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Abstract

The Mid-Atlantic Ridge (MAR) south of the Kane Fracture Zone at ~23°N (the MARK area) is distant from hot spots and a
type area for “normal” mid-ocean ridge basalt (N-MORB) depleted in highly incompatible elements. High-density sampling
reveals that a small proportion of basalt are enriched in incompatible elements (enriched mid-ocean ridge basalts, E-MORB)
from the MARK area. It is apparent that enriched magma sources, not associated with hot spots, are widespread in the upper
mantle and are a common occurrence on both fast- and slow-spreading ridges.

Evaluation of the trace-element systematics shows that E-MORB generation requires two stages. Low-degree melts
metasomatise the upper mantle to create an enriched source, which later undergoes large extents of melting. A significant time
lapse between the two events is required by differences in radiogenic isotope ratios. Atlantic, Pacific, and Indian ocean ridges
that are far from hot spots show “mantle isochron” ages of ~300 Ma for the Sm—-Nd, Rb-Sr, and ***U-"°Pb systems after
corrections for melting, but these ages need not be indicative of a specific event. Instead, they can result from continuous
processes of formation and destruction of enriched mantle sources by melting and convective mixing. A two-box model
describing these processes illuminates relationships between mantle isochron ages and upper mantle dynamics. If formation—
destruction of enriched mantle is at steady state, constant “mantle isochron” ages are maintained and depend on the residence
time of enriched mantle sources, the half-life of the radioactive system, and the daughter element behavior during mantle
melting. The common ages of the Sr, Nd, and Pb systems reflects their long half-lives and similar melting behavior. In contrast,
207pp204pp—206ph/ 24P ages are approximately twice as old due to the short half-life of >*°U relative to the age of the Earth.
For the long-lived systems, the mantle isochron ages approximate the residence time of the enriched reservoir, if its mass is a
few percent of the system.

We propose that the first stage of melting occurs at depth in subduction zones where the mantle wedge is enriched by the
addition of low-degree melts of subducted crust. The second stage of greater extents of melting occurs beneath ocean ridges.
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The model results suggest that the mantle is currently in quasi-steady state and that the size of the system (N-MORB plus E-
MORB sources) is similar to the upper mantle. The time scale of ~300 Ma for survival of E-MORB sources indicates rapid
convective stirring and efficient reprocessing of the upper mantle by plate tectonics.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The earliest studies of ocean ridge basalts (MORB)
recognized that segments near hot spots display
enrichments in highly incompatible elements. The
origin of “enriched mid-ocean ridge basalts” (E-
MORB) has been explained by interaction of enriched
plumes from the deep mantle with the depleted upper
mantle source of “normal mid-ocean ridge basalts” (N-
MORB) (e.g., Refs. [1,2]). The origin of E-MORB far
from hot spots is more controversial. Hanson [3] first
suggested that enriched basalts reflect preferential
melting of veins in the mantle. E-MORB have been
sporadically sampled both on- and off-axis at the East
Pacific Rise (EPR) [4-10]. Their origin has been
attributed to small plumes dispersed as small-scale
heterogeneities at fast spreading ridges [11] and to
melting of enriched eclogitic veins derived from
subducted oceanic crust recycled into the upper
mantle [7,12—15]. In both models, enriched sources
are related to recycling of subducted oceanic crust,
following the suggestions of Hofmann and White [16]
and Allégre and Turcotte [17]. Other sources of
enrichment include fractionation during melting or
metasomatic events [18,19].

We report here the discovery of E-MORB on the
Mid-Atlantic Ridge (MAR) south of the Kane
transform fault (the MARK area), a region regarded
as a type locality for N-MORB [20-23] and show
that the E-MORB source influences the chemistry of
several of the more “normal” ridge basalts from the
segment. The MARK area is far from any hot spot,
and the E-MORB is chemically similar to those
found on other ridges. The spreading rate of Atlantic
ridges is much slower than in the Pacific, and
plumes are less likely to be dispersed by fast mantle
convection. It thus appears that enriched MORB may
occur without any clear relationship to plumes in all

ocean basins [24-26]. This calls for a reevaluation of
E-MORB origin separate from injection of deep
plumes into the upper mantle. Taking into account
trace-element and radiogenic isotope systematics of
N- and E-MORB, we evaluate implications for
average ages of upper mantle heterogeneity and
rates of formation and destruction of E-MORB
sources.

2. Discovery of E-MORB in the MARK area

Seventy rock cores were collected along 10
transects of the MARK area on R/V Atlantis II,
cruise All129-7. Several of the shallowest samples
are enriched in incompatible elements (Fig. la and
Table 1) with Th, Ba, Rb, and Nb abundances more
than an order of magnitude higher than N-MORB
and H,O higher by a factor of 4 (J. Dixon, personal
communication). In contrast, major-element differ-
ences between enriched and depleted basalts are
subtle. E-MORB have slightly higher alumina and
sodium and lower silicon and iron. The E-MORB
source influences less than 5% of the recovered lavas
at MARK (Fig. 2). The trace-element enrichment
reflects a long-term source enrichment because the
E-MORB have higher Sr and Pb and lower Nd
isotope ratios, which correlate with incompatible
element abundances.

3. Constraints on the origin of E-MORB

An important aspect of the E-MORB geochemical
signature is the large fractionations among highly
incompatible elements. For example, Ba/La ratios are
a factor of ~5 higher than N-MORB, whereas
moderately incompatible element ratios such as Sm/
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Fig. 1. Enriched MORB from the MARK area. (a) Trace-element
pattern of the MARK E-MORB compared to other E-MORB.
MARK E-MORB is enriched in highly incompatible elements and
similar to E-MORB erupted on off-axis Pacific seamounts [10] and
the southern MAR [24]. (b) The E-MORB trace-element signature
requires a first stage of low-degree (low-F) partial melting that
metasomatises the mantle, which is later subjected to higher degree
(high-F) melting. Three scenarios of low-F" melt metasomatism are
shown. The MARK E-MORB trace-element pattern (diamond) can
be generated by high-F melting of the metasomatised mantle. For
the ridge and plume edge model, the first melt stage is of a garnet
lherzolite with 5% garnet in which F=0.5% or 2%. The low-F melts
then contribute 6% or 1.5%, respectively, to metasomatised
peridotite, which is frozen into the lithosphere, subducts, and later
reappears beneath the ridge to partially melt to /=10%, forming E-
MORB. For subducted slab melts, the first-stage low-F melt is of a
garnet pyroxenite with 20% garnet with =1%, which metasoma-
tises the overlying mantle wedge and is 0.5% of the mixture.
Following recirculation, the metasomatized mantle partially melts
beneath a ridge to F=9% to form E-MORB. Starting source
compositions and partition coefficients are in Tables 1 and 3. “PM
normalized” means normalized to primitive mantle values [58].

La differ by less than a factor of 3 (Fig. 2, Table 2).
These differences place important constraints on the
origin of E-MORB.

Enriched mantle sources for ocean island basalts
(OIB) are often attributed to recycled oceanic crust
[16,27]. However, recycled oceanic crust is problem-
atic because oceanic crust generally shows increasing
depletion of trace elements with increasing incompat-
ibility, opposite to E-MORB. Because eclogitic
recycled ocean crust is likely to melt to large extents,
particularly beneath ocean ridges [28], re-melting of
recycled crust would not produce the observed
relative enrichments (Fig. 2). Re-melting of E-MORB
or OIB could produce E-MORB trace-element pat-
terns, but OIB generally have too high Sr and too low
Nd isotope ratios to be the source of E-MORB.
Subducted sediments are also precluded because of
their distinct trace-element and isotopic signatures
(e.g., low Ce/Pb, high Ba/Nb, La/Nb, and
207pp/2%Pb). Fluids addition alone cannot produce
E-MORB because neither Th nor La are fluid mobile
[29] and will not generate high Th/La (Fig. 2b).

On the other hand, low-degree partial melting, if
the extent of melting (F) is of the same order as the
bulk partition coefficient (D), can fractionate highly
incompatible elements and preserve the mantle
isotopic signature. The concentration of an element
in a melt (C)) is related to the source abundance (C,)
by the modal melting equation

Ci=Co/(F+D(1-F)) (1)
Alternatively, non-modal melting can be described by
G :Co/(D0+F(1_P)) (2)

where P corresponds to the bulk partition coefficient
in the melt and D, in the initial solid mode. Elements
with D<0.01, such as Ba, Th, and La, require very
small extents of melting to achieve the observed
fractionations (Fig. 2). Therefore, the E-MORB trace-
element signature appears to reflect very low extents
of melting.

Formation of E-MORB beneath the ocean ridge
by low-degree melting, however, is problematic.
Near chondritic heavy rare-earth element (HREE)
ratios (e.g., Dy/Yby~1, Fig. 3) constrain the presence
of residual garnet to less than a few percent. Low-
degree melting under ridges takes place deep in the
melting regime where garnet is stable and at the
edges of the melting envelope. At the extremely low
degrees of melting (~0.2%) required for element
fractionations such as Th/La, the HREE ratios such
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Table 1
Average E-MORB, N-MORB, and source compositions
MARK MARK EPR Smt SEIR S&M D E Recycled OIB
E-MORB N-MORB E-MORB E-MORB N-MORB Crust
All129-7 All129-7 R109-005 WW EPR-AVG
RCI17A RC55 10-126-7
Latitude 23°20.1' N 23°30.1' N 14°9.2' N 49°31.8' S
Longitude 44°57.8 W 44°5545 W 104°18.' W 109°28.8' E
Depth (m) 3700 4060 2610 3240
SiO, 49.58 50.56 50.56
TiO, 1.68 1.54 1.43
ALO; 16.42 15.68 15.9
FeO total 8.98 9.58 8.34
MgO 7.90 7.81 7.79
CaO 10.66 11.39 12.1
Na,O 3.31 3.1 2.66
K,O 0.59 0.12 0.48
P,0s 0.26 0.21 0.23
Rb 11.58 0.67 8.62 8.39 0.56 0.040 0.684  1.35 0.934
Ba 99.71 6.79 108.6 95.6 6.3 0.540 7.54 14.78 11.22
Th 1.10 0.14 1.044 1.15 0.12 0.007 0.086  0.200 0.124
U 0.305 0.05 0.318 0.289 0.047 0.0033  0.023  0.08 0.035
Nb 16.05 2.39 14.878 13 233 0.199 1.33 3.79 2.08
La 9.91 3.47 10.04 9.64 25 0.237 0.737  4.36 1.62
Ce 21.99 10.89 22.29 7.5 0.841 1.65 13.4 3.73
Sr 243 133.2 230 243 90 11.4 18.51 123.8 38.9
Pb 0.82 0.47 0.798 0.989 0.3 0.04 0.075  0.590 0.181
Nd 14.81 10.74 12.57 12.8 73 0.854 1.23 12.28 2.40
Zr 139 108.62 100 74 8.06 11.2 122.4 16.10
Hf 3.29 2.76 2.281 2.05 0.230 0288  3.12 0.464
Sm 4.08 3.61 3.19 3.48 2.63 0.338 0392  4.10 0.677
Eu 1.45 1.32 1.16 1.02 0.137 0.149  1.46 0.282
Gd 5.14 5 3.81 3.68 0.494 0.536  5.67 0.867
Tb 0.858 0.89 0.62 0.67 0.091 0.097  0.990 0.138
Dy 5.48 5.86 3.9 455 0.628 0.666  6.56 0.891
Ho 1.16 1.27 0.84 1.01 0.141 0.148  1.42 0.196
Er 3.28 3.56 2.44 2.97 0.423 0437  4.02 0.641
Y 33.21 35.71 233 28 4.10 428 403 6.04
Yb 3.11 3.37 2.23 3.05 0.427 0.441 391 0.587
Lu 0.458 0.52 0.34 0.455 0.065 0.068  0.590 0.091
87gr/80Sr 0.702761 0.702348 0.702719 0.70336
BNA/Nd 0.513109 0.513181 0.513111 0.512909
206pp,204py, 18.526 18.285 18.496 18.198
207pp,2%4py 15.536 15.484 15.510 15.512
208pp,204py, 38.158 37.706 38.133 38.262

Compositions of MARK E-MORB, a typical MARK N-MORB, SEIR E-MORB [49], EPR Smts [10,41], and average N-MORB from Sun and
McDonough [55]. Analytical methods are discussed in Table 2. Major elements are reported in wt.%, and trace elements are reported in ppm.
The source compositions used for the melting curves in Fig. 2 and the two-stage models in Fig. 1b are also given: depleted mantle (D), enriched
mantle (E), recycled oceanic crust/garnet pyroxenite (EPR AVG), and ocean island basalt (OIB). Average East Pacific Rise MORB is taken as an
approximation of subducted crust. The composition is based on recent ICP-MS trace-element data [59].

as Dy/Yb are too fractionated (Dy/Ybn~1.8), HREE
abundances are far too low (Yb~1.26 ppm) to yield
E-MORB (Fig. 3), and the abundances of elements
such as Th and Ba are much too high, enriched by a

factor of ~500 relative to the source (or 1/D). Even
for more compatible elements like Yb, at 0.2%
partial melting, the enrichment in the melt still
approaches 1/D. These abundances would be low-
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Fig. 2. Trace-element ratios of MORB from the MARK area. (a) Ba/
La and Sm/La. (b) Th/La and Sm/La. The MARK E-MORB (star)
requires low-degree (low-F) partial melting to generate the observed
fractionations among highly incompatible elements. Depleted
MORB are the circles, and samples influenced by the E-MORB
source are the squares. The thick curve represents partial melting of
a depleted mantle composition of spinel lherzolite. The extent of
melting is denoted on the curve. F must be as low as 0.2% to
account for the E-MORB trace-element ratios. The thin curve
represents partial melting of subducted oceanic crust, garnet
pyroxenite. £ is also denoted and must be as low as 1% even with
this more enriched source. The large Th/La fractionation argues
against the influence of a fluid, since neither element is fluid mobile.
Solid and liquid modes for lherzolite melting: 0.18 cpx, 0.30 opx,
0.52 ol; and 0.75 cpx, —0.10 opx, 0.35 ol, respectively. Solid and
liquid modes for the pyroxenite melting: 0.20 gar, 0.80 cpx; and
0.11 gar and 0.89 cpx, respectively. Source compositions are listed
in Table 1. In MARK, additional complexities argue for two
depleted MORB components (Donnelly et al., in preparation),
which does not change the requirements for low-F melting to
generate the trace-element ratios in E-MORB.

ered if the lherzolite mantle source was extremely
depleted in trace elements, but such a scenario is
inconsistent with the time-integrated incompatible
element enrichment (i.e., high Rb/Sr, U/Pb, and low
Sm/Nd), indicated by E-MORB isotope ratios
compared to that for N-MORB.

Melting of eclogitic veins also is not consistent
with low-degree partial melting beneath ridges.

Eclogite begins to melt at greater pressures than
peridotite, yielding an eclogite/garnet pyroxenite
residue [28]. A low-degree melt would have concen-
trations too high for many elements and too strongly
fractionated HREE (Dy/Ybn~2.2, Fig. 3). Further-
more, eclogitic veins would enhance the extent of
melting because of their low melting temperatures and
would result in equal or greater melting extents
compared to N-MORB.

The major-element similarities between E-MORB
and N-MORB are consistent with similar source
mineralogy and extent of melting. Slightly elevated
Al,O5 and lower FeO can be attributed to higher
water and alkali contents during melting and low
pressure differentiation and thus do not indicate
substantial major-element differences in primary
magmas [30-32]. Michael and Chase [30] showed
the importance of high H,O in E-MORB for
suppressing plagioclase fractionation, leading to
higher Al,O; and lower FeO. While E-MORB
characteristically show elevated Al,Os, lower FeO
is not universal. E-MORB and N-MORB from the
MAR at 33°S have similar FeO and Na,O [24].
Where FeO is lower and alkalis are higher, such as
in the MARK area, the lower FeO can result from
the higher olivine/liquid partition coefficient caused
by increased alkali contents, as well as the effect of
water contents on the liquid line of descent [31,33].
Therefore, the subtle major-element differences
between E-MORB and N-MORB appear to be
related to water and alkali content, and E-MORB
major-element compositions do not require signifi-
cantly lower extents of partial melting.

These various considerations thus predict equal or
greater extents of melting for E-MORB mantle
compared to the surrounding N-MORB. Since N-
MORB from normal ridge depths, such as the MARK
area, are well constrained to result from F=0.1 [34];
similarly high extents of melting are expected for E-
MORB. Even if somehow the extent of melting for E-
MORB were lower by a factor of 3, this would not
explain the trace-element systematics.

3.1. Two-stage model for E-MORB generation
The apparent paradox that trace-element abun-

dances in E-MORB indicate large extents of partial
melting, while trace-element ratios that require low-
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Table 2

MARK Data

Sample Latitude Longitude Depth MgO  ¥7Sr%Sr 'Nd/"*Nd Rb  Sr Nd Sm Ba Th La
KNOI115 TK-25  23.62°N  44.89°W 5100 7.19  0.702373 0.89 132 1293 433 852 0.18 4.27
KNO115 TK-11 ~ 23.58°N  44.90°W 47704830 7.33  0.702428 0.513210 0.43 111 13.03 4.54 7.45 4.27
AlIl129-7 RC35 23.56°N  44.91°W 4760 7.55 0.68 128 11.56 392 688 0.15 3.87
All129-7 RC31 23.56°N  4491°W 4660 7.07  0.702355 1.06 134 1321 4.49 10.05 021 4.67
AIl129-7 RC46  23.53°N  44.92°W 4380 7.13 0.86 132 13.12 452 8.68 0.18 435
All129-7 RC47 23.53°N  4491°W 4380 7.04 0.702411 0.513191 0.75 126 1230 424 7.75 0.15 3.87
AIl129-7 RC53 23.50°N  44.95°W 4160 7.01 0.69 134 1404 4.66 746 0.19 4091
AlIl129-7 RC64  23.48°N  44.92°W 4140 6.72  0.702428 0.513184 1.37 137 1474 492 1211 026 551
AIl129-7 RC76  23.44°N  44.94°W 3900 6.92  0.702445 0.513191 136 136 13.56 4.47 1222 025 S5.15
All129-7 RC77 23.44°N  44.94°W 3780 791 0.702333 0.513198 050 125 985 3.40 543 0.10 3.04
KNOI115 TK-14  23.42°N  44.94°W 3610 722 0.702378 0.513212 1.44 143 13.03 4.42 14.00 5.00
All129-7 RC72 23.42°N  44.96°W 4000 7.35 093 132 13.08 4.54 933 020 459
AIl129-7 RC37 23.39°N  44.94°W 3680 7.35 0.702423 0.513190 0.65 128 11.74 4.04 6.72 0.14 3.81
All129-7 RC38 2339°N  44.93°W 3780 7.55 0.71 137 11.92 4.02 742 0.16 4.12
AIl129-7 RC39  23.38°N  44.93°W 3900 8.47 0.702437 0.513192 0.46 142 988 330 517 0.13 346
KNO115 TK-15  23.36°N  44.96°W  3450-3430 791 0.702376 0.513182 129 134 1031 3.51 13.63 020 3.85

AlIl129-7 RC23 2336°N  44.97°W 3860 7.50  0.702600 0.513164 3.10 163 13.69 435 27.72 038 594
All129-7 RC27 2336°N  44.94°W 3680 7.48 0.702518 0.513171 240 151 1239 4.04 2191 032 524
All129-7 RC25 23.36°N  44.96°W 3700 8.27 1.26 137 10.19 3.41 1130 021 3.78
AIl129-7 RC30  23.36°N  44.93°W 3700 8.05 0.52 137 11.53 388 862 0.14 393
AIl129-7 RC19A  2334°N  44.96°W 3500 7.41  0.702439 0.513156 285 166 13.16 4.16 26.17 037 5.63
All129-7 RC19B  23.34°N  44.96°W 3500 7.48 0.77 146 1221 4.05 890 0.19 459
All129-7 RC16  23.34°N  44.97°W 3920 8.54  0.702426 0.513211 035 111 831 3.02 386 0.09 265
AIl129-7 RC20  23.34°N  44.95°W 3600 7.68 0.702355 0.513190 0.67 130 1125 3.75 745 0.16 398

All129-7 RC18 23.34°N  44.96°W 3600 7.87 2.14 160 1256 4.07 2086 031 525

All129-7 RC86  23.30°N  44.95°W 3760 7.49  0.702404 0.513199 0.51 135 10.62 3.57 569 0.12 3.54
All129-7 RC88 2330°N  44.96°W 3740 7.57 0.702351 0.513190 0.64 142 12.67 434 688 0.17 446
All129-7 RCI1 23.30°N  44.98°W 3800 7.78  0.702347 0.513189 0.52 138 11.64 393 596 0.14 4.02

All129-7 RC84  23.30°N  44.94°W 3860 6.85 0.68 132 13.57 4.64 736 0.18 4.77

Trace elements were measured by ICP-MS at LDEO with typical errors of 3-5%. Concentrations were calculated from calibration curves of
measured USGS and “in-house” standards. Sr and Pb isotope ratios were measured at LDEO on a Micromass Sector 54 30 thermal ionization
mass spectrometer. ¥’St/*°Sr ratios were normalized to *°Sr/**Sr=0.1194, with typical **Sr beam intensities of 4x10~'" amps. Replications of
the NBS987 standard during three intervals yielded 0.710198+16, (20 external reproducibility, n=44), 0.710246+14 (25, n=6), 0.710247+9
(26, n=8). Measurements during the first interval were by static multicollection; the other two were by dynamic multicollection. '**Nd/"**Nd
ratios were measured as NdO+ and normalized to '**Nd/***Nd=0.7219, with typical "**Nd'®O beam intensities of 0.5x10~"" amp. Replications
of the La Jolla Nd standard averaged '**Nd/"**Nd=0.511838+9 (20, n=34). All samples were further corrected to value of 0.511860 for the La
Jolla standard. Pb isotope ratios were measured using a >°’Pb—2*Pb double spike. Reproducibility is 183, 284, and 300 ppm (20, n=16) for
206py,,204pp, 207p,204pp, and 28Pb/2*4Pb ratios, respectively. Measured values are corrected to 206p,,204ph=16.9356, 2°"Pb/2**Pb=15.4891, and
208pp/204pb=36.7006 [60]. Some samples were measured more than once, and the reproducibility was consistent with the standards. For these,
the average value is listed. MgO values were measured on glass chips using the electron microprobe at the American Museum of Natural
History. Depths are reported in meters below sea level.

degree melting can be accommodated through
creation of E-MORB in two stages. First, low-
degree melts are added to normal mantle peridotite
sources to generate fractionated ratios of highly
incompatible elements. Second, the enriched source
is melted to a “normal” extent beneath ocean ridges.
The two-stage process leads to the necessary trace-
element fractionations and concentrations (e.g., Fig.
1b, Table 3), major-element compositions similar to

N-MORB, and isotope ratios that reflect long-term
source enrichment.

In which tectonic scenarios might such two-
stage processes occur, and what additional con-
straints can be used to choose among them? Two-
stage processes involving low-degree melts have
been proposed for formation of continental rift
volcanics [35] and continental crust [36]. Low-
degree partial melts may occur in different mantle
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settings as a consequence of mantle convection and
plate circulation. Scenarios for low-degree partial
melting that metasomatise the surrounding mantle
to generate E-MORB include low-degree melting of
peridotite or eclogite in the wings of a ridge
melting regime [18,37-42] or in the margins of
plumes [43]. We also suggest that low-degree
melting of subducting oceanic crust as eclogite at
depth, metasomatising the mantle wedge or nearby
mantle during subsequent circulation in the mantle
convective system, is a potentially powerful source
of metasomatism (Fig. 1b). As the isotope ratios
require time for radiogenic ingrowth, the subse-
quent high-degree melting event would have to
take place under ocean ridges after plate recircula-
tion. The critical common factor is the need for
two stages, one where a low-degree melt produces
the trace-element fractionations, and a second
where a high-degree melt produces the E-MORB
major- and trace-element abundances. Isotope ratios

10004
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Fig. 3. Trace-element patterns E-MORB and low-degree (low-F)
melts. The low-F melts of peridotite and pyroxenite are charac-
terized by steep primitive mantle normalized trace-element patterns,
while the E-MORB trace-element patterns are relatively flat and
thus are not low-F' melts. While the garnet pyroxenite and garnet
lherzolite low-F melts have different trace-element abundances,
their patterns are similar. This similarity, despite the different source
compositions and mineralogy, is in part because the garnet
pyroxenite is recycled MORB, whose trace-element pattern is
derived from peridotite. Equally important is that at very low F
values the melt resembles the bulk Ds. For both mineralogies,
garnet and clinopyroxene mainly determine the bulk Ds. Solid and
liquid modes for the garnet lherzolite: 0.05 gar, 0.27 cpx, 0.12 opx,
0.56 ol; and 0.25 gar, 0.53 cpx, 0.14 opx, 0.08 ol, respectively.
Modes for the garnet pyroxenite are reported in Fig. 2. “PM
normalized” means normalized to primitive mantle values [58].

Table 3
Partition coefficients used

Garnet Clinopyroxene  Orthopyroxene  Olivine
Lu 4.5 0.439 0.052 0.02
Yb 418 0.432 0.047 0.017
Er 32 0.422 0.041 0.0087
Y 2.8 0.421 0.025 0.007
Ho 2.0 0.41 0.029 0.006
Tb 1.0 0.382 0.021 0.002
Gd 08 0.37 0.016 0.00099
Dy 1.4 0.402 0.025 0.004
Eu 0.5 0.355 0.013 0.00015
Hf 0.115 0.23 0.013 0.005
Sm  0.115 0.28 0.01 0.0006
Zr 0.27 0.128 0.013 0.0013
Nd  0.06 0.19 0.007 0.0002
Sr 0.003 0.096 0.009 0.008
Ce 0.007 0.09 0.003 0.00006
La 0.001 0.042 0.0005 0.00005
Nb  0.0042 0.007 0.0001 0.000041
U 0.027 0.0052 0.00005 0.00005
Th 0.0015 0.003 0.00005 0.00005
Rb 0.00001  0.0006 0.00045 0.000045
Ba 0.00001  0.00068 0.00004 0.000043

The Ky values are based on experimental data when available.
Otherwise, the K4 is estimated using best knowledge of how
different elements behave relative to those elements, which do have
experimentally determined K4. Several references were used to
choose the clinopyroxene (Cpx) [61-65] and garnet (Gt) K4 values
[61,65-67]. The absolute value of the K4 chosen may not
correspond to the absolute values reported in the literature, but
the relative relationship among elements reflects the relative
differences measured experimentally [61,62,66-69]. The K4 values
for orthopyroxene are based on Hanson [69] and Kennedy et al.
[68], and the K4 values for olivine are based on Kennedy et al. [68].

can be used to constrain the timing of the low-
degree melt event.

4. Mantle isochrons and their significance

The concept of “mantle isochrons” was developed in
the 1960s and 1970s in classic papers dealing
principally with the systematics of ocean island basalts
(e.g., Refs. [44-46]). These studies suggested that
positive correlations observed on isochron diagrams
carry age significance. Since then, however, the
isotopic variability in oceanic basalts has generally
been interpreted to simply reflect mixing of different
and unrelated mantle sources without clear age
significance. If an isochron has age significance, then
the ages shown by multiple radioactive decay systems
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must be consistent with one another. This is unlikely to
occur through mixing of different mantle sources. For
example, mixing among the Zindler—Hart mantle end-
member components [12] would not produce the same
“age” for different isotope systems on isochron
diagrams.

Previous studies have found correlations between
parent—daughter and isotope ratios for Rb—Sr, Sm—Nd
and U-Th—Pb in erupted basalts of the North Atlantic
[47,48], the Southeast Indian Ridge (SEIR) [49], and
EPR seamounts [9,39,41,50] (Figs. 4 and 5). The
“apparent ages” of some 10® years clearly do not
reflect the recent melting to form E-MORB at the
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ridge. The “ages” are younger for Rb—Sr and U-Th—
Pb than Sm-Nd. However, correcting for parent—
daughter fractionation during melting, using Eq. (2),
brings them into agreement (Fig. 7), in which case
they may reflect the timing of the first-stage low-
degree melting event. The melting corrections steepen
the Rb-Sr slope and flatten the Sm-Nd slope,
reflecting the relative parent and daughter bulk D
values and making the ages older and younger,
respectively (Fig. 7). For F=0.1, the correction has a
larger effect on the Rb—Sr slope than Sm—Nd because
Rb is much more incompatible than Sr, whose bulk D
value is similar to Sm and Nd.
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Fig. 4. MORB parent/daughter and isotope ratios. Parent/daughter ratios correlate with isotope ratios of zero-age basalts in regions where E-
MORB occur. Regions where there are sufficient data from three different ocean basins show similar systematics: the “ages” of the Sm—Nd
correlations are older than the “ages” of the Rb—Sr correlations. The slopes correspond to ages of 200-300 Ma. (a) North Atlantic samples lie on
two trends. Those from 31° to 38°N have higher *’Sr/**Sr (crosses) than those from 10° to 24°N (open squares) [25,48] New data (this study)
from MARK overlap with the data from 10° to 24°N. (b) East Pacific Rise (EPR) Seamounts [10,41] and the Southeast Indian Ridge (SEIR)

[49] are offset but show similar correlations.
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Fig. 5. U-Pb systematics. Samples are those in Fig. 4. (a) “Ages” implied by the >>*U—2°Pb and **U->""Pb slopes are younger than for Rb—Sr
for the North Atlantic 31-38°N [48]. (b) “Ages” implied by 238y_2%py, slopes of Southeast Indian Ridge (SEIR) basalts [49] are also younger
than for Rb—Sr (Fig. 4b). In contrast, the EPR Seamounts [10,41] yield a similar 2**U-2°Pb “age” to Rb—Sr (Fig. 4b). The 2**U->°"Pb “ages” for
both the SEIR and the EPR Seamounts are much older (~438 Ma). Variable amounts of sulphide in the most recent melting event beneath the
ridge will affect U-Pb fractionation and be reflected in the parent/daughter ratios. Remnants of ancient U/Pb fractionation events could lead to

ancient 2*’Pb—2"°Pb “ages.”

The extent of melting to generate the corrected
“mantle isochrons” is not chosen arbitrarily, as only
certain values yield congruent ages for different
isotope systems (Fig. 6). The difference between
Sm-Nd and Rb-Sr ages (Aage) is minimized for all
ocean basins at F~10-14% (Fig. 6) and increases at
smaller and larger F' values. U-Th—Pb corrections are
more difficult because of the possible effect of
variable amounts of sulphide on the bulk D of Pb
[48,51,52]. If the amount of sulphide in the upper
mantle source results in Dpy, similar to Ce or Nd (cf.
Ref. [51]), then the slope correction for melting
would be similar to for Rb—Sr. We note that EPR
seamounts have similar ***U—"°°Pb (173 Ma) and
87Rb-*"Sr “ages” (187 Ma), while 2*5U—"Pb “age”

is much younger than ®’Rb—*’Sr “age” for the North
Atlantic and SEIR (Figs. 4, 5). Given the uncertainty
of Dpy,, we will focus on Rb—Sr and Sm—Nd in order
to compare different ocean basins.

The “mantle isochron” ages for Atlantic, Pacific,
and Indian sites are remarkably similar. The age for
the MARK area of ~280 Ma when F~10% (Fig. 7a) is
similar to the ~250-Ma age of Dosso et al. [48] for the
greater North Atlantic, despite an offset in the Rb—Sr
arrays for 31-38°N and 10-24°N. The SEIR yields
concordant ages of ~306 Ma (Fig. 8b; Ref. [49]). The
EPR seamounts yield a slightly younger age of ~220
Ma (Fig. 7c). All of these regions thus show similar
average “mantle isochron” ages for both Rb—Sr and
Sm—Nd in the range of ~300 Ma.
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Fig. 6. /Aage/ minima. After MORB correcting parent/daughter
ratios for melting using the non-modal batch melting equation (Eq.
(2), text) and K4 values (Table 3), mantle isochron ages can be
calculated. For variable degrees of melting ( /'), the mantle isochron
age for Rb—Sr can be compared to the Sm—Nd age. Most F-values
produce incongruent mantle isochron ages for multiple isotope
systems. /Aage/ is the difference between the Rb—Sr and Sm-Nd
mantle isochron ages, respectively. The F-value for which /Aage/ is
minimized is taken to represent the average melting extent for a
given area. All three ocean basins yield similar average F of ~11%.
The 31-38°N MAR has slightly higher average F' of ~14%,
consistent with higher mantle temperatures associated with prox-
imity to the Azores.

In summary, parent-daughter and isotope ratios
correlate for young basalts of major ocean basins.
Regionally associated basalts, after correcting for
reasonable extents of melting under ridges, show
similar “mantle isochron ages” of a few hundred
million years. As these “ages” are controlled by the
presence of E-MORB with enriched parent-daughter
and isotope ratios, they may provide constraints on the
origin and timing of E-MORB source enrichment.

4.1. A two-box model for steady-state generation of
mantle isochrons

The observation that the common radioactive
decay systems yield the same “mantle isochron ages”
for Atlantic, Pacific, and Indian MORB could be

taken as prima facie evidence that they record a
discrete upper mantle-wide fractionation event. For
example, previous workers have argued that such ages
reflect the opening of ocean basins or the break up of
Pangea [48,49]. However, since low-degree melt
metasomatism as described above is a natural result
of plate tectonics, the coupled trace-element and
isotopic variations could also reflect continuous
creation of chemical heterogeneities by melting,
followed by destruction by mantle convection and
subsequent melting. For example, previous studies
have shown that inferred of “mantle isochrons” [53] or
“mantle—crust isochrons” [54] may reflect reservoir
mixing times.

We investigate whether the ~300-Ma mantle
isochrons can be generated by a repetitive process of
low-degree melt metasomatism followed by mantle
mixing and a second stage of melting. We use a simple
two-box model to approximate the creation of
enriched and depleted sources feeding ocean ridges.
Low-degree melts form in association with spreading
ridges, plumes and other intraplate melting, and
subduction zones. They rarely reach the surface and
instead metasomatically enrich a part of the mantle.
The enriched mantle is convectively remixed into
depleted mantle. Thus, new heterogeneities are
created by melting and fractionation and gradually
destroyed by mixing.

These processes can be represented simply with a
box (e) representing metasomatised mantle, the E-
MORB source, and another (d) representing the
incompatible element-depleted mantle, the N-MORB
source (Fig. 8a). A fraction of mantle enriched by
low-degree melts is transferred from the depleted to
the enriched box, with an equal mass of enriched
mantle returned, unfractionated, to the depleted box.
The degree of enrichment of an element in e relative
to d is described by an “enrichment factor” (o).
Appendix A presents a detailed derivation and
analytic solution for the behavior of parent—daughter
nuclides in this model and is available online from
EPSL.

Fig. 7. Corrected mantle isochrons. After the parent/daughter ratios are corrected for melting, Rb—Sr and Sm-Nd mantle isochrons show
congruent “ages” (heavy lines). The F-values are calculated using the non-modal batch melting equation (Eq. (2)) as described in the text and
Fig. 6. (a) For 10-24°N Atlantic data, including the MARK area, when F=10%, the “ages” are ~280 Ma. (b) For the SEIR data, when F=14%,
the “ages” agree at 307 Ma. (c) For the EPR Seamounts, when F'=9%, the “ages” agree at 220 Ma. The data show scatter, but reference isochrons
bracket the data (dashed lines) and show that the all reasonable “ages” are much less than 500 Ma.
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Fig. 8. Two-box model. (a) Cartoon of the two-box model where M,
is the enriched reservoir and My is the depleted reservoir. The flux
out of My is fractionated by the factor o; for every element i where
P4 and D4 represent abundance of the parent ( P) and daughter (D)
in the depleted reservoir. The flux out of M, is unfractionated where
P, and D, represent the abundance of the parent ( P) and daughter
(D) in the enriched reservoir. The mass fluxes ( F) out of the boxes
are equal, and therefore, the size of the reservoirs do not change. (b)
At any time, the composition of each box can be calculated. From
the slope of a mixing line between the two box compositions is the
mantle isochron age.

A principal feature of the model is that, for any
initial condition, it will evolve to a quasi-steady state
of secular equilibrium after an initial transient mixing
period, characterized by the mean residence times of
the parent and daughter nuclides (see below). In
secular equilibrium, the concentration of the parent
nuclide in the enriched box will be op times that of
the depleted box, while the concentration of a stable
daughter will be enriched by a factor ap. These

results are physically sensible as in steady state, the
flux of a nuclide into and out of either box must be
equal. For example, equality of fluxes for the parent
implies

apPqy rir = Perin, (3a)

where Py and P, are the concentrations by weight of
the parent nuclide in the depleted and enriched boxes,
respectively. ap is the enrichment factor for the parent
and m is the total mass flux between the two boxes.
The mass flux equals the amount of metasomatised
mantle created, not the amount of low-degree melt,
because the model needs to produce E-MORB by
~10% melting of the enriched box. Therefore, in
secular equilibrium P./Pg=ap. Likewise, for a stable
daughter element D./Dg=0p. Though the model in
the Appendix A tracks the nuclides, in most cases, op
and op approximate the ratio of the elements in the
two boxes. If the E-MORB source (Table 1) is
formed through low-degree melt metasomatism, then
ap is similar for Nd, Sr, and Pb (1.4-1.8) because
they behave similarly during mantle melting. For
more incompatible elements such as Rb and Ba, o is
higher (~10-20). The « values are dictated by trace-

0.8
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Apparent Age T* (Ga)

Fig. 9. Apparent age and daughter element residence time of the
enriched box. In the model, the mantle isochron age (7%*) is a
function of 12, ap, and the ratios of the masses of the two
boxes (see Eq. (10)). For Rb—Sr, Sm—Nd, U-Pb, ap~1.7. As shown
in the text, when M./M, is small (manifested at ocean ridges by
small amounts of E-MORB), then T #~t2 that is, the mantle
isochron age approximates the daughter element residence time in
the enriched reservoir. The dashed line represents M.=0.The solid
lines are where M.>0 and the value of M. /My is denoted by the
number next to each line.
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element abundances in E-MORB relative to N-
MORB (Table 1). Representative N-MORB from
the MARK area (Table 1) is similar to the estimate of
Sun and McDonough [55], and therefore, either
composition can be used to calculate o. Alternatively,
o can be calculated by comparison of modeled N-
MORB and E-MORB sources (Table 1). Both
methods yield similar values for o.

Given these concentrations and fluxes in secular
equilibrium, the following relationships exist between
mass residence times and element residence times for
both daughter and parent elements in the enriched
box:

Te =T, =T, = — (4a)

and in the depleted box

M, M, M,
—(%7 1:dD = d ) T4 = 45 (4b)
opm odpm m

P _
Ty =

and therefore,

D P
T M. g oM. T, opM. (4¢)
Td Md ’ ’L'(]]) Md ' ‘L'g Md ’

where M, and M, are the masses; 7., 74 are the mass
residence times; and 1%, t° are the element residence
times for the parents and daughters of the enriched
and depleted boxes, respectively. Because the element
fluxes out of the enriched box are unfractionated, the
element residence times are equal to the mass
residence time of the enriched box, while for the
depleted box, the element residence time depends
partly on the incompatibility. The survival time of the
enriched box relative to the depleted box simply
equals the ratio of their masses. In addition, Appendix
A shows that it is useful to define the “mean residence
times” for parent and daughter elements in the two-
box system as

1 1\! 1 1\
-P =)
= —_ _ = e _ s 5
‘ (TE+T§> T (f?+fﬂ?> ®)

which are the harmonic means of the box residence
times (similar to resistors in parallel) and are weighted
toward the shorter of the two residence times. For
example, if the daughter spends much less time in the

enriched box than the depleted box (t2<t?), then
7° = 1DP=(M,/m); and the mean residence time for the
daughter is just its residence time in the enriched box
(which happens to be independent of the fractionation
factors).

Finally, Appendix A shows that if the concen-
trations of the enriched and depleted boxes are plotted
on an isochron diagram (e.g., Fig. A.2), then in
secular equilibrium, they will form a straight line with
a slope (s):

7P

Y (6)
The slope does not change with time, although the
isotope ratios increase with time due to radioactive
decay. The slope depends only on the decay constant
/4 and the mean residence time of the daughter
element. The parent element fractionation affects the
difference in the isotope ratios of the e and d boxes,
but not the slope. If this slope is interpreted as a
“mantle isochron” with age significance, (i.e.,
s=e’lT*—1) then an “apparent age”, T*, can be
calculated as

T* = —%m(l — ). (7)

If the residence time is much shorter than the decay
time (i.e., 27°<1), Eq. (7) simplifies to

=10, (8)

and the apparent age is simply the mean residence
time of the daughter element. If, in addition, the
enriched box has a significantly smaller mass than the
depleted box, then T*=1P=(M,/m), which depends
only on the mass of the enriched box and the total
mass flux (and is independent of any fractionation
factors).

Eq. (8) is a valid approximation for long half-life
radioactive systems in which daughter ingrowth is
nearly linear, for example, if 7°=300 Ma, then
T*=300 Ma, which is the same as the result for
long-lived isotopes if the complete equation (Eq. (7))
was used: 7#=301 and 300 Ma for Rb—Sr and Sm-—
Nd, respectively. For decay systems where the
ingrowth rate decreases significantly over geologic
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time, the approximation A7°<<1 might not be valid,
and Eq. (7) must be used. For ***U-?"°Pb and
B5U-2Ypb, Eq. (7) yields 7#=307 and 356 Ma,
respectively. 7% is thus underestimated by only 2% for
ZU-"Pb, but 19% for **U->""Pb. Therefore,
among the relevant decay systems in the Earth, the
only one where / is sufficiently large to require Eq.
(7) is 2 U-"Pb.

The older 2**U—2"Pb isochron ages propagate into
older 2°°Pb/2**Pb—""Pb/***Pb (Pb—Pb) ages. From the
Pb isotopes of the e and d boxes, the “apparent Pb—Pb
age” (T*py_pp) can be calculated from the slope on a
206pp/294pp—297pb/2**Ph diagram. This Pb—Pb age is
related to the “apparent parent—daughter ages” on
conventional isochron diagrams for ***U—2"°Pb
(T*306) and #3U-27ph (T*307) by:

235U(61235T2’67 _ 1) 235U(e)~235m% . 1)
238U(e/1238TzT)6 _ 1) - 238U(e)~238T]§%,pb _ 1) )

©)

where Spp_p, is the slope on a 206pp,204pp,_207pp/
204pb diagram and T*py, py is the apparent Pb—Pb age.
For the case above where tsuper D=300 Ma and
T*na~300 Ma, T*py pp=0684 Ma. Therefore, older
207pp—29%pp ages are predicted by the two-box model
as a consequence of the shorter *>°U half-life. This is
an important distinction from the situation where an
isochron dates an event, in which case all of the decay
systems, irrespective of the half-life, will give the
same age.

Note that 7* does not strictly correspond to any
event but reflects the parent—daughter and isotopic
divergence that is maintained between the boxes. At
ocean ridges, mixtures of magmas from E-MORB
and N-MORB sources would lie along the isochron
line (Fig. 8b). In this context, the “mantle isochron”
reflects a continual process where two end-member
reservoirs are created and remixed together and thus
differs from an isochron reflecting a single age event
(cf. Refs. [53,56]). If the ~300-Ma ages of MORB
represent a single event, the ages represented by the
mantle isochrons would increase with time. If,
instead, the age reflects quasi-steady-state creation
and destruction of enriched mantle, then the age of
the mantle isochron will remain constant and reflects
the rates of mixing of the two reservoirs.

Spb—pb =

4.1.1. How are isochron ages related to reservoir
characteristics?

Combining Egs. (4), (5), and (8) yields an
expression for the isochron age in terms of
residence times, masses, and the daughter element
fractionation:

*7TD 1
m=r <1+(aDMe/Md)> (10)

The age will only differ significantly from 72 if
(apM/My) is significantly greater than zero. For Sr,
Nd, and Pb, where ap=1.7, the only way that the
apparent age would differ significantly from the
residence time in the enriched box is if the enriched
box is comparable in size to the depleted box (Fig. 9).
In a case where the enrichment factor is much greater
than a factor of 2, the apparent age may differ
significantly from t2. For T*=300 Ma and M./
M4=0.03 (similar to the fraction of E-MORB found
in MARK), when ay=2 then t2=318 Ma. =¥ increases
to 345 Ma when ap=5 and to 390 Ma when «p=10. For
Sr, Nd, and Pb, however, ap<2, and the important
variable controlling the relationship between 7* and t
becomes M /My, or the size of the smaller, enriched
TEeServoir.

The time interval required for the system to reach
secular equilibrium is also of interest. Appendix A
shows that differences in concentrations from secular
equilibrium decay exponentially due to mixing, with
decay times equal to the mean residence times (7°,7°).
Thus, if 2=z =300 Ma, then any initial transient
should vanish by four to five decay times or 1.2—1.5
Ga (See Fig. A.1 for an example).

These results are similar in some respects to the
conclusions of Allegre and Lewin [53], although
their approach is different. They use a single-box
model for the evolution of isotope and trace-element
variability in the mantle. They create heterogeneity
with a forcing term that drives an increase in
variability with time. Their model also goes to
steady state where reduction in variability due to
mixing and decay balance the forcing term. In steady
state, the “apparent age” (7%*) is the residence time
within the single box, which would be the similar to
our depleted box. In contrast, for the model
presented here, we show that the apparent age is
the mean residence time of the daughter element
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=P which will tend to be the residence time in
the enriched box. In addition, here, we model the
concentrations of elements in the two boxes through
time and not simply the variability in isotope
compositions. The forcing term in Allégre and Lewin
is more related to the introduction of heterogeneity
through subduction and not directly related to trace-
element enrichment of E-MORB. Our model is
distinguished by including two reservoirs, a specific
geological process of low-degree melting to cause
the fractionation between the reservoirs and a match
between MORB data and the model. Nevertheless,
many characteristics and results of the models,
including a Pb—Pb age that is about twice the Rb—
Sr and Sm-Nd ages, are similar because all simple
chemical box models have similar behavior in terms
of decaying eigenmodes (Appendix A). Christensen
and Hofmann [57] also found older Pb—Pb ages than
the mean differentiation ages of reservoirs in their
numerical models.

5. Discussion

Although the two-box model is a gross simplifica-
tion of mantle processes, it reproduces some key
chemical and isotopic aspects of MORB. Using
reasonable « values for E-MORB and N-MORB
mantle sources and assuming that the E-MORB source
forms in two stages as discussed above, the two-stage
model is able to generate both end members of the
“mantle isochron” array as steady-state compositions
for the depleted and enriched reservoirs. Geographi-
cally separated ocean basins would be expected to
show similar but not necessarily identical mantle
isochron ages. The similar ages for the Sr, Nd, and
B8U—2%Pb decay systems are a consequence of the
similar melting behavior of the daughter elements and
the small size of the enriched reservoir.

The model follows the conclusions of Allégre and
Lewin [53] in that it accounts to some extent for the
older Pb—Pb ages as compared to the younger parent—
daughter isochron ages. As explained above, faster
3U—2"Pb decay causes its “conventional isochron”
age to be older than 23 8U72°6Pb, and as a result, the Pb—
Pb age derived from the coupled decay of >*U and
238U is also older. The predicted Pb—Pb age of ~700 Ma
when T* for **U-"°Pb is ~300 Ma is consistent with

Pb isotope ratios of basalts from 31° to 38°N in the
North Atlantic (Fig. 10). The SEIR also yields a similar
Pb—Pb age of 815 Ma [49]. However, the model does
not explain all Pb isotope data. For the EPR Seamounts,
the Pb—Pb age of 2.15 Ga is an order of magnitude older
than the conventional isochron ages. If the Pb—Pb age
reflected a discrete event that since has evolved as a
closed system, the 2**U-2°°Pb and ***U->""Pb conven-
tional isochron ages would also be 2.15 Ga. The fact
that the conventional isochron arrays are so different
from 2.15 Ga demonstrates the importance of recent U—
Pb fractionation. Early Earth U/Pb fractionations,
before 2*°U effectively decayed away, are driving these
old Pb—Pb “ages”, while recent low-F melt metaso-
matic events are driving the younger ages for
28U-2%pp and ***U-*°"Pb, similar to Rb-Sr and
Sm—Nd systems.

5.1. Implications for sizes of mantle reservoirs

Chemical and isotopic considerations thus indicate
that low-degree melting and metasomatism are impor-
tant factors contributing to the composition of the upper
mantle. Here, we consider the further implications in
terms of reservoir sizes and how they may relate to
mantle dynamics.

Fig. 11 shows the relationship between mantle
isochron ages for Sr, Nd, and Pb isotopes and
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15.65 -

15.61 A

207pp,204ph
&
W
~

e
n
<@

15.49 A

15.45 T T T T |
17.5 18.0 18.5 19.0 19.5 20.0

206pp,204p},

Fig. 10. 2°7Pb/***Pb—2"°Pb/***Pb ages. The two-box model predicts
older 2°7Pb/***Pb—2"Pb/***Pb (Pb-Pb) ages than conventional U—
Pb ages. When the 2>*U—2"Pb age is ~300 Ma, the model predicts a
Pb—Pb age of ~700 Ma. Pb isotope data for the North Atlantic from
31° to 38°N [48] (shown) and from the SEIR [49] are consistent
with the predicted Pb—Pb age of ~700 Ma.
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Fig. 11. Volume of mantle processed. If the mass processed in the
two-box model corresponds to the melting processes at ridges, then
as M. becomes smaller the total size of the two-box system
(Mt=M+M,) becomes larger. Mt equals the size of the upper
mantle when M./M1~3.2%, the approximate frequency of E-
MORB at MARK. “Mantle Mass” is the total mass of the mantle.

enriched reservoir mass (based on Eq. (10)). From the
chemistry of MORB and modeling of E-MORB
formation, ap=1.4-1.8 for these elements. We can
estimate M, by considering the fraction of E-MORB
to total basalts erupted at ridges. About 2% of MARK
samples are E-MORB, while segments of the EPR
yield as much as ~10% E-MORB [5]. If ap=1.7,
7%=0.300 Ga, and M.=10% of the total system
involved in creating the enriched reservoir (Mt=
M+My), then 12=0.357 Ga (Eq. (10) and Fig. 11).
The mass flux per Ga is determined by m=M,/t. and
is 28% of the total system.

While ongsrpp 15 ~1.4-1.8, more incompatible
elements such as Th and Ba in E-MORB sources are
a factor of 10 or more abundant than in typical N-
MORB sources, requiring oty g,=10. This constrains
the amount of depleted mantle that must be
processed to create the E-MORB reservoir. A mass
flux that creates a 10-fold enrichment of Th in a
given volume of mantle must efficiently extract Th
from 10 times that volume. For the case of M./
M+1=0.1 and m=0.28M1/Ga, the amount of depleted
mantle processed per Ga (#1,,) to deliver the requisite
Th to the E-MORB source is 10 times greater, or
my=2.8Mr1/Ga.

To understand what “processed mantle” repre-
sents, we consider that ~5 km of ocean crust is
generated from ~100 km thickness of mantle. This
crust contains incompatible elements extracted from

>20 times its volume and is an example of how large
volumes of mantle can be processed and “mined” for
such elements. This cannot in itself lead to the
creation of the E-MORB reservoir, however, because
as shown above, the E-MORB source requires low-
degree melt metasomatism of normal (N-MORB)
mantle, and ocean crust is not generated by such
low-degree melts. The problem of large source
volumes is easily solved by the preconcentration of
elements such as Ba and Th in the ocean crust,
followed by low-degree melting of the recycled crust
that metasomatises the peridotite mantle. Low-degree
melting of subducted oceanic crust at subduction
zones could effectively deliver the incompatible
elements previously derived from a large volume
of mantle beneath the ridge to a much smaller
volume, combining the trace-element signature of
low-degree partial melting with a large source
volume. At a later time, high-degree melting of this
metasomatised source beneath ridges generates E-
MORB (Fig. 1b). In this way, it is possible during
the ridge stage to process a volume as large as the
ocean ridge melting regime and “preconcentrate”
trace elements in oceanic crust and later to deliver
these melts through low-degree melting of subducted
oceanic crust to the overlying mantle wedge to form
the E-MORB source and still later to melt that
source to large extents under ocean ridges to form
the next generation of E-MORB (Fig. 12).

If the “processed mass” is therefore the size of the
ocean ridge melting regime, we can calculate the size
of the total system required for generating E-MORB.
If 15 km® of ocean crust is created per year with an
average thickness of 5 km, and the mantle is
processed to a depth of 100 km, then the amount of
source mantle processed through ridges at current
rates (i.e., m1p) is approximately 3x10"" km®/Ga,
which is the mantle volume above 670 km. As shown
above, when MMy is 10%, m,=2.8M1/Ga, and
hence, a volume equivalent to 2.8 total reservoirs
must be processed per Ga to account for highly
incompatible elements such as Th and Ba. To achieve
this, the total size of the system (M) would have to be
1/2.8 or 35% of the upper mantle. As shown above,
smaller M. implies larger My (Fig. 11), and most
ridges erupt <10% E-MORB. If M /M1=0.032 (the
fraction of E-MORB at MARK), and 7%~0.300 Ga,
then t2=0.317 Ga, m=0.10M/Ga, n,=1.0My/Ga,
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Fig. 12. Generation of E-MORB. Trace-element abundances in E-MORB require preconcentration of the highly incompatible elements from
large volumes of the depleted upper mantle and two stages of melting: Stage I, low-F melting and metasomatism, and Stage II, high-F' melting
of the metasomatised source. These requirements are met by preconcentrating the trace elements during the formation of oceanic crust. At
subduction zones, the oceanic crust partially melts to low extents and metasomatises the overlying mantle wedge. Upon recycling to the ridge by
mantle convection, this metasomatised mantle melts to high extents to form E-MORB. The trace-element calculation for this model is found in

Fig. 1b.

and thus My equals 1 upper mantle mass. Therefore, if
the global occurrence of E-MORB is a few percent,
then the size of the whole system is similar to that of
the upper mantle.

The implication that the processes that generate
E-MORB reflect convective processes in the upper
mantle is also apparent from the young ages of 7*.
The mantle isochrons indicate a short survival time
for the E-MORB reservoir, averaging only a few
hundred million years between creation of enriched
heterogeneities and melting at a ridge. Such time
scales indicate rapid convective stirring and efficient
reprocessing of the upper mantle by plate tectonics.
This conclusion is in accord with an independent
statistical approach made with the dispersion of
helium isotope ratios [53].

Older apparent ages associated with ocean island
reservoirs indicate longer survival times at greater
depths and in boundary layers outside the convecting
upper mantle. Thus, E-MORB formed by plume—
ridge interaction should show older mantle isochron

ages. Nevertheless, the chemical similarity of non-
plume-related E-MORB with ocean island basalts
argues for similar processes, namely, the creation of
their source by addition of low-degree partial melts, to
explain their trace-element patterns.

6. Conclusions

The discovery of E-MORB in the MARK area of
the Mid-Atlantic Ridge, a type locality of normal
depleted ridge basalt far from any plumes, shows that
enriched sources independent of hot spots are wide-
spread in the upper mantle. The chemical systematics
of the MARK suite, along with other E- and N-
MORB suites around the world, provide constraints
on the formation processes and mantle distribution of
enriched reservoirs:

(1) Ratios of highly incompatible elements require
low-degree partial melting to form E-MORB,



364

@)

)

“4)

K.E. Donnelly et al. / Earth and Planetary Science Letters 226 (2004) 347-366

while major- and trace-element abundances
indicate higher degree melting for the final
stage. Major and trace elements can be accom-
modated by two stages of melting where low-
degree melts are first generated to form an
enriched mantle source, and later, this enriched
source undergoes higher melting extents under
an ocean ridge. There must be a substantial time
interval between the two melting events to
account for the isotopic differences between E-
and N-MORB.

Associated basalts from all ocean basins display
positive correlations on Rb—Sr, Sm—Nd, and
238U-2%pb isochron plots indicating “ages” of
~300 Ma, following correction for 10-15% part-
ial melting, whereas 2°"Pb/2**Pb—2"°Pb/***Pb
ages are older. These ages do not reflect
discrete events but rather continuous formation
and destruction of E-MORB mantle sources.
A two-box model describing continuous for-
mation and destruction of enriched mantle
sources by melting and convective mixing
predicts steady-state “mantle isochron” ages
that depend on the rate that enriched mantle
sources are created and destroyed, the decay
constant of the radioactive decay system, and
the incompatibility of the daughter element
during melting. The model predicts that Rb—
Sr, Sm—Nd, and 238y_206py, ages should be
similar, while 2°U-2°"Pb and 2°7Pb/
204pp296pp2%PY ages are older. If creation—
destruction of E-MORB sources are in steady
state, the mantle isochron ages will remain
constant through time. The model illuminates
the simple relationships between mantle iso-
chron ages and the residence time of the E-
MORB mantle source. If the E-MORB source
reservoir is small compared to the N-MORB
source, then the mantle isochron age is nearly
equal to the residence time of the E-MORB
source.

E-MORB show 10-fold enrichments of highly
incompatible elements compared to N-MORB,
despite generation by extents of melting
similar to N-MORB. In order to achieve this
level of enrichment, the element must be
derived from a volume of normal mantle at
least 10 times larger than the mixed source

that gives rise to E-MORB. If the enrichment
step takes place at depth in subduction zones,
this volume constraint is easily accommodated.
The incompatible trace elements are first
concentrated in the oceanic crust at ocean
ridges, and subsequent low-degree melting of
subducted oceanic crust at subduction zones
forms the enriched reservoir by metasomatis-
ing the mantle wedge. Small regions of the
mantle wedge thus receive their trace-element
budget from large volumes of depleted mantle.
The enriched source isotopically “ages” and
through mantle convection undergoes normal
high extents of re-melting at the ridge.

Thus, plate tectonic processes continuously gen-
erate the enriched and depleted upper mantle
reservoirs observed at ocean ridges. The mantle
isochrons indicate that the average survival time of
E-MORB mantle sources is ~300 Ma. If the mass of
the E-MORB source reservoir is a few percent of N-
MORB mantle, then the mass of the system that
experiences these processes and continually feeds
ocean ridge magmatism approximates that of the
upper mantle.
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