary layer and entrained
upper mantle during ascent. Instead, the arrays are fan-shaped and appear to converge
on a volume in isotopic space characterized by low 87Sr/®Sr and high '3Nd/'**Nd,
206pp/294ph, and 3He/*He ratios. This new isotopic component may be the lower mantle,
entrained into plumes originating from the core-mantle boundary layer.

Oceanic islands are volcanic features pro-
duced by magmas derived from partial melt-
ing of underlying mantle upwellings or
plumes. The isotopic chemistry of these
plumes, as sampled by the island volcanism,
is quite variable and yet distinctly different
from that of the mantle that is upwelling
under mid-ocean spreading ridges. The
chemistry of oceanic island volcanism may
thus be used to “map” different regions of
the mantle.

The isotopic taxonomy of oceanic ba-
salts allows one to identify (I, 2) at least
four mantle components, reservoirs or “spe-
cies” (3), which Zindler and Hart (4)
termed DMM [depleted mid-ocean ridge
basalt (MORB) mantle], HIMU (high
U/Pb mantle), and EM1 and EM2 (en-
riched mantle 1 and 2). The origin, evolu-
tion, and present habitat of these four
species is the subject of considerable debate
(5). Original distinction of these species
was based on Sr, Nd, and Pb isotopic
characteristics, but additional isotopic and
trace element distinctions have been cata-
loged (6-8). All four species appear to be
“interbreedable,” and the consequent iso-
topic mixing lines may be useful in estab-
lishing the locations and interactions of
these mantle components. In this report,
we address the ramifications of one partic-
ular kind of mixing: entrainment by ascend-
ing mantle plumes. We suggest that a new
mantle species should be identified, proba-
bly the lower mantle.

There are some 570 oceanic basalts [OIB
(oceanic island basalt) and MORB] for
which combined Sr, Nd, and three Pb
isotopic values are available. When plotted
in Sr, Nd, and Pb isotopic space (Fig. 1),
these data lie largely within a tetrahedron
delineated by the four mantle end-members
(DMM, HIMU, EMI1, and EM2). The
focusing of the data into the corners of the
tetrahedron (Fig. 1) suggests that the end-
members are fairly restricted in composition
(particularly the MORB and HIMU end-
members). Most of the data also fall close to
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the DMM-HIMU-EM1 base triangle of the
tetrahedron (seen edge-on in Fig. 1B); this
is close to the three-component mantle
plane defined by Zindler et al. (9).

To pursue the question of whether four
end-member mantle species are sufficient to
circumscribe the oceanic isotopic data set,
we have run a principal component analysis
similar to work by Allégre et al. (10) on a
smaller data set. The percentage of variance
accounted for by the five eigenvectors is
56.6, 37.2, 3.7, 1.8, and 0.7% (11). Thus,
the planar aspect of the data in Fig. 1 is
confirmed, because the first two eigenvec-
tors account for 93.8% of the population
variance. The first three eigenvectors ac-
count for 97.5% of the variance [similar to
the value of 99.2% reported by Allegre et
al. (10)]. Because the data set is composed
of five isotopic values for each sample, in
five-dimensional isotopic space the polygon
containing the fewest vertices (n + 1) is a
simplex, and the oceanic data set could
theoretically require six end-members to
completely define it. Because three eigen-
vectors account for 97.5% of the variance,
we can treat the data as a tetrahedron in

Fig. 1. Two “views” of
the tetrahedron, de-
fined by the four mantle
end-members of Zin-
dler and Hart (4).
There are 483 OIBs and
89 N-MORBs plotted in
three-dimensional iso-
topic space (87Sr/%°Sr,
143N d/"*“Nd, and
208pp/204pp);  projec-
tions of these three co-
ordinate axes are
shown on both panels.
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three dimensions without misrepresenting
any significant amount of information. The
robustness of this conclusion is affirmed by
adding an additional isotopic dimensional-
ity (for example, Hf ) and noting that the
four end-members are still sufficient to cir-
cumscribe the data (6, 12). Other isotopic
systems (for example, He) do not support
this premise and appear to require an end-
member that is not obvious in the heavy
isotope data set (13). We address this para-
dox below. For simplicity, we have chosen
to use three isotopic dimensions, not the
first three eigenvectors, to plot the oceanic
data in Fig. 1. This is justified because the
two excluded isotopic dimensions (*°’Pb/
204Ph and 2°3Pb/?°“Pb) are highly correlated
with 2°Pb/2%4Pb.

Data from many individual islands and
island groups show elongated data arrays
that are suggestive of mixing between var-
ious mantle reservoirs (Fig. 2). The arrays
show a fairly consistent fan-shaped arrange-
ment and are not haphazardly strewn
through isotopic space. In addition, they
are pseudolinear, without marked curva-
ture. As argued by Hart et al. (14) and Hart
(5), this linearity implies that the relative
abundances of Sr, Nd, and Pb in the end-
members are similar and that it is unlikely
that there are major compositional differ-
ences among the end-members. Not all
islands that show large isotopic variations
show elongated arrays, however. For exam-
ple, data plots from Iceland and Ascension
(Fig. 2B) and from others not shown in Fig.
2 (Canaries, New England Seamounts,
western Cook-Australs, and others) tend to
be blobby or platelike in three-dimensional
space. We assume that these simply repre-
sent mixtures of more than two compo-
nents. The arrays are not always mixing

t EMI

(A) View normal to the by
DMM-HIMU-EM1 base Nd
triangle; the EM2 cor-

Nd

ner of the tetrahedron is above the base plane. (B) View, rotated 90°, directly into the DMM-HIMU-
EM1 base triangle; this view shows that most of the data lie close to the base “mantle plane.” DMM
was chosen to have the most depleted Sr and Nd of any MORB (0.7022, 0.5133, and 18.00), EM1
was chosen to be the most enriched sample of the Walvis array (0.7053, 0.51236, and 17.40), HIMU
was chosen to be like the most radiogenic Pb sample from Mangaia (0.70285, 0.51285, and 21.80),
and EM2 was chosen to be similar to the most radiogenic Sr samples from Tahaa and Samoa

(0.7078, 0.51258, and 19.00).
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between the hypothesized pure mantle spe-
cies; many originate (terminate?) from bi-
nary joins of the tetrahedron (for example,
the Cameroon line: HIMU-EM1; Azores:
HIMU-EM2; and Kerguelen and Tristan:
EMI-EM2).

The DMM end-member is rarely a par-
ent to any of these arrays; that is, of the

many arrays shown in Fig. 2, none are

headed toward the DMM apex itself. This
has been pointed out before for individual
cases such as Walvis ridge (15) and Heard
Island (16). The Hawaiian array appears
headed toward average N-MORB (MORB
sample from normal-depth ridges); howev-
er, this is largely a result of the projection
used for Fig. 2. When viewed from the edge
(Fig. 3), the Hawaiian array is rising out of
the DMM-HIMU-EM1 base plane such
that its extension only marginally intersects
any of the N-MORB field. New data for the

WALVIS

C HAWAII

Gal4pagos (17) do define an elongate array
that trends directly into the N-MORB field.
Wherever the HIMU and EM reservoirs are
thought to reside in the mantle, they must
either rise through, or circulate in, the
upper DMM mantle. Of all of the possible
mantle mixing scenarios, the DMM reser-
voir is the most obvious candidate to be a
common component in any mixture. Only
basalts from Iceland and the Galdpagos
Islands appear to extend into the N-MORB
field. Ridge-centered hot spots such as these
might be expected to be most susceptible to
incofporation of a DMM component. Of
the other islands that show elongate arrays,
DMM is virtually absent as an identifiable
component. Although there is a striking
fan-shaped pattern to the OIB arrays in Fig.
2, the convergence or focal area is not well
defined and contains few data. The charac-
teristics of the missing parent species for

Fig. 2. Projection of various oceanic isotopic data sets onto base triangle of mantle tetrahedron;
same view as in Fig. 1A. All available data that show any semblance of “elongated” arrays are
plotted (large points), excluding only those arrays based on fewer than four samples. There are a
number of data sets not shown, involving significant numbers of samples, that are not obviously
“elongate” (for example, Canaries, New England Seamounts, and Raratonga). We have also shown
a few data sets for general interest that are either not elongate (Iceland and Ascension) or that
contain limited numbers of samples (Cocos, Nunivak, and Balleny). The PREMA component of
Zindler and Hart (4) is also shown for reference. The data sets are limited to basaltic rocks, and in
the case of the N-MORB, most data are for glasses. N-MORBs are defined as MORB samples from
normal-depth ridges with 87Sr/%Sr < 0.7030 (72 out of 89). N-MORB with anomalously high
208pp204pY ratios have been reported from the Easter microplate (40); although no Nd data are
reported, these samples will undoubtedly plot in the FOZO area. Cape Verde has been divided into
two geographic groups on the basis of the discussion in Gerlach et al. (41); the Cameroon line data
(42) are limited to basalts from the oceanic sector, and Pagalu has been omitted because it lies well
away from the general trend. The tendency for most of the island fields to converge toward the
bottom of the base triangle is clear; they are not converging toward typical N-MORB. For orientation,
the F of the word FOZO [in (D)] would have approximate isotopic values of 0.7025, 0.51318, and
19.07; values for the Z would be 0.70248, 0.51310, and 19.65. Data sources are as summarized in
Hart (6) and in (76, 43).
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this focal zone are depleted Sr and Nd ratios
(probably <0.7025 and >0.5131) accom-
panied by high 2°°Pb/2°*Pb (19.1 to 19.7).

Several possible models are suggested by
the above observations:

1) The upper MORB mantle contains
HIMU components dispersed within it that
are sampled preferentially by transiting
plumes or diapirs relative to the mixture
that is sampled by melting on ridges. For
example, the upper mantle may be DMM

-with <10% HIMU dispersed within it as
- discrete reservoirs. Representative sampling
-on ridges gives the N-MORB field as

shown; mixing of this two-component up-
per mantle with transiting diapirs and
plumes, followed by melting that preferen-
tially samples the HIMU component, could
give mixing arrays that appear to have an
end-member midway along the HIMU-
DMM join.

2) There is an actual parent (mantle
reservoir) with isotopic characteristics rep-
resentative of the focal zone, but this parent
is rarely or never sampled in pure form. We
term this new species FOZO (Focus Zone).
If FOZO is not in the upper mantle (Model
1), it must lie beneath the upper mantle,
either in a boundary layer at 670 km (670
BL), at the core-mantle boundary (CMBL),
or in the lower mantle. Several mixing
scenarios are then possible: (i) plumes con-
taining EMs and HIMU components from
the lower mantle (or the CMBL) (18)
entrain FOZO materials from the 670 BL;
(ii) plumes containing EMs and HIMU
components from the CMBL entrain FOZO
from the lower mantle, and no components
are derived from the 670 BL; or (iii) FOZO
plumes from the CMBL or lower mantle
entrain EMs and HIMU components from

Fig. 3. “Side” view (as in Fig. 1B), showing the
Hawaiian and N-MORB fields (and several oth-
ers for comparison). The Hawaiian array does
not appear to be mixing toward N-MORB, but
instead is apparently aiming to the left of the
general N-MORB field. The N-MORB field scat-
ters around the DMM-EM1-HIMU base triangle,
suggesting possible contamination of DMM
with EM1 and HIMU, but not with EM2.




the lower mantle or 670 BL. No significant
upper mantle DMM entrainment would
take place in Model 2.

Because compelling evidence for layered
versus whole-mantle convection is still elu-
sive (19), no definitive choices are possible
among these scenarios. Arguments have
been made that EM- or HIMU-rich reser-
voirs are located in the deep mantle on the
basis of their prominence in the DUPAL
(20) anomaly and the correlation of the
DUPAL anomaly with low-degree features
of the geoid (21) and with lower mantle—
CMBL seismic velocity anomalies (5, 11,
22, 23). If this location is correct (that is, if
EMs and HIMU components are concen-
trated in the CMBL), then the FOZO
reservoir would be either the lower mantle
itself or the 670 BL. If it is the 670 BL, then
we need to explain why plumes originating
from the CMBL entrain material from the
670 BL but not material from the lower and
upper mantles. We address this selective
entrainment problem in more detail below.

The He isotope data are not obviously
consistent with the four mantle end-mem-
bers as defined from Sr, Nd, Pb, and Hf.
We believe the FOZO reservoir defined
above may also be the high->He compo-
nent, which has not heretofore been iden-
tified with the heavy isotope end-members.
For example, samples in the upper end of
the Hawaiian array (Fig. 2C, Koolau and
Lanai) have *He/*He ratios of 10 to 16 Ra
(24-26), whereas samples from the lower
end (Loihi) have ratios of 20 to 35 Ra (13).
Samples from Sao Miguel (Fig. 2C, Azores)
have low ratios (3.5 Ra) at the upper end
that increase to 8.5 Ra at the lower end
(27). The *He/*He ratios increase from 8 to
25 Ra (28) moving downward along the
Samoa array (Fig. 2B). Helium data are not
available for samples defining the other
arrays of Fig. 2, but the other known islands
with high *He/*He [Réunion, Carolines,
Iceland, Galépagos, Juan Fernandez, Ere-
bus, and Bouvet (29, 30)] all tend to lie
below the middle of the tetrahedron (Fig.
2). In contrast, many of the low->He/*He
islands tend to be rich in EM [Samoa,
Aczores, Tristan, and Kerguelen (13, 27, 28,
30)] or HIMU [St. Helena and Tubuai
(31)] components. This identity of FOZO
and the high *He/*He ratios are also con-
sistent with the observation that the
MORB source, which appears to have con-
sistent *He/*He ratios of ~8.5 Ra, does not
seem to be a mixing end-member for any of
the arrays in Fig. 2, either for heavy iso-
topes or for He. This hypothesis can be
tested by more detailed studies involving
both He and Sr, Nd, and Pb on basalts from
key islands such as Iceland, Gal4pagos,
Juan Fernandez, Cape Verde, and the
Cameroon line.

If FOZO does indeed have a high *He/

*He ratio, then the model discussed above,
in which FOZO is an upper mantle mixture
of DMM and HIMU, clearly fails, because
neither DMM nor HIMU is characterized
by high *He/*He ratios (~8.5 Ra for DMM
and 5 to 7 Ra for HIMU). On the other
hand, any of the three Model 2 scenarios
involving FOZO in the 670 BL, CMBL, or
lower mantle would be acceptable, al-
though perhaps not equally plausible. The
choice would be connected with the mech-
anism for producing high *He/*He in
FOZO. High *He/*He ratios are typically
ascribed to mantle that is more primitive,
whereas the Sr and Nd isotopic character of
FOZO mantle clearly is not primitive but
rather depleted. FOZO could be formed by
extracting U and Th relative to He to leave
a depleted residual mantle with high He/U
and He/Th. Extant partitioning data (32)
suggest that U and Th are more incompat-
ible than is He. If FOZO was depleted early
in the earth’s history relative to DMM,
then it could retain a higher *He/*He ratio
than DMM. Alternatively, if FOZO is the
CMBL or lowermost mantle, it may be
replenished with primordial He from the
core.

A further constraint on the nature of the
FOZO species may be derived from consid-
eration of the thermal entrainment process,
whereby heat flows from a plume, adding to
the buoyancy and lowering the viscosity of
the surrounding mantle. This material rises
then both by simple buoyancy and by vis-
cous coupling to the plume. There may or
may not be any extensive mixing in this
process before melting, depending on
whether material is entrained into a diapir
or plume head (33), a tilted plume conduit
(34), or an established vertical conduit
(35).

The amount of entrainment (that is, the
mass of new surrounding mantle added to
an initial mass of transiting plume) will
increase as the plume ascends. We assume
that entrainment is a significant phenome-
non, although certain models and choices
of mantle properties may lead to the con-
clusion that entrainment is insignificant
(36). We are particularly interested in the
relative masses of upper mantle versus lower
mantle entrained into plumes or diapirs
originating from the CMBL. For a vertical
steady-state conduit, the entrained mass
flux is directly proportional to height in the
conduit for both Newtonian (37) and pow-
er law rheologies (35), so the entrained
upper mantle mass flux simply constitutes
670 km/2900 km, or 23%, of the total
entrained mass flux. At the other extreme,
for an isolated spherical diapir, the en-
trained mass is proportional to the cube of
the normalized height (33). Depending on
the values chosen for the various material
properties, the entrained upper mantle mass
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may constitute some 45 to 55% of the total
entrained mass (that is, the upper mantle is
overrepresented in the material reaching
the surface).

Other cases are intermediate; a spherical
diapir fed by a conduit entrains mass as
height to the power of 9/5 (38), and a tilted
conduit entrains mass flux as a normalized
height to the power of 4/3 (34). These
relations are for cases where the plume and
ambient mantle are compositionally identi-
cal (no chemical buoyancy) and predict
that a plume originating from the CMBL
will proportion its entrained mass (or mass
flux) at about 45 to 75% from the lower
mantle (below 670 km) and 25 to 55% from
the upper mantle (above 670 km); some 7%
could represent 670 BL if that boundary
layer is 200 km thick. Overrepresentation
of any depth zones in the entrained fraction
could arise if the particular material was
not compositionally the same as the plume
and thus had either lower intrinsic density
or a more temperature-dependent viscosity
function.

The lack of an upper mantle (DMM)
signature in the mixing arrays of Fig. 2 may
thus reflect the fact that only one-fourth of
the entrained mantle would be DMM (ver-
sus three-fourths from the lower mantle if
FOZO is lower mantle). Underrepresenta-
tion of entrained DMM could also result
from its lower temperature relative to ma-
terial entrained earlier (deeper); smaller
amounts of melt would be generated in the
entrained DMM than in the higher temper-
ature materials. It seems unlikely, then,
that FOZO resides in the 670 BL (if only
200 km thick) because it would have to be
strongly overentrained relative to DMM to
swamp the DMM signature. Thus, Models
2ii or 2iii are most easily reconciled with
the *He/*He data, the correlations of the
DUPAL anomaly with both the geoid and
lower mantle tomography, and the predic-
tions from entrainment theory. Important
tests of this FOZO model can be provided
by combined He-Sr-Pb-Nd analyses of oce-
anic basalts from key islands, such as As-
cension, Iceland, Galapagos, the Cam-
eroon line, and Cape Verde.
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Polyhydroxybutyrate, a Biodegradable
Thermoplastic, Produced in Transgenic Plants

Yves Poirier, Douglas E. Dennis, Karen Klomparens,
Chris Somerville*

Polyhydroxybutyrate (PHB), a high molecular weight polyester, is accumulated as a stor-
age carbon in many species of bacteria and is a biodegradable thermoplastic. To produce
PHB by genetic engineering in plants, genes from the bacterium Alcaligenes eutrophus
that encoded the two enzymes required to convert acetoacetyl-coenzyme A to PHB were
placed under transcriptional control of the cauliflower mosaic virus 35S promoter and
introduced into Arabidopsis thaliana. Transgenic plant lines that contained both genes
accumulated PHB as electron-lucent granules in the cytoplasm, nucleus, and vacuole; the
size and appearance of these granules were similar to the PHB granules that accumulate

in bacteria.

Poly—D—(—)—3—hydroxybutyrate (PHB) is
an aliphatic polyester that is accumulated
by many species of bacteria as storage ma-
terial (I). Both PHB and related polyhy-
droxyalkanoates (PHA) are renewable
sources of biodegradable thermoplastic ma-
terials (2). The cost of PHB produced by
bacterial fermentation is substantially high-
er than that of other biomaterials, such as
starch or lipids, that accumulate in many
species of higher plants. Therefore, we in-
vestigated the feasibility of transferring the
capability for PHB synthesis from bacteria
to higher plants.
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In the bacterium Alcaligenes eutrophus,
PHB is derived from acetyl-coenzyme A
(CoA) by a sequence of three enzymatic
reactions (3). The first enzyme of the path-
way, 3-ketothiolase (acetyl-CoA acetyl
transferase; E.C. 2.3.1.9), catalyzes the
reversible condensation of two acetyl-CoA
moieties to form acetoacetyl-CoA. Ace-
toacetyl-CoA reductase (hydroxybutyryl-
CoA dehydrogenase; E.C. 1.1.1.36) subse-
quently reduces acetoacetyl-CoA to D-(—)-
3-hydroxybutyryl-CoA, which is then poly-
merized by the action of PHB synthase to
form PHB. The genes encoding the three
enzymes involved in PHB synthesis in A.
eutrophus have been cloned, and expression
of the genes in Escherichia coli is sufficient
for PHB production (4-7). Of the three
enzymes involved in PHB synthesis in A.
eutrophus, only the 3-ketothiolase is also
found in the cytoplasm of higher plants,
where it is involved in the synthesis of
mevalonate, the precursor to isoprenoids.

Genes that encoded acetoacetyl-CoA
reductase (phbB) and PHB synthase (phbC)
were introduced into Arabidopsis thaliana



