relatively strong reflector in the 0.2- to
0.5-Hz range, requiring that substantial
changes in elastic properties take place over
a narrow 5- to 12-km depth interval (16,
17). This constraint means that the major
reaction, spinel breakdown, must be
pseudounivariant, which is only consistent
with perovskite being Al,O;-poor at the
660-km discontinuity. In addition, global
seismological models (1) indicate that the
region between 660 and 750 km exhibits
steeper velocity-depth gradients than the
region below 750 km, which would be con-
sistent with the gradual dissolution of gar-
net into perovsKite accompanied by tie-line
rotation. Whichever model is correct, pe-
rovskite and magnesiowiistite in peridotite
must have similar values of Fe# (0.11) un-
der lower mantle conditions, a fact that
impacts physical properties of the mantle
such as density and electrical conductivity.

From the standpoint of crystal chemis-
try, it is interesting and unusual that AL,O,
has such a large effect on the Fe content of
perovskite. Kesson et al. (18) observed that
perovskites with up to 25 weight % AlLO,
could be synthesized at 60 GPa on the join
Mg,ALSi;0,,-Fe;AlLLS1,O,, for all values
of Fe# between 0.0 and 0.75. Perovskites
much richer in Fe and Al than those of this
study are therefore. stable under deeper
mantle conditions. Coupling between Al
and Fe may be inferred from comparison
with the work of Ito and Takahashi (19),
who found only 1.3 weight % AL,O; in pure
MgSiO;  perovskite, in contrast to 8.9
weight % in (Mg,Fe)SiO; found by us under
the same pressure-temperature conditions.
Although the Fe oxidation state in product
perovskites is unknown, one possible expla-
nation for the apparent Fe-Al coupling is
that a substantial part of the Fe enters as
Fe’* through solution of the component
Fe'"AlO,. This hypothetical perovskite
would have Fe** on the dodecahedral site
and AP** on the octahedral site. The pres-
ence of this component seems more likely
than the alternative, that small amounts of
octahedral AI** dramatically change the
thermodynamic properties of Fe?* on the
dodecahedral site.
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Iridium in Natural Waters

A. D. Anbar,” G. J. Wasserburg, D. A. Papanastassiou,
P. S. Andersson

Iridium, commonly used as a tracer of extraterrestrial material, was measured in rivers,
oceans, and an estuarine environment. The concentration of iridium in the oceans ranges
from 3.0 (=1.3) X 108 to 5.7 (+0.8) X 102 atoms per kilogram. Rivers contain from 17.4
(£0.9) X 108 t0 92.9 (=2.2) X 108 atoms per kilogram and supply more dissolved iridium
to the oceans than do extraterrestrial sources. In the Baltic Sea, ~75% of riverine iridium
is removed from solution. Iron-manganese oxyhydroxides scavenge iridium under ox-
idizing conditions, but anoxic environments are not a major sink for iridium. The ocean
residence time of iridium is between 2 X 10% and 2 X 10* years.

Itidium and the other platinum group ele-
ments (PGEs) are used as tracers of extra-
terrestrial material because these elements
are enriched in meteorites relative to
Earth’s crust (1). The high concentration of
Ir in sediments and rocks at the Cretaceous-
Tertiary (K-T) boundary is thought to be
the result of an extraterrestrial impact that
caused mass extinction (2). Smaller Ir en-
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richments are coincident with other extinc-
tion horizons (3). The long-term extrater-
restrial flux is quantified from the Ir burial
flux recorded in deep-sea sediments (4).
Understanding the aqueous geochemistry of
Ir is important because most sediments are
deposited in aquatic environments and may
be subject to aqueous alteration after depo-
sition. Low concentrations of Ir in natural
waters have limited the study of its geo-
chemistry. However, recent advances in
negative thermal ionization mass spectrom-
etry (NTIMS) provide the sensitivity to
measure Ir in typical crustal materials (5).
In combination with ultraclean chemical
separation techniques, we used isotope di-
lution and NTIMS to characterize the nat-
ural water chemistry of Ir. This method
permits the analysis of Ir in as little as 4
liters of water from the open ocean (6, 7), a



Kalixélven

Norway Sweden

Fig. 1. Map of the Baltic Sea showing the sam-
pling stations and the geographic distribution of
freshwater inputs. Dashed lines: 40-m depth con-
tour. Dotted lines: 100-m depth contour.

100-fold improvement over earlier methods
(8). Similar methods are applicable to the
other PGEs.

The samples we chose reflect a range of
water types, including surface and deep wa-
ters in the Pacific Ocean and North Sea,
oxic and anoxic waters in the Baltic Sea,
and river waters entering the Baltic Sea.
The Pacific Ocean was sampled at Station
Aloha (22°N, 158°W), where salinity, tem-
perature, dissolved oxygen, and nutrients
are routinely analyzed and where conserva-
tive and particle-reactive trace elements
were recently studied (9). The Baltic Sea
(Fig. 1) is a 21,000-km> estuarine environ-
ment in which fresh waters from both pris-
tine and polluted rivers mix with water
from the North Sea. The residence time of
water in the Baltic Sea is ~40 years. A
permanent halocline separates surface wa-
ters with salinity of 7 to 8 per mil from
bottom waters with salinity of 10 to 13 per
mil. The net outflow, governed by surface
waters, passes through a narrow, shallow
region (the Kattegat), which prevents free
exchange between the North Sea and the
Baltic Sea. Bottom waters are renewed ev-
ery 10 years or so when severe storms drive
large volumes of seawater through the Kat-
tegat. After renewal, anoxic conditions de-
velop rapidly in deep basins. Baltic hydrol-
ogy and trace element geochemistry have
been studied extensively (10—14).

We determined the concentration of Ir
(C,,) at depths of 25 and 1000 m in the
open Pacific and at a depth of 80 m in the
North Sea (Table 1). The similar Ir con-
centration in the Pacific Ocean and the
North Sea, in the Pacific mixed layer, and
at depth in the Pacific suggests that Ir is
relatively well mixed in the oceans. The
~other PGEs vary more with depth (15, 16).
The average of our measurements is 4 X 108

Table 1. Iridium in natural waters. Analytical precision (#2¢) includes contributions from ion counting
statistics propagated through the isotope dilution equation and uncertainties in the chemical blank (7).
Reproducibility of replicate analyses was within this precision, except when comparing results of
procedure 1 with those of procedure 2 in some samples. The slightly higher concentrations determined
with procedure 2 cannot be accounted for by contamination. However, procedure 2 can scavenge
complexes and particulates not sampled by procedure 1.

Depth Sallinity Ir
Sample and date m) (per mil) (10° atoms kg~
Seawater
22°45' N, 158°00" W (Pacific Ocean)
Aloha At,9,** (9/94) 25 34.82 3.0+13
Aloha At,9,** (9/94) 25 34.82 34+14
Aloha At (9/94) 25 34.82 57*0.8
Aloha Ct (9/94) 1000 34.46 4.4 +0.6
57°30' N, 6°59' E (North Sea)
H67 (5/91) 80 35.18 3.4 +06
Riverwater
Kalix A$,** (5/92) - - 182 1.2
Kalix At (5/92) - - 285+ 14
Kalix B (6/95) - - 17.4 £ 0.9
Nevaif (5/93) - - 497 1.3
Vistulat (2/93) - - 929+ 22
Baltic Sea
57°20" N, 20°03' E
BY-15 A§,** (5/92) 5 7.30 10.0 £ 1.0
BY-15 A§ (5/92) 5 7.30 11.8+1.2
BY-15 B (5/95) 30 7.23 10.7 1.0
BY-15 C§,** (5/92) 125 9.89 109 +1.2
BY-15 D§ (5/92) 150 10.45 38.6 = 2.1
BY-15 E§ (5/92) 225 11.16 389+ 2.2
59°02' N, 21°05' E
BY-28 At,* (5/91) 75 7.93 109 = 1.1
BY-28 Bj,#,** (5/90) 50 7.31 142 +20
65°23' N, 23°30' E
F-2%,** (6/91) 50 3.55 113+1.2
Kattegat-Transition region
56°40' N, 12°07' E
Anholt (6/95) 15 19.92 255 *+1.5
*108 atoms kg=' = 1.66. X 1076 mol kg~='. tAcidified, unfiltered. Filtered to 0.45 um, then acidified.

§Filtered to 0.10 pm, then acidified.

are ~4 liters. #Average of two analyses.
samples (6).
atoms kg~! (10% atoms kg™! = 1.66 X

1071% mol kg™!), 10 to 100 times lower
than earlier results for near-shore waters off
southern California (8). Iridium is less
abundant in seawater than Pt, Pd, Ru, Rh,
Os, or Au (15, 17). Apparently, Ir is the
rarest stable element in the oceans.

We also determined C,, in the Kalixil-
ven, Neva, and Vistula rivers, which are
representative of freshwaters entering the
Baltic Sea. The Kalixilven, which drains
Precambrian crystalline rocks in the north,
is considered to be pristine (14). In this
river, C,, is nearly an order of magnitude
higher than in seawater (Table 1). The
dissolved metal load is variable during May
and June because of variable snowmelt, as
indicated by the ~30% difference between
the C,, measurements in May 1992 and
June 1995. The concentration of Mn in
these samples also varies but is similar to
the annual average concentration for this
river (14). Therefore, we infer that the
annual average C,, is ~20 X 10® atoms
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qEight-liter sample volume; all others

kg~!. The Neva and Vistula rivers drain
weathered Phanerozoic sedimentary rocks
and are polluted by metallurgical industries
and coal combustion; therefore, these rivers
are enriched in a variety of dissolved com-
ponents relative to the world river average
(11). The Ir concentration in these rivers is
two to five times that in the Kalixilven and
is similar to the concentration in seawater
near Los Angeles, California (8).

To study the behavior of Ir during estua-
rine mixing, we made measurements in oxic
waters with salinity of 4 to 10 per mil from
above the halocline in the Baltic Sea. The
concentration of Ir was extremely uniform in
these waters (Table 1) and fell well below the
conservative mixing line defined by the
North Sea and the average Baltic river input
(Fig. 2). These observations indicate that
~75% of the dissolved Ir delivered by river
water is removed rapidly from solution in the
Baltic Sea (18), probably into sediments rich
in ferromanganese or organic material. Floc-
culation of Fe-Mn oxyhydroxides is observed
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at the river mouths and in the gulfs of the
Baltic Sea and influences the transport of
other trace metals. Iridium is readily scav-
er}ged by ferromanganese phases in seawater
and freshwater solutions at pH 7 to 9 (19) and
is associated with Fe-Mn oxyhydroxides in
marine sediments (16, 20, 21). In the Baltic
Sea, the pH is =7.5 and can be >8. Iridium
was. enriched in a Baltic sample filtered after
acidification (BY-28 B), indicating that
~30% of labile Ir is associated with particles
larger than 0.45 wm. Manganese-oxyhydrox-
ide is a substantial component of these parti-
cles (11). The PGEs also have a high affinity
for organic compounds and organisms in nat-
ural waters (22); A large amount of organic
material enters the Baltic Sea as humic sub-
stances in river waters, and about 75% of this
material accumulates in sediments in brackish
waters (13). The similarity between this figure
and the removal of riverine Ir suggests a con-
nection between Ir and organics.

Evidence of Ir scavenging was not seen
in the Kattegat, where C,, fell close to the
conservative mixing line (Table 1 and Fig.
2). Although the net flow in this region is
outward to the ocean, C; in this high-
salinity sample is best explained by the
mixing of inflowing North Sea-water with
local river water having a C;_ similar to that
of average Baltic river water. Verification of
this hypothesis would require measurement
of Ir in the rivers draining into the Kattegat.
Ir is not significantly depleted in the Kat-
tegat because little Mn and Fe oxide floc-
culation occurs here; unlike Baltic Sea sed-
iments, Kattegat sediments are predomi-
nantly CaCOj; and aluminosilicates (12).

To determine whether anoxic sediments
are an important sink for Ir, we measured
C,, above and below a well-developed redox
boundary in a deep basin (station BY-15).
When these samples were collected, the
deep waters had been stagnant for 13 years
and contained no dissolved oxygen and as
much as 110 ml of H,S per liter. The Ir
content in the anoxic waters was four times
that in the overlying O,-saturated waters

(Table 1 and Fig. 3). These data show that Ir

Fig. 2. Iridium in the Baltic Sea. The circled points are
samples from BY-15 (oxic), BY-28, and F-2 water-
s.Curve a is the conservative mixing line between the
North Sea and average Baltic river water. The flux-
weighted average river concentration is estimated
with the assumption that the Kalixélven is represen-
tative of the rivers draining Precambrian terrain (226
km? year=") and that the Neva and Vistula are repre-
sentative of average river water in their drainage ba-
sins (112 km® year=! and 114 km® year~"). The re-
maining drainage from Phanerozoic terrain (32 km?
year™") is assumed to be similar to the Neva. The.

is not rapidly removed into sediments un-
derlying anoxic waters. This result is con-
sistent with the lack of enrichment of Ir in
anoxic marine sediments (20).

The cause of the Ir enrichment in anoxic
waters is not certain. The observation that
C,, in anoxic waters falls close to the con-
servative mixing line (Fig. 2) suggests that
the initial composition of this water was
determined by mixing of seawater and river
water in the Kattegat during the preceding
renewal event. These events transport water
across the bottom of the Baltic in a matter of
months. The deep waters are then trapped
until the next renewal (10). Because the
incoming waters travel rapidly and have lit-
tle or no contact with the oxic, low-salinity
regions where ferromanganese sedimenta-
tion occurs, they could reach the basin with
little loss of Ir. In this case, we can infer that
incoming seawater mixes little with Ir-de-
pleted Baltic waters, and that the C;, of river
water entering the Kattegat has not changed
in at least the past 13 years.

Alternatively, the enrichment could re-
sult from downward transport of Ir bound to
Mn-oxyhydroxide particles, followed by dis-
solution in anoxic waters. This process ex-
plains enrichments of Th, Sr, Nd, and Sm
at BY-15 (11) and is common in anoxic
basins (23). The similarity of the ratio of
232Th to Ir in oxic and anoxic waters (Fig.
3) indicates that Ir and Th are not strongly

“fractionated by this process and implies that

Ir is as particle-reactive as Th. If true, this is
a surprising result. The affinity of a cation
for oxyhydroxide surfaces, Ky, scales rough-
ly with the first hydroxide binding constant
(Bixon) (24). For I’* and Th**, log
Bion = 9.63 and log B0y = 10.80
(25).  Therefore, K /Ky, T
Birhon) ~0.1. Additionally, Ir has a ten-
dency to form anionic chloro-complexes,
whereas Th does not (16). Ir may also be
stabilized in solution by the formation of
soluble organic complexes. On these
grounds, Ir is expected to be substantially
less particle-reactive than Th in brackish
waters.

75 d T v T X T

Average Baltic river

Ir (108 atoms kg'')

Salinity (per mil)

result, ~46 X 108 atoms kg™, is similar to the con-

centration in the Neva [49.7 (=1.3) X 108 atoms kg~"]. The actual average concentration may be higher
because anthropogenic inputs from southern Sweden are neglected. Curve b is the conservative mixing
line defined by the samples from the North Sea, Kattegat, and BY-15 anoxic waters.
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The residence time of Ir in the oceans
(7) can be estimated from our data. A lower
limit is derived by considering the rate of
removal of Ir from seawater. In pelagic sed-
iments, Ir content correlates with Mn, Co,
and Ni, elements known to be removed by
scavenging (16, 21), and Ir is remobilized
during the reduction of oxic marine sedi-
ments (20). Combined with our findings,
these observations suggest that the dominant
sink of dissolved Ir is scavenging into oxi-
dized deep-sea sediments (hydrogenous scav-
enging). If the total burial flux of Ir in sed-
iments is Fg, then 1 = (SYC M_)/(fzFpA,),
where fg is the fraction of Ir that is hydrog-
enous, M, and A are the mass and area of
the oceans, respectively, and SWC,_is the
average concentration of Ir in seawater. On
the basis of analyses of two deep-sea sedi-
ment cores, Fy was ~107' mol cm ™2 year™!
over the past 10° years (21). Because some of
the Ir in deep-sea sediments must be in the
form of undissolved aeolian dust and mi-
crometeorites, fg < 1. Therefore, T > 2 X
10° years.

An upper limit on 7 is derived from the
inputs of dissolved Ir to the ocean. In this
case, T < (SWC,, M_)/(fxFr + faFa + fiFum
+ F},) if we select a reasonable lower bound
on each term in the denominator. Here, Fy
is the flux of dissolved riverine Ir; fy is the
fraction of this source that reaches the deep
ocean; F, and F, are the fluxes of Ir on
aeolian dust and meteorites, respectively; f,
and fy4 are the fractions of these inputs that
dissolve; and Fyy is the flux of dissolved Ir
from deep-sea hydrothermal systems. The
Kalixilven has the lowest C,;, of any river
studied. We assume that the world’s major
rivers and the Kalixilven have similar val-
ues for C;,. This similarity holds for Mn. In
the Baltic Sea, 25% of riverine Ir survives

Ir (108 atoms kg™')
232Th (101 atoms kg™')

0918273645
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Fig. 3. Iridium (circles and dotted line), 232Th
(squares and dashed line), and O, (solid line) at
station BY-15. The ratio of 232Th to Ir is 210 in oxic
waters and 265 in anoxic waters.



scavenging. This value is probably higher in
other estuaries because the residence time
of water in the Baltic is unusually long;
therefore, fy > 0.25 and fyFy > 35 mol
year~! (26). On the basis of mineral aerosol
flux estimates (27), F, is ~240 mol year™!
if we assume that these aerosols have a
composition similar to average continental
crust. Fy equals 70 * 35 mol year ™!, on the
basis of direct measurements of the meteor-
ite flux (28), if we assume a chondritic
average meteorite composition. Both f, and
fr are unknown but may be small because of
the low solubility of Ir carrier phases such as
metals and sulfides. Gold and the PGEs
have similar distributions in crustal rocks
and similar chemical reactivity. About 3%
of aerosol-borne Au is believed to dissolve
(17). It is reasonable to assume a similar
value for f,. From the Os isotope composi-
tion of marine ferromanganese leachates, it
is known- that 0 = f,, = 0.2 (29). The
magnitude of Fy; is unkhown, but could be
low if Ir is scavenged by Fe-oxyhydroxides
formed during the cooling of hydrothermal
plumes. For these limits, (fgFg + faFa +
fufm T Fr) > 42 mol year—1, with fRFy
the dominant term. Thus, 2 X 10° years <
T < 2 X 10* years. This range is similar to
the values for many trace metals that are
moderately particle-reactive (30).

These estimates show the importance of
terrestrial sources to the ocean Ir budget.
Even if fy, = 0.2, Ir dissolved in rivers
accounts for >60% of the soluble Ir deliv-
ered annually to the oceans and >10% of
the total flux of Ir to deep-sea sediments
(including particulates). Hydrogenous, ter-
restrial Ir may approach 50% of this flux in
regions of low aeolian input. However, mas-
sive meteorite impacts may be large, episod-
ic sources of Ir to seawater if a substantial
fraction of impactor Ir is vaporized and
enters the ocean in dissolved form.

The sensitivity of Ir removal from natu-
ral waters to redox conditions, pH, and
salinity indicates that Ir can be remobilized
and concentrated into certain types of sed-
iments. This could lead to modest Ir enrich-
ments in the sedimentary record without
requiring exogenous Ir. However, at the
K-T boundary, the globally integrated
quantity of Ir in sediments is ~10* times
the total amount of Ir in seawater (2, 31).
This comparison highlights the singular na-
ture of the K-T enrichment. The only ter-
restrial source reasonably capable of supply-
ing this quantity of Ir is an extended period
of volcanism. The time span of 10* to 10°
years represented by the Ir anomaly in the
K-T section at Gubbio, Italy, has been cited
as evidence for such a source rather than a
sudden, exogenous input (32). It has also
been suggested that this span is the result of
bioturbation, diffusion, or weathering of Ir-

enriched fallout on the continents. Howev-
er, on the basis of our estimate of the Ir
residence time in the oceans, an impact-
derived Ir anomaly could persist for such a
time span if dissolved extraterrestrial Ir
from 'this event overwhelms terrestrial
sources and is incorporated into sediments
by hydrogenous scavenging. Therefore, the
width of the Ir anomaly in some K-T sec-
tions can be explained without invoking
secondary alteration or extended periods of
Ir input to the oceans.
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Seismic Evidence for Partial Melt
at the Base of Earth’s Mantle

Quentin Williams* and Edward J. Garnero

The presence of an intermittent layer at the base of Earth’s mantle with a maximum
thickness near 40 kilometers and a compressional wave velocity depressed by ~10
percent compared with that of the overlying mantle is most simply explained as the result
of partial melt at this depth. Both the sharp upper boundary of this layer (<10 kilometers
wide) and the apparent correlation with deep mantle upwelling are consistent with the
presence of liquid in the lowermost mantle, implying that the bottom of the thermal
boundary layer at the base of the mantle may lie above its eutectic temperature. Such
a partially molten zone would be expected to have enhanced thermal and chemical
transport properties and may provide constraints on the geotherm and lateral variations
in lowermost mantle temperature or mineralogy.

Recent seismic observations show that the
base of Earth’s mantle has anomalously slow
P-wave velocities (1, 2). Evidence for a dis-
crete layer is provided by two independent
data types: (i) SKS waves that couple with
short segments of core-diffracted P waves (1)
and (ii) precursors to the core-reflected PcP
phase (2). This layer is within the thermal
boundary between the mantle and the core;
depending on its origin, it may strongly in-
fluence the geomagnetic field, and it likely
affected the evolution and differentiation of
the deep Earth. The P-wave velocity in this
layer is reduced by at least 10% relative to
that in the mantle, with its thickness varying
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between ~5 and 40 km (1). Seismological
data also imply that the transition between
the basal layer and the overlying mantle is
(at least locally) sharp [less than 10 km wide
(2)]. The layer is thick beneath a region
where the lower mantle has large-scale slow-
er-than-average velocities (such as the cen-
tral Pacific: Fig. 1) and is undetectable below
average or faster-than-average lower mantle
material (such as the circum-Pacific) (1),
implying a relation with hot upwellings in
the deep Earth.

Three phenomena could produce this
anomalous basal layer: (i) partial ‘melting,
(ii) a chemical discontinuity, or (iii) a phase
transition in mantle material near a pressure
of 135 GPa, corresponding to depths just
above the core-mantle boundary (CMB) (3).
Although the first two possibilities are not
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Fig. 1. Map view of the inferred thickness of the
low-velocity anomaly, as constrained by SP4KS
ray results. Because the energy of diffracted P
waves along the CMB is constrained to lie pre-
dominantly in the lowermost 50 km of the mantle,
the thickness of this feature may be estimated
from a combination of the observed time of arrival
and length of travel of this phase along the CMB
and waveform analyses [(7)]. MH denotes the lo-
cation of the anomaly characterized by Mori and
Helmberger using precursors to the reflected PcP
phase (2).

exclusive, the last possibility is unlikely.
Both Mg-rich silicate perovskite and Ca-
SiO;-perovskite appear to be stable at pres-
sures spanning those present within most of
the mantle (4, 5); no significant phase tran-
sition is observed in (Mg,Fe)O in this pres-
sure range (6), and the CaCl, structure of
SiO, is apparently stable to pressures in ex-
cess of 130 GPa (7).

Thus, it appears that only a change in
chemistry or the presence of melt can account
for this reduction in seismic velocity. We first
examined the possible origins of a change in
melt fraction 40 km above the CMB. The
amount of melt that can produce a 10% de-
crease in P-wave velocity may be estimated
from the limited data set on elastic properties
of silicate melts and their pressure dependence
(8, 9), coupled with treatments of the elastic
behavior of two-phase aggregates (10, 11). An
upper bound on the effect of an Fe-rich fluid
intercalated in the lowermost mantle may be
derived if one assumes that the fluid has the
properties of the outer core. If the fluid is
instead an ultramafic silicate melt, its bulk
modulus (K) under CMB conditions is uncer-
tain but is likely to lie close to that of the solid
mantle at these depths (8). Coincidentally,
the K of core fluid is also close to that of the
solid mantle at the CMB [644 GPa versus 653
GPa (12)]. We assumed that the K of the melt
is equivalent to that of coexisting solid silicate
mantle material. To estimate the size of the
velocity change associated with the presence
of partial melt, we also inferred the aggregate
density. The density change associated with
the melting of silicates at high pressures is





