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[1] We present an estimate for the composition of the depleted mantle (DM), the source for mid-ocean

ridge basalts (MORBs). A combination of approaches is required to estimate the major and trace element

abundances in DM. Absolute concentrations of few elements can be estimated directly, and the bulk of the

estimates is derived using elemental ratios. The isotopic composition of MORB allows calculation of

parent-daughter ratios. These estimates form the ‘‘backbone’’ of the abundances of the trace elements that

make up the Coryell-Masuda diagram (spider diagram). The remaining elements of the Coryell-Masuda

diagram are estimated through the composition of MORB. A third group of estimates is derived from the

elemental and isotopic composition of peridotites. The major element composition is obtained by

subtraction of a low-degree melt from a bulk silicate Earth (BSE) composition. The continental crust (CC)

is thought to be complementary to the DM, and ratios that are chondritic in the CC are expected to also be

chondritic in the DM. Thus some of the remaining elements are estimated using the composition of CC and

chondrites. Volatile element and noble gas concentrations are estimated using constraints from the

composition of MORBs and ocean island basalts (OIBs). Mass balance with BSE, CC, and DM indicates

that CC and this estimate of the DM are not complementary reservoirs.
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1. Introduction

[2] One way to constrain the chemical evolution of

the Earth is by determining the composition of its

differentiation products. The composition of the

atmosphere and the crust can be determined by

direct measurement. However, the composition of

any of the other reservoirs is dependent on models.

This paper provides a new estimate and reasonable

uncertainties for the depleted mantle reservoir. The

depleted mantle is defined as mantle that can

generate MORB which is uncontaminated by

enriched or plume components.

[3] Beneath mid ocean ridges basalts are produced

by partial melting of the underlying mantle at a
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current rate of 21 km3 a�1; assuming a production

rate of 3 km2 a�1 [Hofmann and White, 1982] and

an average crustal thickness of 7 km [White et al.,

1992]. This can be considered a lower bound if

oceanic crust production is controlled by heat

production. Assuming oceanic crust production

has been constant over the history of the Earth the

total amount of oceanic crust (density 3 gr/cm3)

produced equals 8% of Earth’s mantle. If we

assume further that the oceanic crust represents an

average of 10% melt, then roughly the equivalent of

80% of the total volume of the mantle could have

been processed at the ridge and would have to be

classified as ‘‘depleted mantle.’’ This 80% of the

total mantle is an upper estimate as mantle pro-

cessed at the ridge once, can be re-enriched and re-

processed and thus the 80% number is a potential.

Nevertheless, considering the potentially large pro-

portion of the depleted mantle relative to the total

mantle, or even the entire volume of the Earth, it is

obvious that the composition of the DM is a key

parameter in understanding the composition and

chemical evolution of the Earth.

[4] The DM in our definition is assumed to yield

the depleted end of the spectrum of MORB and

does not contain a recognizable enriched compo-

nent. An enriched component is defined as radio-

genic Sr-isotopic composition, and unradiogenic

Nd, Hf and Pb isotopic composition as well as

elevated abundances of large-ion-lithophile ele-

ments. MORB ranges in composition from de-

pleted (or normal, N-type) to enriched (E-type),

whereby normal MORB are tholeiites from nor-

mal ridge segments. Normal ridge segments are

originally described as segments with ‘‘well de-

veloped and symmetrical magnetic anomaly linea-

ments, typical oceanic crustal thickness and

structure, similar and uniform characteristics of

subsidence of the lithosphere independent of

spreading rate and greater seismicity than transi-

tional ridge segments’’ [Schilling, 1975]. MORB

of these ridge segments are tholeiitic, relatively

depleted large ion lithophile element abundances

chondrite normalized La/Sm < 1 and unradiogenic
87Sr/86Sr [Schilling, 1975]. However, even N-type

MORB displays a range of compositions and the

definition of N-type MORB is arbitrary. As MORB

are used to estimate a large number of trace elements

in DM, care has to be taken to use only thoseMORB

that are representative of DM. Recognizable

enriched components are often associated with

thermal anomalies, a higher degree of melting and

shallow ridge segments. Therefore most ridge

basalts erupted at the deeper ridges (in excess of

2000 m) arguably lack an enriched component.

However, this filter does not necessarily remove

all ridge basalts with an enriched component. As

DM has 143Nd/144Nd and 176Hf/177Hf higher than

chondritic and 87Sr/86Sr lower than chondritic the

reservoir has to have evolved with the appropriate

Sm/Nd, Lu/Hf and Rb/Sr ratios. These parent-

daughter ratios determine the general trace element

characteristics of DM, and MORB that are used to

estimate DM should have the appropriate trace

element characteristics. We will also use additional

chemical criteria to identify ‘‘depleted’’ (i.e., lack-

ing an enriched component) MORB and will show

that the choice of criteria influences the final com-

position of DM.

[5] The evolution and creation of the DM is most

likely a continuous process, the DM most likely

represents a mixture of materials at different stages

in their evolution, and is unlikely to be a compo-

sitionally homogeneous reservoir. Several observa-

tions show that the source material for MORB

is compositionally heterogeneous at different scales

in both chemical composition and mineralogy:

1) young near-ridge Pacific Seamounts are chem-

ically and isotopically more variable that the adja-

cent ridge basalts [Graham et al., 1988; Zindler et

al., 1984]; 2) the magnitude of isotopic variability

in MORB is dependent on spreading rate [Batiza,

1984; Stracke et al., 2003b]; 3) MORB that is

arguably not influenced by plume material still

shows a range in compositions, 4) the isotopic

composition of abyssal peridotites along the south-

west Indian Ridge is different from the isotopic

composition of related basalts [Salters and Dick,

2002], and 5) basalts from Garrett fracture zone

(Pacific ocean) and basalts from the Australian-

Antarctic Discordance (Indian ocean) have a more

depleted isotopic signatures than basalts from ad-

jacent ridge segments and are interpreted to be

derived from previously depleted mantle [Hanan et
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al., 2000; Wendt et al., 1999]. Taking all these

observations together, in addition to age variations,

the DM is likely to contain a range of potentially

enriched components, which are of relatively small

mass relative to the total mass of the DM. There-

fore any estimate of the composition of the DM

should be used with considerable caution and with

thorough knowledge of the limitations of such an

estimate.

[6] The estimate of the abundance of most ele-

ments depends on the concentration of other ele-

ments. By detailing how the estimate for the

individual elements is derived we also intend to

show the inter-relationship between the estimates

of the different elements. The attempt is made to

provide a, to us, ‘‘most reasonable’’ estimate of

DM, but it is realized that it depends on assump-

tions that might not be viewed as ‘‘most reason-

able’’ by all or that some assumptions or criteria

might later prove to be wrong. To address these

variations as well as to accommodate preconceived

notions that are different from ours, we provide a

Microsoft ExcelTM worksheet (Table A2) with full

access to the calculations used to estimate the

concentrations of the elements. This enables

the reader to use different values and evaluate the

consequences of those changes for the concentra-

tion of dependent elements.

2. Estimating the Composition of
the DM

[7] Since the DM is not directly accessible, its

composition has to be inferred via constraints de-

rived from rocks, whose origin and composition are

related to the DM (i.e., MORB, peridotites, chon-

dritic meteorites and crustal rocks). Previously, the

isotopic composition of MORB has been used to

estimate parent-daughter ratios (e.g., Sm/Nd, U/Pb,

U/Th) and the respective element concentrations in

the DM (e.g., Sm, Nd, U, Pb, etc. [e.g., Albarède

and Brouxel, 1987; Elliott et al., 1999; Galer and

O’Nions, 1985]). A larger number of element

concentrations has been estimated using the trace

element patterns of MORB [Hofmann, 1988; Sun

and McDonough, 1989]. Our new estimate of the

composition of the DM uses constraints from both

the isotopic and chemical composition of MORB

wherever possible. Additional constraints come

from the composition of peridotites, chondritic

meteorites and the CC. Figure 1 shows how we

derive the estimates for the individual elements and

the inter-relationship between the estimates of the

different elements.

2.1. Strategy to Estimate the Composition
of MORB

[8] In the following, the different avenues to esti-

mate element concentrations in the DM are de-

scribed in order of directness of the relation to the

DM. Clearly, the estimate will be more accurate the

closer the relation between the source of informa-

tion and the DM. MORB and peridotites are

directly related to the DM by partial melting;

MORB are the melting products, peridotites the

residue of partial melting. The isotopic composi-

tion of MORB directly reflects the isotopic com-

position of its source, the DM, and is the most

reliable constraint on the trace element ratio formed

by the parent and daughter element of the isotopic

system considered. For example, by measuring
143Nd/144Nd in MORB, the ratio of the parent

element Sm and the daughter element Nd (Sm/Nd)

can be calculated with some information on the

isotopic evolution of the DM. These calculated

parent-daughter ratios form the framework for our

estimates of other trace element ratios. The Sr, Nd

and Pb isotopic composition of average MORB is

used to estimate parent-daughter ratios in the DM

(the average MORB composition results from com-

piling MORB from the PetDB database; see below).

A depleted isotopic composition for MORB is also

used to evaluate what the most suitable isotopic

composition of the DM is.

[9] Trace element ratios in basalts that are relatively

constant over a large concentration range are

another reliable estimate of the trace element

composition of the DM. This method was champ-

ioned by the Mainz group [Hofmann, 1986, 1988;

Hofmann et al., 1986b; Jochum et al., 1983,

1986, 1991] and is based on the assumption that

differences in absolute trace element content re-

flect variations in the degree of melting and

variable degrees of enrichment. The constancy
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of a trace element ratio over a range of concen-

trations indicates that these two elements have

similar partitioning behavior during partial melt-

ing (and subsequent crystallization). The ratio in

the basalt is therefore identical to the ratio in the

source, the DM. Especially highly incompatible

elements (elements that do not readily fit into the

crystal structure of common minerals in the man-

tle and basalts), have the same trace element ratio

in the basalt as in their source (DM), because

these elements are quantitatively removed from

their source after only a few percent of melting.

The combination of the isotopes and the constant

ratios allow us to calculate the trace element ratios

of most elements on the Coryell-Masudo diagram.

[10] The chemical compositions of peridotites pro-

vide a third constraint. Compatible trace elements

are effectively retained in the source during melt-

ing and residues of melting such as abyssal peri-

dotites should provide accurate estimates of the

compatible trace element concentrations of DM.

Furthermore, the chemical variations in anhydrous

peridotites are, in general, thought to be related to

variations in degree of depletion, i.e., degree of

melting [Hart and Zindler, 1986; Jagoutz et al.,

1979; Sun, 1982]. The major element composition

of the DM can be estimated from melting experi-

ments, by subtracting a low degree melt from a

bulk Earth composition. This estimate for the

major element composition of the DM can also

be used to constrain elemental concentrations of

trace elements that show correlations with major

elements in peridotites.

[11] Another possible and perhaps least reliable

estimate can be derived from the composition of

the chondritic meteorites and CC. It is generally

Figure 1. Genealogy of the elements in the DM. Chart showing the dependencies of the concentrations on the trace
element ratios.
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assumed that the Earth initially had a chondritic

composition. During differentiation of the Earth,

distribution of the elements is dependent on their

chemical behavior, so that different elements are

distributed unevenly between the discrete reser-

voirs. Thus if two elements maintain a chondritic

ratio in the CC their relative distribution is likely to

be unaffected by differentiation of the Earth. In the

absence of any other data, a first order estimate can

be made by assuming that a trace element ratio that

is chondritic in the crust is also chondritic in the

DM. Trace elements ratios that include an element

with known concentration can thus be used to

calculate the concentration of the unknowns.

2.2. Estimating Parent-Daughter Ratios

[12] With some information about the average

isotopic evolution of the DM, the present-day

isotopic composition of MORB can be used to

calculate the parent-daughter ratios in the DM.

Previously two stage models have been used to

estimate the age and parent-daughter ratio of the

MORB source. However, for the U-Th-Pb system

it has been shown that a simple two-stage evolution

cannot explain both the observed U-Th-Pb concen-

trations and the Th-Pb isotopic compositions of the

basalts [Elliott et al., 1999; Galer and O’Nions,

1985]. One possibility is that the DM is an open

system whereby U, Th and Pb have different

exchange rates, and therefore have different resi-

dence times in non-DM mantle and CC [Galer et

al., 1989; Galer and O’Nions, 1985; Paul et al.,

2002]. A second class of models argues that the

discrepancy between the long-term and recent

U-Th-Pb ratios is related to the change in recycling

behavior of U when the atmosphere changed from

oxygen-poor to oxygen-rich [Elliott et al., 1999].

Assuming that the major processes leading to

differentiation of the Earth are crust formation

and subduction, it is easy to envisage a difference

in behavior in U related to the formation of an

oxygen-rich atmosphere.

[13] Although the DM might be, and most likely

is, an open system a simple two-stage model with

a chondritic evolution during the first part and

subsequent evolution to present-day average par-

ent-daughter ratios is expected to agree well with

the actual average parent-daughter ratio of the

DM. The age of this single depletion event is

an average age of the depletion of the DM; actual

formation of the reservoir is not related to a single

event, but is expected to be continuous. Using this

approach it is assumed that processes operating on

the mantle resulting in chemical change and

formation of the DM reservoir have been constant

through time. This assumption is reasonable for

the Rb-Sr, Sm-Nd, and Lu-Hf isotopic system.

The same holds true for the Th-Pb system,

with the exception of the early part of Earth’s

history may have been lost to the core (first

20 Ma [Kleine et al., 2002; Yin et al., 2002])

or lost due its relatively high volatility. The

open-system and U recycling model both predict

constant Th/Pb ratios in the DM [Elliott et al.,

1999; Galer et al., 1989; Galer and O’Nions,

1985]. We therefore do not use parent-daughter

ratios involving U, e.g., U/Pb for our estimate.

[14] Here we estimate Th/Pb, Lu/Hf, Sm/Nd, and

Rb/Sr ratios from the isotope systems assuming a

single depletion event for the formation of DM,

i.e., a two-stage growth history with a BSE evolu-

tion during the first stage and subsequent evolution

of the DM to its present-day isotopic composition.

The composition of BSE has been estimated by

McDonough and Sun [McDonough and Sun,

1995]. For the BSE 176Hf/177Hf we use the average

for C-chondrites [Patchett et al., 2004] as this

results in a BSE composition that falls within the

Hf-Nd array on an isotope correlation diagram. In

the calculation we also use the recently determined

half-life for 176Lu which is lower than earlier

determinations [Scherer et al., 2001; Söderlund et

al., 2004].

[15] To achieve an average isotopic composition of

the DM, we used the PetDB database (http://

petdb.ldeo.columbia.edu/petdb/query.asp). We

compiled all eruptive products from mid-ocean

spreading centers and filtered the data to include

only samples that were erupted in water depths in

excess of 2000 m and excluded samples that had

more than 55 wt.% SiO2. If REE patterns were

available we excluded samples with non-smooth

REE patterns. Using this minimum amount of

filtering at least part of the plume influenced
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basalts are excluded. This compilation is called the

‘‘All-MORB’’ data set. The isotopic compositions

at the most depleted end of the MORB field are

also used and are referred to as ‘‘extreme’’ isoto-

pic compositions. These isotopic compositions are

very similar to the average and extreme isotopic

compositions obtained by using the compilation

of MORB from Stracke et al. [2003a]. Table 1

lists the isotopic composition using ‘‘average’’ and

‘‘extreme’’ choices for the present-day MORB. We

also used a more restrictive set of filters in order to

assure that MORB representing low degree melts or

melts which have experienced large amounts of

fractional crystallization do not affect the average.

Although degree of melting or fractional crystalli-

zation does not effect the average isotopic compo-

sition, for incompatible trace element ratios to

reflect source compositions only high degree melts

should be used. The rationale and type of filters is

explained in detail in the next section. We will call

this compilation ‘‘D-MORB.’’ It should be noted

however that the isotopic composition of the two

averages is very similar.

[16] Tables 2a and 2b list calculated parent-daugh-

ter ratios using the average and extreme isotopic

composition of the DM for the range of ages for the

depletion event of the two-stage evolution model.

A minimum depletion age of 1.8 Ga age was used,

which is similar to the minimum age expected from

the Pb-isotope systematics in MORB (1.8 Ga

[Hart, 1984; Tatsumoto, 1978]). We have limited

our calculations to a maximum depletion age of

3.4 Ga inferred from the Re-Os isotope systematics

(see below). Estimates for the average age of the

CC are approximately 2.2 Ga [Chase and Patchett,

1988; Condie, 2000; Galer et al., 1989] and if the

DM is assumed to be complementary to the CC a

similar average age is expected.

[17] Varying the average age of the DM (between

1.8 and 3.4 Ga) results in a 14% and 20% variation

in potentially viable Sm/Nd and Lu/Hf ratios

respectively, and an even larger potential range

for Rb/Sr. The large potential range in Rb/Sr ratio

is partly the result of our poor understanding of the

Sr-isotope evolution of Earth. The 87Sr/86Sr of bulk

silicate Earth (BSE) is poorly known, between

0.7040 and 0.7055 if estimated from the Nd-Sr-

isotope correlation in oceanic volcanics [Zindler

and Hart, 1986]. With a Rb/Sr ratio of BSE 0.029–

0.030 [Hofmann and White, 1983; McDonough

and Sun, 1995] and initial 87Sr/86Sr = 0.69898

[Allègre et al., 1975] 87Sr/86Sr for BSE is between

0.7046 and 0.7045. With these values the BSE

growth curve reaches present-day MORB 87Sr/86Sr

Table 1. Isotopic Compositions of DM

143Nd/144Nd 176Hf/177Hf 87Sr/86Sr 208Pb/204Pb

BSE 0.512634 0.282843 0.7045 17.7
Average D-MORB 0.51311 0.2833 0.7026 37.92
Extreme D-MORB 0.5134 0.2836 0.7020 37.2
All MORB 0.5131 0.28328 0.7027 37.9

Table 2a. Key Trace Element Ratio Variations as Function of the Age of DM Using All-MORB Data Set With La <
5 ppm

P/Da 1.8 Ga 2.2 Ga 2.8 Ga 3.4 Ga 2.2 GaEb 2.8 GaEb 3.4 GaEb

Rb/Sr 0.0058 0.0103 0.0146 0.0174 0.0022 0.0083 0.0123
Sm/Nd 0.3892 0.3774 0.3661 0.3587 0.4006 0.3842 0.3736
Lu/Hf 0.3303 0.3138 0.2979 0.2876 0.3682 0.3404 0.3224
Th/Pb 0.6170 0.6005 0.5845 0.5742 0.5057 0.5112 0.5147
La/Nb 3.0 1.7 1.2 1.0 7.6 2.1 1.4
Ce/Pb 78.5 43 29.4 24.2 165 45.1 30.9

a
P/D ratio of elemental concentrations for element (P) that contains the radioactive parent isotope and element (D) concentration with radiogenic

daughter isotope.
b
E stands for extreme isotopic composition for DM (see Table 1).
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values (0.7027) at 1.8 Ga and at 2.1 Ga using a
87Sr/86Sr of present-day MORB of 0.702. Thus

these are strong constrains on the minimum age of

the DM.

2.3. Trace Element Constraints From
MORB

[18] Absolute concentrations are hard to constrain

as those depend on the amount of the mantle that is

assumed to be depleted. Estimates on the amount

of DM range from 10 to 90% [Allègre et al., 1983a,

1983b; Hofmann, 1997; Zindler and Hart, 1986],

which allows for a wide range of possible concen-

trations. Trace element ratios are better constrained,

especially those ratios in basalts that are relatively

constant over a large concentration range (i.e.,

large range in degree of melting) [Hofmann,

1986, 1988; Hofmann et al., 1986b; Jochum et

al., 1983, 1986, 1991]. This method works best for

highly incompatible elements ratios (e.g., Cs/Rb,

Ba/Th), which are very similar to the source ratio,

while the ratios for the somewhat less incompatible

elements like Lu and Sm are likely to be slightly

different in the source and the basalts [Salters,

1996; Salters and Hart, 1989]. Therefore it is

important to combine the trace element ratios

inferred from the average MORB composition with

the parent-daughter ratios estimated from the pre-

vious section. In addition, the strong LREE deple-

tion in abyssal peridotites and their low Ce/Nd and

La/Ce ratios compared to MORB [Johnson and

Dick, 1992; Johnson et al., 1990] indicate that the

LREE ratios in low-degree melts do not necessarily

reflect source compositions. Figure 2 shows that

some ratios including similarly compatible ele-

ments show some correlated variation with trace

element concentration and are only relatively ‘‘con-

stant.’’ As these variations can be related to degree

of melting for the group of elements with compa-

tibilities between Nd and K a data filter is required

to remove low-degree melts from the data set.

[19] To remove low degree melts from the MORB

compilation, we tried two different approaches. In

the first approach we applied stringent additional

filters to select the depleted and high degree melts

only: -MgO-content is more than 8 weight percent,

-(La/Sm)N < 1, and -(Sm/Nd)N > 1. We then

screened this subset and rejected samples that did

not have a complete REE pattern (at least 6 REE).

Furthermore, we rejected samples with a non-

smooth REE patterns. Only a total of 232 samples

passed the tests. The data, including locations and

references are provided in the accompanying

MicrosoftTM Excel worksheet (Table A1) and will

be called the depleted (D-)MORB data set. The

worksheet also reports the standard deviation on

the average as well as median, minimum and

maximum values. Figure 3 shows the geographic

coverage of these samples along the mid-ocean

ridges. Inspection of the data set reveals that a large

number (94) of samples are from the Mid-Atlantic

Ridge between 40� and 50�S. In order to avoid the

D-MORB average to be biased by this relatively

uniform data set we have averaged each ridge

segment and use only the eight averages (6%) in

the calculation of the depleted MORB average. A

second approach taken was to use the ‘‘All-

MORB’’ data set and first remove outliers. Outliers

in the data set are identified by calculating

the upper and lower quartile range, Q1 and Q3,

and by applying the outlier criterion Q1 � 1.5 *

(Q3 � Q1) and Q3 + 1.5 * (Q3 � Q1)). In addition,

Table 2b. Key Trace Element Ratio Variations as Function of the Age of DM Using D-MORB Data Set

P/Da 1.8 Ga 2.2 Ga 2.8 Ga 3.4 Ga 2.2 GaEb 2.8 GaEb 3.4 GaEb

Rb/Sr 0.0042 0.0089 0.0136 0.0165 0.0022 0.0083 0.0123
Sm/Nd 0.3911 0.3789 0.3672 0.3596 0.4006 0.3842 0.3736
Lu/Hf 0.3352 0.3178 0.3010 0.2902 0.3682 0.3404 0.3224
Th/Pb 0.6080 0.5932 0.5789 0.5697 0.5057 0.5112 0.5147
La/Nb 2.4 1.1 0.7 0.6 4.4 1.2 0.8
Ce/Pb 74 33.4 21.5 17.3 113.1 30.9 21.1

a
P/D ratio of elemental concentrations for element (P) that contains the radioactive parent isotope and element (D) concentration with radiogenic

daughter isotope.
b
E stands for extreme isotopic composition for DM (see Table 1).
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Figure 2. Some of the constant ratios used for the estimate of DM. Crosses are D-MORB compilation; circles are
All-MORB compilation. D-MORB ratios show less variation, and correlations with concentrations are less obvious
than for All-MORB data.
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samples with La > 5 ppm were rejected. This data

set contains 639 samples; almost 5 times the

number of samples of the D-MORB compilation.

Figure 2 compares several of the ‘‘constant’’ ratios

for least and most restrictive filtering and shows

that the two approaches of removing low degree

melts results in very similar ratios, but that signif-

icantly different ratios result using the ‘‘All-

MORB’’ compilation. Table 3 lists the ratios using

the various compilations.

[20] We have chosen the Lu concentration as the

‘‘anchoring point’’ of the trace element pattern. The

Lu concentration will be derived in section 2.5.

With the Lu concentration as a starting concen-

tration, we use the Lu/Hf ratio derived from the

Hf-isotope systematics (see Table 1) and average

Sm/Hf of MORB to define Sm/Lu and to esti-

mate the Sm and Hf concentrations. All REE

between Lu and Sm were determined using linear

interpolation based on atomic number. Thus the

slope of the heavy REE pattern is determined by

the Hf-isotopic composition. Ti, Zr and Y are

determined using the constant Gd/Ti, Hf/Zr and

Y/Yb ratios of the compiled D-MORB average

(Table 3). Nd was determined using the Sm/Nd

derived from the Nd-isotopic composition (see

Table 1); Pr, Ce and La were determined using

the Nd/Pr, Nd/Ce and Ce/La ratios of compiled

D-MORB. Sr was determined using the average

Sr/Nd of compiled D-MORB (Table 3), Rb/Sr was

derived from the Sr-isotopic composition (see

Table 1) and Ba and Th were determined using

the Ba/Rb and Ba/Th ratios of compiled D-MORB

(Table 3). Th/U = 2.9 was chosen on the basis of

the isotope systematics [Elliott et al., 1999; Galer

et al., 1989]. This value for Th/U is slightly higher

than estimated by Turcotte et al. [2001] when mass

balancing the CC against the depleted mantle,

somewhat lower than our compilations but close

to the average obtained using just isotope dilution

data. Pb was determined using the Th/Pb ratio

from the Th-Pb isotope systematics (see Table 1).

Estimates for Cs, K, Nb and Ta were made

using Cs/Rb, K/U, Nb/U and Ta/Nb of compiled

D-MORB (Table 3). The resulting trace element

pattern is shown in Figure 4. Lastly, P2O5, argu-

ably a major element is estimated using the con-

stant Ce/P ratio of 0.019 (Tables 2a and 2b). Thus

all elements that are commonly used to create a

spider diagram are estimated based solely on

estimates of the parent-daughter ratios in DM

and relatively constant trace element ratios in

D-MORB.

Figure 3. Sample locations of N-type MORB used to make an average composition. Purple circles are glass data;
red circles are whole rock.
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[21] The above estimate does not ‘‘use’’ the La/Nb

and Ce/Pb ratios in MORB, although these ratios

are relatively constant despite a large range in

concentrations. Therefore these ratios can be used

as an independent ‘‘check’’ of the estimate. Nb can

be estimated directly from La/Nb in average

MORB or, as done here, through the Rb/Sr ratio

(which uses the Sr-isotopic composition) followed

by Rb/Ba, Ba/Th, Th/U and U/Nb in D-MORB

(Figure 1). The Pb estimate can be directly derived

from Ce/Pb in D-MORB, or similar to Nb, through

Rb/Sr-ratio derived from the Sr-isotopic composi-

tion and Rb/Ba, Ba/Th ratios from D-MORB and

finally the Th/Pb ratio from the Pb-isotopic com-

position (Figure 1). Our estimate of Pb and Nb

involve two parent-daughter ratios, whose values

are dependent on the average age of DM. By

adjusting the age and isotopic composition of

the DM the Nb and Pb estimate derived using the

isotopic composition needs to coincide with the

average Ce/Pb and La/Nb obtained from D-MORB.

Average Ce/Pb in D-MORB is 22.5 with a 90% of

the data between 15 and 42; average La/Nb equals

1.24 with 90% of the data between 0.5 and 3.3.

With the Ce/Pb and La/Nb constrains we can put

some constrains on the depletion age. With the

D-MORB compilation the possible range is 2.0–

2.5 Ga, and 2.6–3.2 Ga for average and extreme

isotopic compositions respectively. For the large

data set (MORB La < 5) the age ranges are similar

for average and extreme isotopic compositions

(2.0–2.6 Ga and 2.6–3.4 Ga, respectively).

[22] Both the Nb and Pb estimate is obtained

through the Rb/Sr ratio (Figure 1) and the calcu-

lated depletion age is strongly depend on the

preferred Sr-isotope evolution, especially for

young depletion ages. If the BSE value for
87Sr/86Sr is lowered to 0.7040 the depletion age

for DM needs to be reduced by about 400 Ma to

keep the Rb/Sr (and Ce/Pb and La/Nb) constant.

An average depletion age for DM of 1.8 Ga

[Hart, 1984; Tatsumoto et al., 1984] is often

viewed as the minimum age and this minimum

age also constrains the minimum value for
87Sr/86Sr of BSE at 0.7045. For our DM estimate

we have used the D-MORB compilation and

average isotopic composition and the 2.2 Ga

depletion age as this is the middle of the possible

age range calculated. In the following discussion

section we will further justify this choice. The

study of Elliott et al. [1999] resulted in average

ages for the DM that are between 2 and 2.4 Ga.

Our 2.2 Ga depletion age is similar to the mean

age of the CC [Condie, 2000; DePaolo, 1980;

McCulloch and Bennett, 1994].

Table 3. ‘‘Constant’’ Ratios in MORB

D-MORB All-MORB MORBa La < 5

K/U 12654 14674 14319
Ti/Gd 2020 1937 1879
Sr/Nd 13.74 11.88 12.25
Y/Yb 10.144 10.07 9.99
Zr/Hf 39.83 39.03 38.52
Nb/U 44.4 45.74 45.15
Cs/Rb 0.015 0.015 0.015
Rb/Ba 0.0731 0.0874 0.0837
La/Ce 0.3026 0.3565 0.3196
Ce/Nd 1.083 1.21 1.09
Nd/Pr 5.443 5.13 5.45
Sm/Hf 1.355 1.32 1.33
Nb/Ta 15.19 14.73 14.19
Ba/Th 87.3 86.04 71.78
Th/U 2.9 3.26 3.04
La/Nb 1.1 1.20 1.396
Ce/Pb 25 22.36 21.55
Ce/P 0.19 0.19 0.19

a
Only those MORB from the All-MORB data set that have La < 5 ppm.

Geochemistry
Geophysics
Geosystems G3G3

salters and stracke: depleted mantle 10.1029/2003GC000597

10 of 27



[23] Additional complications arise from chemical

differences between ocean basins [Christie et al.,

1998; Dupré and Allègre, 1983; Klein et al., 1988;

White, 1993], which makes the ‘‘average’’ a more

difficult concept. The compiled data from the

worksheet show a small difference in Th/U from

the Atlantic versus the Pacific Ocean basin. This

difference becomes more obvious by considering

high quality U-Th isotope dilution data only (see

Figure 5). The data in Figure 5 have been screened

for hot spot influence. The Th/U of the Pacific ocean

basin (sections of the East Pacific Rise and Juan da

Fuca Ridge) show, on average, lower Th/U than the

Atlantic samples; average Th/U for the Atlantic

basin equals 2.92, while the Pacific basin average

equals 2.62 [see alsoStracke et al., 2003c].Although

little data is available and some is unpublished, the

Th/U of the Indian Ocean basin is even higher. The

compiled data of primitive MORB results in an

average of 2.9, which we chose for our estimate.

Figure 4. Spider diagram for potential DM composition as well as the average composition of D-MORB and All-
MORB that have less than 5 ppm La. DM compositions: red and orange are for D-MORB, blue patterns are for All-
MORB that have less than 5 ppm La. Solid lines for DM are for 2.2 Ga depletion age; red and orange patterns are
calculated using average and extreme isotopic composition (D-MORB), respectively (see Table 1). The pattern with
the shallowest slope represents the DM with the maximum age (given its isotopic composition), and the pattern with
the steepest slope represents the minimum age for that isotopic composition. Dark blue patterns represent average
isotopic compositions for ‘‘All-MORB’’; light blue patterns are calculated using extreme ‘‘All-MORB.’’ MORB
patterns: N-MORB estimates of Sun and McDonough [1989] and Hofmann [1988] are shown in blue and green,
respectively. The pattern for D-MORB is in red, and the pattern for average ‘‘All-MORB’’ with less than 5 ppm La is
in light blue. All abundances are normalized to BSE [McDonough and Sun, 1995].
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[24] For similar depletion ages, but using the differ-

ent MORB compilations, the calculated range of

trace element content in the DM is small. Also, the

differences in trace element content of DM due to

using different isotopic compositions are limited as

they are ‘‘damped’’ by concomitant variations in

depletion age differences. A larger uncertainty in the

DM compositions is the range in permitted La/Nb

and Ce/Pb (see Figure 4). For our preferred esti-

mate of DM (Table 5) we have chosen to use the

2.2 Ga estimate and the average isotopic compo-

sition. The trace element ratios of MORB used to

calculate the concentrations are based on averages

observed in D-MORB and not based on the most

extreme composition observed in MORB. Using

the average isotopic composition for those basalts

thus seems to be more appropriate.

2.4. Concentration Estimates From
MORB and OIB Combined

[25] Some elements are poorly defined in MORB

alone, but robust estimates can be obtained using

constant ratios in MORB and OIB. Although the

data set is not as extensive as the one used to obtain

the D-MORB estimate the constancy of several

trace element ratios over a large compositional

range in both MORB and OIB indicates that these

ratios are good first order estimates. In/Y = 0.003

and Cd/Dy = 0.027 can be derived from variations

in MORB [Yi et al., 2000], as well as Yb/Li =

Figure 5. Th/U for the different ocean basins. Data are from Bourdon et al. [1993, 1996], Condomines et al. [1981],
Goldstein et al. [1989, 1991, 1993, 1994], Lundstrom et al. [1998a, 1998b, 1999], and Sims et al. [2002]. Only
isotope dilution analyses were used.
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0.55–0.6 [Ryan and Langmuir, 1987], B/K = 0.001

[Ryan and Langmuir, 1993]. N-MORB have

Mo/Ce = 0.034 ± 0.001 [Sun et al., 2003]. This

value is in agreement with Mo/Ce = 0.32 of Sims et

al. [1990] and 0.33 of Newsom et al. [1986] based

on MORB and OIB.

[26] The amount of data for the chalcophile ele-

ments in MORB or peridotite is sparse. However,

the small amount of data for MORB can be

combined with OIB data and again we can use

constant ratios to estimate their concentrations. Sb

can be estimated from Sb/Pr = 0.02 (±0.007)

[Jochum and Hofmann, 1997] or Sb/Ce = 0.0012

(±0.0005) [Sims et al., 1990]. The Jochum and

Hofmann estimate is three times higher than the

Sims et al one, but this latest estimate is preferred

as it is based on an approximately four times larger

data set. If the MORB and OIB data are combined

one can also obtain As/Ce of 0.0096 (±0.0027),

and W/Ba = 0.0029 (±0.0015) [Sims et al., 1990].

The combined data for MORB and OIB showed

the Sn/Sm ratio to be relatively constant at 0.36

(±0.08) [Jochum et al., 1993]. Similarly, the Tl

content can be estimated from a constant Rb/Tl

ratio (230) in oceanic basalts [McDonough and

Sun, 1995].

2.5. Major Element Composition of DM

[27] Thus far we have calculated a DM composi-

tion simply on the basis of the trace element and

isotopic composition of the basalts. However, the

determination of the major element composition of

the DM reservoir cannot be based on the basalt

composition alone. For example, the major element

composition of a 10% melt from a 1% melt

depleted source (compared to BSE) and a 10%

melt of a 2% melt depleted source is very similar

although the sources will have some differences in

major element composition. Furthermore, the melt-

ing process is not understood well enough to relate

basalt composition directly to source composition

and another approach is needed.

[28] The radiogenic isotope systematics all indicate

that the DM reservoir can be formed by extraction

of 1–2% melt from BSE. Table 4 shows various

estimates for the major element content of DM by

extracting 1.0–1.5% melt from the BSE estimate

from McDonough and Sun [1995]. The low degree

melts (<2%) estimates are based on the experimen-

tal work of Kinzler and Grove [1992] at 1 GPa and

the work of Longhi [2002] at 3 GPa. The pressure

of melt extraction has a large effect on the major

element composition of the melt, but the effect on

major element content of the residue is minor. Most

affected are SiO2, Na2O and FeO but even on those

the possible range is limited (Table 4). Although

direct mass balance with CC and the DM is not

possible (see below), the steepness of the REE

pattern in the CC indicates that some of the melting

that formed CC took place in the presence of garnet

[see also Hofmann, 1988]. Therefore we prefer a

model whereby part of the depletion took place at

high pressures. The rightmost column in Table 3 is

the result of extraction of 1.5% melt from BSE of

which half was extracted at 3 GPa and the other

half at 1 GPa. This is our preferred model and

Table 4. Major Element Composition of DMa

BSE

Melt
Compositions DM Compositions

3 GPa 1 GPa �1% 3 GPa �1% 1 GPa �1.5% 3 GPa �1.5% 1 GPa 1% Mixed 1.5% Mixed

SiO2 45.00 46.18 57.53 44.99 44.87 44.98 44.81 44.93 44.90
TiO2 0.20 1.45 0.59 0.19 0.20 0.18 0.20 0.19 0.19
Al2O3 4.45 15.29 16.28 4.34 4.33 4.28 4.27 4.34 4.28
FeO 8.05 9.72 4.10 8.03 8.09 8.02 8.11 8.06 8.07
MgO 37.8 15.49 5.27 38.03 38.13 38.14 38.30 38.08 38.22
CaO 3.55 7.00 6.99 3.52 3.52 3.50 3.50 3.52 3.50
Na2O 0.36 2.71 6.87 0.34 0.29 0.32 0.26 0.32 0.29
K2O 0.029 2.16 2.37 0.01 0.01 0.00 0.00 0.01 0.00

a
BSE composition after McDonough and Sun [1995]. DM compositions derived by subtraction of 1.0 � 1.5% 3 GPa or 1 GPa melt.
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results in the preferred major element composition

of the DM. We prefer 1.5% melt extraction because

on the basis of the potassium content of the melts,

no more than 1.5% of melt can be removed from

BSE before potassium is quantitatively removed

from the residue. Furthermore, on the basis of the

isotopic compositions of MORB (and associated

time integrated parent-daughter ratios) extraction

of less than 1.5% will not produce large enough

parent-daughter fractionations, unless the average

age of the DM is increased to well over 3 Ga.

Therefore our preferred model assumes 1.5% melt

extraction, which agrees well with Hofmann

[1988], and we consider this 1.5% to be relatively

well constrained. However, regardless of the exact

composition and amount of melt extracted (up to

2%), the range in composition of the melt residues

is very limited with respect to major elements.

2.6. Trace Element Concentrations Derived
From the Major Elements in Peridotites

[29] Several studies have shown that the chemical

variations observed in anhydrous peridotite toward

more depleted values than BSE are consistent

with melting trends [Hart and Zindler, 1986;

McDonough and Sun, 1995; Zindler and Jagoutz,

1988]. We used only anhydrous spinel lherzolites

(data compilation courtesy of McDonough) as the

chemical variations in this subset is more system-

atical and shows less scatter than the entire xenolith

population which includes modally metasomatized

peridotites. One might question the validity of

peridotites from continental settings for the oceanic

asthenosphere. In order to minimize differences

between oceanic and continental settings we have

excluded data from cratonic areas where most of the

difference lies [Boyd, 1989] and concentrated on

areas of relatively young CC (compared to the

exposure age of the peridotite).

[30] Our estimates of the major element composi-

tion of DM can be used to determine additional

trace element concentrations based on major-trace

element correlations in peridotites. Although CaO

is incompatible during melting, Table 3 shows that

for small degrees of melting (at either high or low

pressure), the differences in CaO content are insig-

nificant compared to the possible range in Lu and

Yb. We can now use the REE-major element varia-

tions in peridotites to obtain an absolute concentra-

tion for the Lu-content and thereby ‘‘fix’’ the

concentrations of almost all of the trace elements

(see Figure 1). Figure 6 shows the variations of Lu

and Ybwith CaO.With 3.5 wt%CaO for DM the Lu

concentration is 63.4 ± 6 ppb; and this is the value

where the trace element pattern in Figure 4 is

anchored. Compared to BSE [McDonough and

Sun, 1995] the degree of depletion of the HREE in

the DM is limited and the HREE concentrations are

only 8% lower than in BSE. This estimate is similar

to what is obtained from removal of 1.5% of average

CC from BSE.

[31] It has been shown that the MgO/Ni and Fe/Mn

ratios are relatively constant in peridotites with

values of 195 ± 20 and 60 ± 10, respectively

[McDonough and Sun, 1995], and on the basis of

the above determined MgO and FeO content of the

DM we can calculate the Ni and Mn content of

DM. Furthermore, the Cr-content in dry spinel

peridotites is constant over a range of MgO and

CaO contents and can be estimated to be 2500 ±

1000 ppm. With the CaO content of the DM, the

correlations of CaO with Ga, Co, Sc, V, and Ag

allow determination of their concentration: Ga =

3.1 ppm, Co = 106 ppm, Sc = 16.3 ppm, V =

79 ppm, Ag = 6 ± 3 ppb (see Figure 7 and Table 5).

Of these elements, Ag is not constrained as well as

the other elements because the CaO-Ag correlation

is relatively poor and based on only 14 data points.

2.7. Platinum Group Element
Concentrations

[32] Because platinum group elements (PGEs) par-

titioned into the metal phase during core formation

the concentration of these elements in BSE is

several orders of magnitude lower than in chon-

dritic meteorites. However, their concentrations in

BSE (or in peridotites) are higher than expected

from metal-silicate partition experiments. Causes

for the apparent enrichments are debated and

could be either the addition of a late (after core

formation) veneer of meteorites to the silicate

Earth [Morgan et al., 1981] or ‘‘bleeding’’ of the

core into the mantle [Brandon et al., 1998]. Fur-

thermore, the CC has fractionated PGE ratios (high
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Re/Os for example). Given these unknowns chon-

drites cannot be used to constrain either PGE

concentrations or their ratios in DM. Most of the

PGEs behave compatible during melting and the

concentrations are higher in peridotites than in

basalts. Therefore PGE concentrations in DM are

better constrained using peridotites than basalts.

There have been few studies on the concentrations

Figure 6. Yb and Lu variations with CaO in anhydrous spinel peridotites. Using 3.50 wt% CaO for the DM results
in Yb and Lu concentrations only 8% lower than BSE.
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of the PGEs in either basalts or peridotites that are

useful to the characterization of the DM. These

studies have shown relatively constant elemental

ratios for most of the siderophile elements in

abyssal peridotites [Snow and Schmidt, 1998],

orogenic lherzolites [Pattou et al., 1996] and

ophiolites [Snow et al., 2000], implying that the

trace element ratios are constant over a large range

of melting. Except for Re, which we will estimate

using the Re-Os isotope systematics and Re/Yb in

MORB, the PGE concentrations in DM were

calculated as simple concentrations averages from

the above cited lherzolite studies (Os = 2.99, Ir =

2.9, Ru = 5.7, Pt = 6.2, Rh = 1.02, Pd = 5.2, and

Au = 0.99 ppb). Used in the table are the concen-

tration ratios with respect to Ir so that the PGEs

will vary consistently when the estimate for one of

them is changed.

[33] The high Re/Os ratios and low Os concen-

trations in MORB [Schiano et al., 1997] makes the

Os-isotopic composition very sensitive to both

alteration as well as eruption age. Uncertainty in

eruption age of only several hundred thousand

years has a large effect on the inferred Os-isotopic

composition of the MORB source. Therefore the

Figure 7. Trace element variations with CaO of anhydrous spinel peridotites.
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Os-isotopic composition of the MORB source and

the associated Re/Os ratio have to be inferred

from the least altered abyssal peridotites which

still leaves a significant range: 0.1221–0.1272

[Brandon et al., 2000; Snow and Reisberg,

1995]. In addition, the Os-isotopic composition

of BSE has a large uncertainty, which affects the

isotopic evolution of the DM. If BSE is similar to

C-chondrites then BSE 187Os/188Os = 0.1268

[Luck and Allégre, 1992]. If one assumes BSE

is more similar to ordinary or enstatite chondrite,

then 187Os/188Os = 0.129 [Meisel et al., 1996;

Shirey and Walker, 1998]. Thus the constraints

from the Os isotopic composition on the Re/Os of

DM are not very strong. However, alternatively,

the Re concentration is also constrained by con-

stant Re/Yb ratios in basalts (327–475, ppt/ppm)

[Hauri and Hart, 1997]. Using the Re/Yb ratio in

basalts as a constraint and fixing the Os concen-

tration at 2.99 ppt (see above) and the depletion

age at 2.2 Ga and using the lowest 187Os/188Os

value for BSE, the 187Os/188Os of the DM is

between 0.120 and 0.123. The higher value for

the 187Os/188Os BSE, with a 2.2 Ga depletion age,

yields a the 187Os/188Os of the DM between 0.122

and 0.125. In either case the Re concentration has

a similar range: 125–190 ppt. We have chosen

the average of 157 ppt as the ‘‘recommended’’

value for the DM, leading to a present-day
187Os/188Os for DM of 0.1235.

2.8. Volatile Elements and Noble Gases

[34] Compared to major element or other trace

element analyses there is only a relatively limited

data set on the volatile elements (CO2, H2O, F,

Cl, S) and relatively few estimates of the volatile

content of the source composition have been

made using the basalt glass data. The main issue

to content with for the volatile elements is shal-

low level degassing. Two previous studies have

estimated the H2O content of DM on the basis

of the similar compatibility of H2O and the

light REE: H2O/Ce = 155–213 [Michael, 1995],

H2O/La = 500 [Dixon et al., 1988]. A recent

study on glass inclusions made great progress

toward estimates of volatiles in DM through

element ratios [Saal et al., 2002]. Because these

melt inclusions are preserved melts from a deeper

part of the magmatic system than erupted glasses,

the corrections and assumptions with regard to

degassing are significantly less than in basalt

glasses. The melt inclusions have been analyzed

for some trace elements that make up the spider

diagram as well as volatiles. These primitive melt

inclusions show constant CO2/Nb (230 ± 55),

H2O/Ce (168 ± 95), F/P (0.27 ± 0.11), S/Dy

(225 ± 56) and Cl/K (0.010–0.007). Combined

with the Nb, Ce, P, Dy and K estimates this now

provides relatively accurate estimates for a num-

ber of the light elements.

[35] There is no rare gas data for melt inclusions, so

for rare gases another approach is needed. There

have been several estimates for the rare gas con-

centrations based on models of the solubility of the

gases and their diffusion rates out of melts, but the

estimates end up having relatively large uncertain-

ties [Cartigny et al., 2001; Marty, 1995; Marty and

Tolstikhin, 1998;Moreira and Allègre, 1998; Sarda

and Graham, 1990]. In general however these

numbers are broadly consistent with what is ob-

served in ‘‘popping rocks’’ [Graham and Sarda,

1991; Javoy and Pineau, 1991; Sarda and Graham,

1990]. The ‘‘popping rocks’’ are the least degassed

ridge basalts and as such the least degassed samples

from the DM. Consequently as a first approxima-

tion it can be assumed that the gases are present in

concentration ratios that reflect their source com-

position. Furthermore, the trace elements as well as

the radiogenic isotope ratios of these samples show

in all respect MORB characteristics [Bougault et

al., 1988; Dosso et al., 1991, 1993; Sarda and

Graham, 1990]. Additionally the CO2/Nb ratio is

similar to Saal et al.’s [2002] determination on melt

Table 5. Elemental Ratios in the Continental Crust
Compared With Ratios in PUMa

Ratio PUM CC % Deviation

Ge/Si 5.2 � 10�6 4.65 � 10�6 11
Bi/Pb 0.0167 0.0164 2.1
Hg/Mn 9.6 � 10�6 9.2 � 10�6 3.5
Cu/Sc 1.85 1.23 33
Zn/Sc 3.4 3.29 3.3
Se/V 9.1 � 10�4 9.4 � 10�4 3.4
Be/Ta 1.84 2.7 32

a
PUM fromMcDonough and Sun [1995] and continental crust from

Rudnick and Gao [2003].
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inclusions. These lines of evidence indicate that

volatile element ratios measured in these ‘‘popping

rocks’’ are our best estimates for the DM. For the

rare gas concentration estimates in Table 5 we have

taken He/Ar, He/Ne, He/Kr and He/Xe from Sarda

and Graham [1990], while we have taken C/He and

C/N from Javoy and Pineau [1991]. The ratios

reported in the publications are volume ratios, while

the ratios reported in Table 5 are weight ratios.

2.9. Concentrations Derived From
Continental Crust

[36] The above estimates, derived using either

MORB or peridotite compositions, leave a

number of elements of the periodic table undeter-

mined. Of these remaining elements some con-

straints can be put on Cu, Zn, Ge, Hg, and Bi.

These elements are not often measured in basalts

or peridotites. Thus there is a lack of consistent

data for these elements. By assuming that the CC

is the reservoir that complements the DM we can

use determinations of the CC for first order

estimates of concentration in DM. We will see

below that this is not strictly correct, but can serve

as a rough approximation. Trace element ratios

that are similar in the primitive mantle as well as

in the CC can assumed to be also similar in DM.

If the chondritic ratio in the CC involves an

element whose concentration has previously been

determined for the DM, we can make an estimate

of the unknown element using the C1 value. One

of the most obvious elements to use for this is Ge

and Ge/Si. Ge and Si are thought to behave

similar under a large range of conditions and their

weight ratios in loess and waters is constant,

identical and measured at 3.6 � 10�6 [Mortlock

and Froelich, 1987] and this finding results Ge

content of the DM of 0.76 ppm. Values for Ge/Si

reported in theGERM reservoir base (http://earthref.

sdsc.edu/) are derived from granitic rocks and

these values are somewhat higher 4.5 � 10�6 to

4.8 � 10�6 resulting in estimates between 0.95

and 1.0 ppm of Ge in DM. The Ge content of

BSE is estimated at 1.1 ppm [McDonough and

Sun, 1995]. From Table 4 it can be seen

that compared to the primitive mantle the deple-

tion in SiO2 in DM is relatively small. Conse-

quently, we expect that the Ge depletion is of

similar magnitude and we prefer the average of

the two higher values (0.98 ppm) as a best

estimate of the Ge content in DM. We have

been able to find similar trace element ratios in

CC and primitive mantle for trace element ratios

that include some remaining elements. Table 5

shows ratios that are used to determine the

concentration of the remaining elements. As our

estimate for V, Sc and Mn content of DM is very

similar to their content in PUM and the Se/V,

Cu/Sc, Zn/Sc and Hg/Mn are very similar for

PUM and CC [Rudnick and Gao, 2003] the

estimated content for Cu, Zn, Se and Hg in

DM is also close to the value in PUM. Bi/Pb

and Be/Ta in the CC are similar to BSE values

and as such we assume that Bi/Pb and Be/Ta in

the DM is also similar to BSE [McDonough and

Sun, 1995]. However, we have refrained from

giving an error estimate on the estimate for

these elements as those are clearly order of

magnitude estimates. There is not enough data

for I, Te, and Br to allow an accurate estimate

for these elements.

3. Discussion

[37] Table 6 provides our estimate for the concen-

trations in the DM of most elements of the periodic

table, and Figure 1 shows schematically how these

estimates are obtained and what the dependencies

are. Table 6 also provides an estimate of the

uncertainty in the concentration of each elements

in the DM. The uncertainty is calculated as one

standard deviation of the elemental ratio used to

make the estimate. For example, the Sm concentra-

tion is derived from Sm/Hf in primitive MORB

which has one standard deviation of 10%. To obtain

the complete range of Sm concentrations possible

one has to add the uncertainty in the estimate of the

Hf concentration (through the Lu/Hf ratio) and the

uncertainty in Lu concentration. The further down

the elements in Figure 1, the more estimates need to

be combined to obtain a concentration estimate and

thus more uncertainties are accumulated. The ac-

companying spreadsheet with averages of concen-

trations and concentration ratios also provides

standard deviations for the D-MORB compilation

used to construct the spider diagram. It is clear that
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the range in most elements is quite large. Even for a

‘‘well behaved’’ trace element ratio like Sm/Hf the

two standard variation is still 20%, which results in

a relatively large uncertainty.

[38] Absolute uncertainties on trace elements other

than those used in the ‘‘standard’’ spider diagram

are in general larger and a factor of two uncertainty

can generally be assumed. The reader is advised to

consult the original papers for a detailed descrip-

tion of the estimates. Uncertainties in the major

element estimate are relatively small (see Table 3).

Assuming that the depletion event is 1–2% melt

extraction the major element composition is known

to within several percent, except for sodium and

potassium, which have estimated absolute uncer-

tainties of about 20% and 50%, respectively.

[39] As our estimates are partly based on our

preconceived notions, we have also added a

spreadsheet (‘‘DM GERM.xls’’) in which the com-

position and relationships between elemental con-

centrations is condensed. This spreadsheet is

basically an implementation of Figure 1 and is a

Table 6. Estimate of the Composition of the Depleted Mantle

Element Model Unit Constraint
Uncertainty

in % Element Model Unit Constraint
Uncertainty

in %

H2O 116 ppm H2O/Ce 50 Ru 5.7 ppb Ir/Ru 16
He 157 ppt C/He 46 Rh 1.0 ppb Ir/Rh 15
Li 0.70 ppm Yb/Li 8 Pd 5.2 ppb Ir/Pd 24
Be 25 ppb Be/Ta 100 Ag 6 ppb Ag-CaO 50
B 0.060 ppm B/K 91 Cd 0.014 ppm Cd/Dy 30
CO2 50.3 ppm CO2/Nb 24 In 12.2 ppb In/Y 25
N2 40 ppb C/N 30 Sn 0.10 ppm Sn/Sm 22
F 11.0 ppm F/P 41 Sb 2.6 ppb Sb/Pr 42
Ne 30.7 ppq He/Ne 40 Te 15.1 ppb Te/Ni 80
Na2O 0.29 wt% MMM 10 Xe 0.79 ppq He/Xe 40
MgO 38.22 wt% MMM 1 Cs 1.32 ppb Cs/Rb 42
Al2O3 4.28 wt% MMM 2 Ba 1.20 ppm Rb/Ba 49
SiO2 44.9 wt% MMM 1 La 0.234 ppm La/Ce 14
P 40.7 ppm Ce/P 25 Ce 0.772 ppm Ce/Nd 15
S 119 ppm S/Dy 25 Pr 0.131 ppm Nd/Pr 10
Cl 0.51 ppm Cl/K 18 Nd 0.713 ppm Sm/Nd 7
Ar 1.21 ppb He/Ar 38 Sm 0.270 ppm Sm/Hf 10
K 60 ppm K/U 28 Eu 0.107 ppm Eu/Lu-Sm 10
CaO 3.5 wt% MMM 1 Gd 0.395 ppm Gd/Lu-Sm 10
Sc 16.3 ppm Sc-CaO 13 Tb 0.075 ppm Tb/Lu-Sm 10
Ti 798 ppm Ti/Gd 12 Dy 0.531 ppm Dy/Lu-Sm 10
V 79 ppm CaO-V 7 Ho 0.122 ppm Ho/Lu-Sm 10
Cr 2500 ppm CaO-Cr 40 Er 0.371 ppm Er/Lu-Sm 10
Mn 1045 ppm Fe/Mn 17 Tm 0.060 ppm Tm/Lu-Sm 10
FeO 8.07 wt% MMM 2 Yb 0.401 ppm Yb/Lu-Sm 7
Co 106 ppm Co-CaO 14 Lu 0.063 ppm Lu-CaO 9
Ni 1960 ppm MgO/Ni 10 Hf 0.199 ppm Lu/Hf 8
Cu 30 ppm Cu/Sc Ta 13.8 ppb Nb/Ta 33
Zn 56 ppm Zn/Sc W 3.5 ppb W/Ba 52
Ga 3.2 ppm CaO 16 Re 0.157 ppb Re/Os 25
Ge 1.0 ppm Ge/Si 200 Os 2.99 ppb Os/Ir 15
As 7.4 ppb As/Ce 28 Ir 2.9 ppb Per 20
Se 72 ppb Se/V Pt 6.2 ppb Ir/Pt 27
Kr 2 ppq He/Kr 40 Au 1.0 ppb Ir/Au 48
Rb 0.088 ppm Rb/Sr 25 Hg 10 ppb Hg/Mn
Sr 9.80 ppm Sr/Nd 19 Tl 0.38 ppb Rb/Tl
Y 4.07 ppm Y/Yb 12 Pb 23.2 ppb Th/Pb 30
Zr 7.94 ppm Zr/Hf 22 Bi 0.39 ppb Bi/Pb
Nb 210 ppb U/Nb 35 Th 13.7 ppb Ba/Th 30
Mo 25 ppb Mo/Ce 28 U 4.7 ppb Th/U 30
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tool to determine the consequence of a change of

one concentration or concentration ratio on other

elements.

[40] Previously it has been argued that major

elements and moderately incompatible trace ele-

ments indicate that CC and DM are complemen-

tary reservoirs related to each other through

partial melting [Hofmann, 1988; Hofmann et

al., 1986a]. However, with our current estimate

of MORB and DM it becomes difficult to sup-

port this notion. Figure 8 shows the trace element

patterns for the DM and compares it with the

calculated trace element patterns for small degree

melts from a chondritic source. The partition

coefficients, modes, and melt reactions are given

in Table 7 and are based on experimental data of

Salters et al. [2002] and Salters and Longhi

[1999] as well as the compilation of Halliday

et al. [1995]. It can be seen that the trace

element concentration of the incompatible ele-

ments in the melts is higher (U through Gd)

than in the average CC. Conversely, a reservoir

formed by extraction of 1% CC has concentra-

tions for the elements U through Gd that are too

low for it to be a possible source for MORB.

The steepness of the DM pattern is dictated by

the average age of the source. Using the oldest

average age results in the least steep spider

pattern. However, even increasing the age of

the source to 4.55 Ga will not result in overlap

between calculated residues of CC extraction and

calculated MORB sources.

[41] Another approach to determine whether DM

and CC are complementary is simple mass bal-

ance of bulk silicate Earth (BSE) and CC where-

by the DM is assumed to be the residue of CC

extraction [Hofmann, 1988]. This requires knowl-

edge of the size of the reservoirs, which for the

DM reservoir has a large uncertainty [Zindler

and Hart, 1986]. First one can calculate how

much CC needs to be removed from BSE to

fractionate Sm/Nd and Lu/Hf enough to create

the depleted isotope signatures in MORB. This

simple mass balance requires that approximately

2% of CC needs to be removed from a chon-

dritic reservoir approximately 3.0 Ga ago to

produce the isotopic composition of D-MORB

or All-MORB. This fraction increases for youn-

ger average ages of the depletion event. Removal

of a smaller fraction of continental crust requires

an even older average age for the MORB source

as the Sm/Nd and Lu/Hf ratios are less fraction-

ated. A problem created by this approach is that

removal of more than 1–1.5% of CC from a

chondritic BSE results in deficits in the residual

mantle for all Large Ion Lithophile Elements

(LIL elements, K to Cs). Therefore the simple

mass balance with CC does not seem to be able

to satisfy all the isotopic and trace element

constraints simultaneously.

[42] Figure 8 also shows melts and residual

compositions of small-degree melts from a reser-

voir with BSE trace element contents. The pat-

terns of melts derived from the garnet stability

field (3 GPa) fit the CC pattern slightly better

than the patterns of melts derived from the spinel

stability field (2 GPa). The difference between

using batch and fractional melting is largest for

the highly incompatible elements, and in order to

retain relatively high concentrations for the highly

incompatible elements in the residue, batch melt-

ing with some melt left in the residue is required.

This observation is confirmed by the Th/U ratio

of the residue. In order for Th/U in the residue

(MORB source) to be approximately 2.5–3.0

batch melting with some melt being retained in

the residue is required, whether the melting takes

place in the garnet or in the spinel stability field.

These model calculations suggest that the CC

can be approximated by a small degree melt

although the ‘‘fit’’ is not perfect. This is perhaps

not surprising as part of the CC formation occurs

in island arc settings where material different

from BSE melts to form crust and where the

degree of melting is thought to be greater

than 2%.

[43] It has also been argued that the DM is not the

complement of CC extraction, or a small degree of

melt extraction, but is BSE-type mantle with the

addition of depleted material that is residual after

oceanic crust formation [Campbell, 2002]. How-

ever, this model fails to explain the low Th/U of
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Figure 8. Comparison of the different types of models to estimate the composition of the DM by extraction of crust
or small degree melt. Dark blue and dark green patterns are the results for pure fractional melting (melts and
corresponding residues), while light blue and light green represent 1% fractional melts, but 0.5% melt is kept in the
residue. Blue and orange shaded areas are the range of calculated DM compositions from this paper. The blue area
is for average and orange is for extreme isotopic compositions. The purple pattern is D-MORB; the purple area is
D-MORB pattern with its observed variation (2 standard deviation; see spreadsheet D-MORB-comp.xls).
Abundances are normalized to BSE [McDonough and Sun, 1995].
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the DM unless large amounts of material residual

after oceanic crust formation is part of the MORB

source. The Th/U ratio provides relatively strong

constraints on the origin of the DM [see also

Turcotte et al., 2001]. Material residual after

MORB generation has 50–100 times lower

U-Th concentration than BSE (with Th/U = 4).

Although the Th/U in this residual material is also

low (Th/U = 0.5–0.2) still large amounts of this

material is needed (80–90%) to obtain the Th/U

of 2.9 calculated for DM.

[44] Figure 3 shows that the LIL content in

primitive MORB is 13–15 times higher than

the estimates for the source. If these elements

behave perfectly incompatible during melting,

then on average MORB are generated by less

than 10% melting. With best estimates for the

partition coefficients (Table 7) and best estimates

for the style of melting [Salters et al., 2002] the

preferred DM trace element pattern from Figure 3

can yield MORB by about 8–10% of melting

which is similar to previous estimates [Johnson

et al., 1990; Klein and Langmuir, 1987]. The

patterns for source compositions required for the

production of MORB using different degrees of

melting are shown in Figure 9. The source

compositions that yield MORB through 8–15%

of melting fits the calculated DM composition

based on isotope and trace element patterns the

best.

[45] As the water content of the mantle influences

the viscosity as well as the conductivity it seems

justified to critically examine the estimate of the

water content of the depleted mantle. Our preferred

value of 116 ppm H2O (range of 50–180 ppm,

using the full range of observed H2O/Ce ratios) is

similar to earlier estimates [Dixon et al., 2002;

Michael, 1995]. If the extreme isotopic composi-

tions are used then the average age of the depletion

and the calculated water content will decrease by

about 10% while still satisfying all other con-

strains. Similarly, lowering the 87Sr/86Sr of BSE

to 0.704 again will result in a 10% lowering of the

H2O estimate. It thus seems that the estimate for

Table 7. Partition Coefficients, Mineral Modes, and Melt Reactions

3 GPa 2 GPaa

Olivine opx cpx Garnet Olivine opx cpx

Cs 0 0 0 0 0 0 0
Rb 0.0003 0.0002 0.0004 0.0002 0.0003 0.0002 0.0004
Ba 0.000005 0.000006 0.0004 0.00007 0.000005 0.000006 0.000400
Th 0.00005 0.002 0.00566 0.009 0.00005 0.002 0.00590
Pb 0.003 0.009 0.009 0.005 0.003 0.009 0.012
U 0.00038 0.002 0.0113 0.028 0.00038 0.002 0.0094
K 0.00002 0.0001 0.001 0.013 0.00002 0.0001 0.001
Ta 0.0005 0.004 0.01 0.015 0.0005 0.004 0.015
Nb 0.0005 0.004 0.01 0.015 0.0005 0.004 0.015
La 0.0005 0.004 0.015 0.0007 0.0005 0.0031 0.03
Ce 0.0005 0.004 0.038 0.017 0.0005 0.004 0.08
Sr 0.00004 0.0007 0.091 0.0007 0.00004 0.0007 0.091
Nd 0.00042 0.012 0.0884 0.064 0.00042 0.012 0.088
Hf 0.0011 0.024 0.1400 0.4 0.0022 0.03 0.2835
Sm 0.0011 0.02 0.1509 0.23 0.0011 0.02 0.299
Ti 0.015 0.086 0.14 0.6 0.015 0.086 0.350
Gd 0.0011 0.065 0.16 1.2 0.0011 0.0065 0.350
Dy 0.0027 0.065 0.17 2 0.0027 0.011 0.400
Er 0.013 0.065 0.18 3 0.013 0.045 0.420
Yb 0.02 0.08 0.25 5.5 0.020 0.08 0.450
Lu 0.02 0.12 0.276 7 0.020 0.12 0.511

Mineral modes 0.53 0.08 0.34 0.05 0.53 0.29 0.18
Melt reaction �0.05 0.49 �1.31 �0.13 �0.375 0.5 �1.125

a
Spinel is considered to be inert and has very low partition coefficients for these incompatible elements and is ignored in the calculations.
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the water content provided in Table 6 is on the high

side.

Appendix A: Description
of Dynamic Content

[46] The manuscript has two Microsoft Excel files

attached: Tables A1 and A2. Table A1 contains

the data used to obtain the average MORB com-

position. This file contains three worksheets.

‘‘References’’ contains the references for the data

given by the PetDB database. ‘‘Samples’’ contains

the chemical data and the keyed reference for the

samples used in the estimate. Rows 141 through

148 of this worksheet contain the ridge segment

average of the southern Mid-Atlantic Ridge, based

on the data of Le Roux et al., reference 1107

and 1110 of the PetDB database. Worksheet

‘‘EWI9309’’ contains the data on which the seg-

ment averages from rows 141 through 148 of the

Figure 9. Comparison of the DM based on the trace element ratios in basalt and those based on melting models
(green). Shown are calculated DM compositions that will yield D-MORB (purple pattern) for 8 to 20% melting.
Shaded blue and orange fields are DM estimates from this paper as in Figure 8. The purple pattern is D-MORB; the
purple area is D-MORB pattern with its observed variation (2 standard deviation; see spreadsheet D-MORB-
comp.xls). Abundances are normalized to BSE [McDonough and Sun, 1995].
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‘‘Samples’’ worksheet are based. The ‘‘Samples’’

worksheet also provides the average and the me-

dian as well as the standard deviation for the

MORB estimate for both elemental abundances

as well as trace element ratios that are used to

calculate the DM composition.

[47] The second Microsoft Excel file, Table A2,

contains three separate worksheets. The first work-

sheet, ‘‘Periodic table D-MORB,’’ is the worksheet

implementation of Figure 1 using the D-MORB

estimate from the Table A1 file. The calculated

composition is displayed in the orange box in the

columns labeled ‘‘model,’’ and these values are

fixed. Changes in the constraining ratios (columns

‘‘F’’ and ‘‘L’’) result in changes in the values in the

‘‘Active’’ columns. The constraints derived from the

isotopic compositions are described in the blue box

and are linked to the appropriate ratios in the orange

box. Changes in the isotope ratios (row ‘‘MORB

now’’ or changes in the average depletion age (‘‘X in

years’’) result in changes in the constraining ratios

and in the linked ‘‘active’’ cells. Some changes in the

constraints will result in changes in Ce/Pb, La/Nb,

and Re/Yb. These ratios are displayed in the red box

and for a viable model the ‘‘active’’ values should

stay within the minimum and maximum.

[48] The worksheets labeled ‘‘All MORB La < 5’’

and ‘‘All-MORB’’ provide estimates based on the

alternative compilations.
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