
compute the ICS and DCS from the S-matrix,
with or without resonance contributions. The
results for the final (5/2f ) state of NO, where the
effects are most pronounced, are shown in Fig. 3.
The peaks in the ICS corresponding to both
resonances II and III vanish when we only in-
cluded the background contribution (Fig. 3, top).
The effect of the resonances on the DCS at en-
ergies close to these resonances is illustrated in
Fig. 3, bottom. The background contributions (Fig.
3, dashed lines) show the usual pattern of diffra-
ction oscillations, which are most pronounced
for small scattering angles and decrease in
amplitude for larger angles. The effect of the
resonance contributions is substantial; they lead
to additional strong scattering near the forward
and backward directions. Also shown in Fig. 3
is a comparisonofmeasuredand simulated images
at 14.8, 17.1, and 18.2 cm–1. The simulated images
were based on DCSs calculated in this energy
range, with or without resonance contributions,
by taking into account the experimental energy
resolution of 0.3 cm–1. Clearly, the experimental
images showmuch better agreement with the sim-
ulations when the full DCS is taken into account.
Our theoretical analysis demonstrated that the

resonances strongly affect the nature of the DCSs
and allowed us to disentangle normal diffraction
oscillations from the resonance fingerprints in
the DCSs. The DCSs measured for collision en-
ergies in the range of the resonances agreed very
well with the DCSs obtained from the ab initio
calculations, but only when the contributions
from the resonances were fully included. This
directly confirmed that our experiment indeed
images the resonance fingerprints in the DCS.
Our joint experimental and theoretical study

showed that scattering resonances in state-to-
state cross sections can now be probed with spec-
troscopic resolution, even for benchmark and
chemically relevant systems that involve open-
shell species such as NO. DCSs measured at the
resonance energies, combined with a theoret-
ical analysis, provided detailed information on
the multichannel scattering process and explicit-
ly revealed the effects of the resonances. The
theoretical method developed to separate the
resonant contributions to the ICSs andDCSs from
the background will also be applicable to other
systems in which scattering resonances occur.
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ATTOSECOND DYNAMICS

Measurement and laser control of
attosecond charge migration in
ionized iodoacetylene
P. M. Kraus,1 B. Mignolet,2,3 D. Baykusheva,1 A. Rupenyan,1 L. Horný,1 E. F. Penka,4

G. Grassi,1 O. I. Tolstikhin,5 J. Schneider,1 F. Jensen,6 L. B. Madsen,7 A. D. Bandrauk,4

F. Remacle,2 H. J. Wörner1*

The ultrafast motion of electrons and holes after light-matter interaction is fundamental
to a broad range of chemical and biophysical processes.We advanced high-harmonic
spectroscopy to resolve spatially and temporally the migration of an electron hole immediately
after ionization of iodoacetylene while simultaneously demonstrating extensive control over
the process. A multidimensional approach, based on the measurement and accurate
theoretical description of both even and odd harmonic orders, enabled us to reconstruct
both quantum amplitudes and phases of the electronic states with a resolution of ~100
attoseconds.We separately reconstructed quasi–field-free and laser-controlled charge
migration as a function of the spatial orientation of the molecule and determined the shape
of the hole created by ionization. Our technique opens the prospect of laser control over
electronic primary processes.

U
ltrafast charge transfer plays a key role
in chemical reactions, biological processes,
and technical applications. For example,
charge transfer after photoexcitation on
the femtosecond time scale and the asso-

ciated long-lived coherences observed in photo-
synthetic systems (1) or photovoltaic blends (2)
have been invoked to explain the high efficiencies
of energy conversion in these systems. These
charge transfer phenomena are driven by nuclear
motion but typically involve amuch faster, purely
electronic response. This phenomenon was pre-
dicted theoretically and called charge migration

to distinguish it from the nuclear dynamics–
driven charge transfer (3–6). Charge migration
arises whenever multiple electronic states are
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coherently populated. Charge migration is likely
to be responsible for the unexpected selectivity in
photofragmentation of ionized peptides (7), lead-
ing to the concept of charge-directed chemistry
(8).Moreover, it offers approaches to probing elec-
tron correlation andorbital relaxationphenomena
(3, 5, 6). These prospects make the measurement
of charge migration a key goal of attosecond sci-
ence (9). Even more promising is the prospect of
controlling charge migration. Steering electrons
inside molecules is expected to yield control over
reactivity, thereby providing access to regions of
potential energy surfaces and consequent reaction
pathways that usually remain unexplored (10).
Previously described techniques formeasuring

electronic dynamics include transient absorption
(11), sequential double ionization (12), and photo-
fragmentation spectroscopy (13). Although pio-
neering work on phenylalanine recently reported
a resolution of better than 4.5 fs (13), such mea-
surements of intramolecular dynamics are inher-
ently limited in temporal resolution by the use
of an infrared pulse. Electronic dynamics after
strong-field ionization (SFI) have also been in-
ferred fromhigh-harmonic spectra. This approach
has been established in seminal studies (14, 15),
but a direct reconstruction of the dynamics has
remained out of reach, either because no recon-
struction approach was established or because
experimental data were lacking. Another pio-
neering approach demonstrated the tomographic
reconstruction of time-dependent orbitals at the
expense of temporal resolution (16).

Weadvancedhigh-harmonic spectroscopy (HHS)
to reconstruct, at a resolution of ~100 attoseconds
(as), the full quantum dynamics of charge mi-
gration in spatially oriented polar molecules.
We measured both amplitudes and phases of
high-harmonic emission from oriented mole-
cules at multiple wavelengths of the driving
field. Scaling the wavelength is equivalent to
tuning the excursion time of the photoelectron
wave packet on the attosecond time scale (17).
We show that this set of experimental data is
sufficient to reconstruct the amplitudes and
phases of the transiently occupied electronic
states of the cation and to determine the initial
shape of the hole created by SFI.
We demonstrated our technique on iodoacet-

ylene (HCCI) because it encompasses several gen-
eral characteristics of polar polyatomicmolecules.
These include (i) the simultaneous population of
multiple electronic states of the cation by SFI,
(ii) strong laser-induced coupling between these
states, and (iii) a strong alignment dependence
of their coupling. An energy level diagramofHCCI+

is shown in Fig. 1. The Χ̃+ 2P ground state and
Ã+ 2P first excited state [with vertical ionization
potentials I Χ̃

þ
p = 9.71 eV and I Α̃

þ
p = 11.94 eV (18)] are

both appreciably populated by strong-field ioniza-
tion [supplementarymaterials (SM) section 4] and
are coupled by a large transition dipole moment
(1.35 atomic units, which is equivalent to 3.43
Debye) lying parallel to the molecular axis. This
large value originates from the charge-transfer
nature of this p → p* transition (19).

We use control over the spatial orientation of
the molecule to separately reconstruct quasi–
field-free and laser-driven charge migration. For
molecules aligned perpendicular to the laser po-
larization (Fig. 1B), the effect of the laser field on
charge migration is negligible. For parallel mol-
ecules (Fig. 1C), the laser field induces substantial
population transfer between the Χ̃+ and Ã+ states,
which depends on the head-to-tail orientation of
the molecule.
The concept of the experiment is presented

in Fig. 2A. Control over the spatial orientation
of the molecules is achieved by impulsively
orienting the molecules (20). The fixed-in-space
ensemble of molecules is then interrogated by
a high-harmonic generation (HHG) pulse one
rotational period (157.0 ps) later under other-
wise field-free conditions. The time resolution
in our experiment arises from the subcycle nature
of the HHG process: Every emitted harmonic
order can be associated with a unique transit
time of the electron wave packet in the con-
tinuum by experimentally selecting the short
electron trajectories (21, 22).
The reconstruction of charge migration in

the cation requires several observables. The ratios
of emission intensity between molecules aligned
parallel or perpendicular to the polarization of
the probe pulse (Fig. 2B) exhibit minima located
at markedly different photon energies: 23.2 eV
for 800 nm (laser field period 2.67 fs) and 35.3 eV
for 1300 nm (laser field period 4.33 fs). Such a
strong wavelength dependence of the observed
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Fig. 1. Electronic energy levels and orientation dependence of charge
migration in the iodoacetylene cation. (A) Energy level diagram. (B and
C) Illustration of quasi–field-free charge migration (B) and laser-controlled
charge migration (C).The energies are computed at the EOM-IP-CCSD/cc-pVTZ
level of theory. Strong-field ionization by infrared photons (red arrows) pre-
pares the electron hole. Its evolution is encoded in the high-harmonic emission
(violet arrows) at the instant of recombination. For molecules aligned

perpendicular to the laser field as shown in (B), the populations of the X̃
þ

and Ã+ states are time-independent. Charge migration takes place as under
field-free conditions. The laser field induces strong population transfer be-
tween the X̃+ and Ã+ states for molecules aligned parallel to the laser field, as
depicted in (C).The evolution of the hole density is represented by |hFN–1(t)|FNi|2,
where FN and FN–1(t) are the N and N – 1 electron wave functions of the
neutral and ionized molecule, respectively.
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minimum cannot be contained in the photo-
recombination matrix elements and indicates
attosecond electronic dynamics in the cation
(23, 24). Purely structural minima contained in
the photorecombination matrix elements do not
shift in photon energy when the driving wave-
length is changed (25).
Spatially resolving charge migration in the

general class of polar molecules additionally
requires orientation (i.e., a head-to-tail order),
resulting in even-harmonic emission. This was
achieved using one phase-controlled two-color
(800 nm + 400 nm) laser pulse for impulsive
orientation (26). Figure 2C shows the intensity
ratio of the even harmonics to the averaged in-
tensity of the two adjacent odd harmonic orders
(the even-to-odd ratio) observed using a HHG
driving wavelength of 800 nm.
A full characterization of electronic quantum

dynamics becomes possible through the additional
measurement of the phase of high-harmonic
emission. We measured the phase fHHG as a
function of the alignment angle of the molecules
by generating high harmonics in two spatially
separated sources in the gas jet (27). Here, we
extended this technique to a broad range of
wavelengths by working with a liquid crystal
mask that introduces a voltage-tunable phase

shift in one-half of the unfocused probe-beam
wave front (SM section 1). Phase measurements
for driving wavelengths of 800 nm and 1300 nm
are shown in Fig. 2, D and E, for selected har-
monic orders. The phase variation as a function
of the alignment angle strongly depends on the
harmonic order and driving wavelength, not just
the emitted photon energy, again suggesting a
pronounced charge migration on the attosecond
time scale. The phase differences for molecules
aligned parallel or perpendicular to the polariza-
tion of the laser field for all harmonic orders are
summarized in the SM, section 1.
The reconstruction of charge migration in

terms of initial (as prepared by ionization at t ′)
and final (at t, the instant of photorecombina-
tion) populations and phases of the states of
the cation is a numerical inversion problem
employing a generalized theory of HHG (SM
section 2) that describes all experimental inten-
sity ratios and phase differences between mole-
cules aligned parallel or perpendicular to the
laser field. The initial and final populations
and phases were retrieved in a global nonlinear
least-squares optimization using a Levenberg-
Marquardt algorithm with multiple starting
values. Our theory includes all relevant electronic
states, the continuum structure through the

use of scattering-wave matrix elements (28), nu-
clear motion through autocorrelation functions
derived from photoelectron spectra (SM sec-
tion 2), and the molecular axis distribution.
The photorecombination dipole matrix elements
and the angular variation of the ionization rates
were calculated theoretically. These quantities
are experimentally accessible using narrow-
band extreme ultraviolet sources and/or charged-
particle detection, which were not available in
this study. Because the emission from several
channels adds coherently, our experiment is
sensitive to both the amplitudes and the phases
of the involved electronic states. The mapping
from photon energy to transit time (t = t – t ′)
was performed using quantum electron tra-
jectories obtained by the saddle-point method
(29–31).
We first reconstructed charge migration for

molecules aligned perpendicular to the 800 nm
driving field. The reconstructed initial popula-
tions are given in Fig. 3B. These results compare
well both with time-dependent density func-
tional theory (TDDFT) (SM section 4) (32) and
with weak-field asymptotic theory (WFAT) (SM
section 2) (33). Combined with the experimen-
tally retrieved initial phase Dϕ ¼ ϕΑ̃

þ ðt ¼ 0Þ−
ϕΧ̃

þ ðt ¼ 0Þ (Fig. 3C) between the ground state
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Fig. 2. HHG monitoring of charge migration.
(A) Concept of the experiment: HHG (upper pa-
nel) provides a unique transit time–energy map-
ping as a consequence of the subcycle timing of
the electron trajectories (thin lines, lower panel) in
the laser field (thick lines). (B) Intensity ratio of
high harmonics emitted from molecules aligned
parallel or perpendicular to the laser field for 800 nm
[1.1 (T0.2) × 1014 W/cm2] and 1300 nm [0.9 (T0.1) ×

1014 W/cm2]. The insets show the variation of the intensities of selected harmonic orders of 800 nm. (C) Even-to-odd ratio for oriented molecules (800 nm).
(D and E) Alignment dependence of the high-harmonic phase fHHG using 800-nm and 1300-nm pulses, respectively. A sum of the four lowest even-order
Legendre polynomials was fitted to the experimental data. The error bars (shaded areas) in all figures correspond to the standard deviation of the measured
signal fluctuations. All data were obtained by averaging the signals from at least 1500 laser shots.

RESEARCH | REPORTS



and the first excited electronic state of the cation,
charge migration is reconstructed as shown in
Fig. 3A. The spatial representation of the elec-
tron densities further requires the computation
of molecular orbitals, which must be chosen to
be consistent with those used in the calculation
of the photorecombination matrix elements (SM
section 2). It also requires the knowledge of the
difference of the vertical ionization potentials
of the field-free eigenstates, which determines
the oscillation period of 1.85 fs and is known
from photoelectron spectroscopy (18).
Strong-field ionization was found to create a

one-electron hole localized at the iodine side of
the molecule (Fig. 3D), compatible with the low
ionization potential and high polarizability of the
I atom. Subsequently, the hole delocalizes over
the molecule and then localizes at the acetylene
side after 930 as. Because the differential Stark
shift of the Χ̃+ and Ã+ levels at the maximal ap-
plied field amounted to only 18 meV (SM, sec-
tion 3, and fig. S11) or 0.8% of the energy level
separation, and population transfer is absent by
symmetry, the reconstructed dynamics corre-
spond to quasi–field-free charge migration.
We found a ~p difference in the relative initial

phase of the Χ̃+ and Ã+ states for parallel align-
ment (Fig. 3C), which implies that the hole is
created on the acetylene side (Fig. 3E). Thismeans
that the electron hole is created on the opposite
side from where the electron tunneled because
ionization via the iodine atom is dominant
(fig. S5). Although this result appears counter-
intuitive at first sight, the reconstructed hole is
consistent with ionization to the lowest-lying

multielectron eigenstate of the cation in a static
field (fig. S12).
The subsequent charge migration for parallel

alignment is controlled by the laser field (Fig. 4)
and differs substantially from the field-free evo-
lution (Fig. 3A). We first discuss the results ob-
tained with 800-nm pulses. Figure 4A shows
the fractional population of the Χ̃+ ground
state (solid blue line) and the relative phase
DϕðtÞ ¼ ϕΑ̃

þ ðtÞ − ϕΧ̃
þ ðtÞ between the Χ̃+ andÃ+

states (dashed cyan line) for all reconstructed
delays. The first striking feature is the strong
depletion of the Χ̃+ state for early transit times.
The population of the Χ̃+ state reaches a min-
imum at 1.02 fs before increasing again. The
relative phase between the two eigenstates shows
a pronounced jump around the time of maximal
depopulation of the ground state. Figure 4A also
shows the reconstructed hole density at selected
transit times for electron tunneling via the iodine
atom. For electron tunneling via the hydrogen
atom (Fig. 4B), the population transfer is mark-
edly different from tunneling via iodine (Fig. 4A).
Again, the ground state is strongly depopulated
at the first reconstructed delay, but its repopula-
tion begins earlier than in Fig. 4A. One of the
crucial observables for the reconstruction of
side-dependent charge migration is the rela-
tive intensity of the even harmonics. Our recon-
struction procedure additionally includes the
sign dependence of the transition dipole moment
on the molecular orientation (SM section 2). The
temporal uncertainty in the reconstruction is har-
monic order–dependent and amounts to ±110 as
on average. The temporal accuracy is limited by

the uncertainty in the peak intensity needed to
connect the electron transit time to the emitted
photon energy (22, 29) and the different transit
times associatedwith the electronic states of the
cation involved in the dynamics. The shaded area
represents the combined error from all experi-
mental uncertainties.
Turning to the results obtained at 1300 nm,we

again find strong population transfer in the laser
field, as shown by the reconstructed populations
in Fig. 4C for tunneling via the iodine atom. The
fractional ground-state population gradually in-
creases until 1.53 fs and then decreases again.
Our reconstruction shows a second minimum of
the Χ̃+ population at 1.71 fs and a subsequent
rise for longer delays. For tunneling via the hy-
drogen atom (Fig. 4D), the behavior is similar,
with the maximal population shifted to earlier
delays. The electron hole densities reconstructed
from the populations and relative phases dem-
onstrate the strong laser control over the dy-
namics. This fact is further illustrated by movies
S1 to S4, which show very rapid changes in the
hole density associated with the reconstructed
phase jumps. These results clearly show that
both the site of electron tunneling and the laser
wavelength offer extensive control over charge
migration. They also highlight the highly non-
adiabatic nature of the strongly driven electronic
dynamics (fig. S10).
Our experimental reconstruction of the time-

dependent populations and phases is supported by
independent calculations (Fig. 4E). The population
transfer was calculated by solving the time-
dependent Schrödinger equation for the two
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Initial population amplitudes and phases Hole densities at 
ionization

Fig. 3. Reconstruction of quasi–field-free chargemigration. (A) The reconstructed electron dynamics
as a function of time after ionization. (B and C) Reconstructed values for the population amplitudes |pi|
(i = X̃+, Ã+) for perpendicular alignment (B), which are compared to theory (see text), and for the relative
initial phase Dϕ (C). All error bars in this work were determined from the experimental errors and the

uncertainties in the intensity and alignment axis distribution (SM section 2). (D and E) Reconstructed hole density at the time of ionization for perpendicular
(D) and parallel alignment (E). The arrows illustrate the direction of excursion of the continuum electron wave packet.
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lowest-lying electronic states of the cation, with
all input taken from high-level ab initio calcula-
tions (SM sections 3 and 5) and the relative
initial phase Dϕ taken from the experimental

reconstruction. We have validated the two-state
approach in our reconstruction by comparing
time-dependent calculations containing between
2 and 10 electronic states of HCCI+ and found

that the dynamics are accurately predicted when
only the Χ̃

þ
and Ã+ states of the cation are in-

cluded (fig. S8).
The theoretical population transfer for 800 nm

and tunneling via the I side (blue line in Fig. 4E)
correctly predicts the near-complete depletion
and repopulation of the ionic ground state, in-
cluding the associated phase jump. The theoret-
ical depopulation of the ground state is weaker
than the reconstructed one (Fig. 4A), and the
phase jump is consistently less pronounced. Such
jumps are most pronounced for complete de-
populations and repopulations of states (see fig.
S6, which also shows calculations for tunneling
via the H atom). For 1300 nm, the calculations
qualitatively agree with the reconstructed dynam-
ics, but the population maximum occurs later
than in the experimental results by ~300 as.
Given the complexity of the nonadiabatic elec-
tronic dynamics (fig. S10), the agreement between
experiment (Fig. 4, A and C) and calculations
(Fig. 4E) is highly encouraging. The nonadiabatic
electronic dynamics introduces a strong depen-
dence of the population transfer on the exact
parameters of the laser pulse. The remaining
discrepancies may result from electron correla-
tion between the continuum wave packet and
the bound electrons beyond that taken into ac-
count in the present mean-field description of
photorecombination.
Our work outlines several general aspects of

the preparation and control of charge migration
by intense laser pulses. First, the initial phase of the
hole wave packet strongly depends on the orienta-
tion of the molecule with respect to the ionizing
laser field (Fig. 3, D andE). This suggestsmolecular
alignment and orientation both as necessary for a
well-characterizedmeasurement and as an attract-
ive control parameter. Second, the laser field can be
used to achieve extensive control over charge mi-
gration, especially when the relevant transition
dipole moments are large and the level separa-
tions are small, resulting in strongly nonadiabatic
electronic dynamics. The demonstrated laser con-
trol can be further refined by using laser pulses
with subcycle-controlled waveforms (34)—for
example, to steer the electron hole to a particular
position within themolecule where it can trigger
a desired chemical reaction.
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Evidence for primordial water
in Earth’s deep mantle
Lydia J. Hallis,1,2*† Gary R. Huss,1,2 Kazuhide Nagashima,2 G. Jeffrey Taylor,1,2

Sæmundur A. Halldórsson,3‡ David R. Hilton,3 Michael J. Mottl,4 Karen J. Meech1,5

The hydrogen-isotope [deuterium/hydrogen (D/H)] ratio of Earth can be used to constrain the
origin of its water. However, the most accessible reservoir, Earth’s oceans, may no longer
represent the original (primordial) D/H ratio, owing to changes caused bywater cycling between
the surface and the interior.Thus, a reservoir completely isolated from surface processes is
required to define Earth’s original D/H signature. Here we present data for Baffin Island and
Icelandic lavas,which suggest that the deepmantle has a low D/H ratio (dDmore negative than
–218 per mil). Such strongly negative values indicate the existence of a component within
Earth’s interior that inherited its D/H ratio directly from the protosolar nebula.

E
stablishing Earth’s initial D/H ratio is im-
portant for understanding the origin of our
planet’s water, as well as the dynamical pro-
cesses that operated during planet forma-
tion in the solar system.However, evolution

of this ratio occurs over time as a result of surface
and mantle processing. Collisions with hydrogen-
bearing planetesimals or cometarymaterial after
Earth’s accretion should have altered the D/H ra-
tio of the planet’s surface and upper mantle (1).
In addition, experimentally based chemicalmod-

els suggest an increase in the atmospheric D/H
value by a factor of 2 to 9 since Earth’s formation
(2). Preferential loss of the lighter hydrogen iso-
tope from the upper atmosphere causes this in-
crease, driven by thermal atmospheric escape or
plasma interactions with the atmosphere. As at-
mospheric D/H is linked with that of ocean wa-
ter and sediments, the D/H ratio of the mantle
also increases with time via subduction and con-
vective mixing. Only areas of the deep Earth that
have not participated in this mixing process are
likely to preserve Earth’s initial D/H ratio.
Studies of the trace-element, radiogenic-isotope,

and noble gas isotope characteristics of mid-
ocean ridge basalts (MORBs) and ocean-island
basalts (OIBs) reveal the existence of domains
within Earth’s mantle that have experienced dis-
tinct evolutionary histories (3, 4). Although alterna-
tive theories exist [e.g., (5)], most studies suggest
that high 3He/4He ratios in some OIBs indicate
the existence of relatively undegassed regions in
the deep mantle compared to the upper mantle,
which retain a greater proportion of their pri-
mordial He (6, 7). Helium-isotope (3He/4He) ra-
tios more than 30 times the present-day ratio of
Earth’s atmosphere (RA = 1.38 × 10−6) (8) can be
found in volcanic rocks from oceanic islands, in-

cluding Iceland andHawaii (9–12). Early Tertiary
(60-million-year-old) lavas from Baffin Island and
west Greenland, which represent volcanic rocks
from the proto/early Iceland mantle plume, con-
tain the highest recorded terrestrial 3He/4He ra-
tios of up to 50 RA (6, 7). These lavas also have Pb
and Nd isotopic ratios consistent with primordial
mantle ages [4.45 to 4.55 billion years (Ga)] (13),
indicating the persistence of an ancient, isolated
reservoir in the mantle. The undegassed and
primitive nature (14) of this reservoir means that
it could preserveEarth’s initial D/H ratio. This study
targets mineral-hosted melt inclusions in these
rocks in search of this primordial signal.
A range of D/H ratios are found on Earth. We

compare the ratio of deuterium (2H or D) to hy-
drogen (1H) relative to Vienna Standard Mean
Ocean Water (VSMOW, D/H = 1. 5576 × 10–4)
using dD = {[(D/H)unknown/(D/H)VSMOW] – 1} ×
1000, in units of parts per thousand [permil (‰)].
The hydrological cycle fractionates hydrogen,
creating glacial ice [standard Greenland Ice Sheet
Precipitation dD = –190‰ (15)], ocean water
(VSMOW dD = 0‰), and fresh water [dD = 0 to
–300‰ (16)] reservoirs. Subduction provides a
means to mix water back into the mantle, produ-
cing a variation in dD from –126 to +46‰ from
slab dehydration and sediment recycling (17, 18).
The MORB source appears to be better mixed,
with a uniform dD of –60 ± 5‰ (19).
We measured the D/H ratios of olivine-hosted

glassymelt inclusions in two depleted picrite sam-
ples (basaltic rockswith abundantMg-rich olivine)
from Padloping Island, northwest Baffin Island
(20), and in three picrite samples from Iceland’s
western and northern rift zones (9–11). The high
forsterite (Fo) contents of these olivines (Fo87-91)
suggest crystallization from primitive melts (21).
Wemonitored possible contamination from crust-
al materials, or meteoric water due to weathering,
by measuring the oxygen-isotope ratios of the
samples (21). One Icelandic sample shows slight-
ly raised d18O, indicative of crustal contamination.
All other samples fall within the range expected
for uncontaminated mantle-derived samples.
Baffin Islandmelt inclusions are characterized

by extremely lowD/Hratios, from dD –97 to –218‰
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