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Resonant ion-dip infrared spectroscopy has been used to record size-specific infrared 
spectra of C6H6-(H,O), clusters with n = 1 through 7 in the 0-H stretch region. The 0-H 
stretch spectra show a dramatic dependence on cluster size. For the n = 3 to 5 clusters, 
the transitions can be divided into three types-attributable to free, T hydrogen-bonded, 
and single donor water-water 0-H stretches-consistent with a C6H,-(H,O), structure in 
which benzene is on the surface of a cyclic (H,O), cluster. In n = 6 and 7 clusters, the 
spectra show distinct new transitions in the 3500 to 3600 wave number region. After 
comparisonof these resultswith the predictionsof ab initio calculationson (H,O), clusters, 
these new transitions have been assigned to double donor 0-H stretches associatedwith 
the formation of a more compact, noncyclic structure beginning with (H,O),. This is the 
same size cluster for which ab initio calculations predict that a changeover to noncyclic 
(H,O), structures will occur. 

O n e  of the most powerful probes of inter-
molecular hydrogen bonding (Y-HX) has 
been the perturbations imposed by the hy-
drogen bond on the HX stretch vibrational 
mode. In fact, it has been argued that the 
HX stretching mode provides one of the 
clearest and most sensitive means of estab-
lishing the presence of hydrogen bonding in 
a system (1). 

The H-X stretch distinguishes and char-
acterizes a hydrogen bond by the large red 
shift in its absorption frequency, the signif-
icant increase in its absorotion intensitv 
(often by a factor of 10 or more), and the 
unusual breadth of the transitions (1, 2). 
The H-X stretch is especially sensitive to 
the number, strength, and type of hydrogen 
bonds in which it participates because it 
vibrates directly against the hydrogen bond. 
Water and the alcohols, for example, 
whether as liquid or as solid, have strong, 
broad 0-H absorptions that extend from 
about 3700 to 3100 cm-', with inhomoge-
neous broadening dominating the observed 
breadths (3). 

Gas-phase clusters provide an important 
testing ground for theories aimed at under-
standing the hydrogen bond and its conse-
quences. In particular, the importance and 
complexity of water has fueled much exper-
imental (4-13) and theoretical work (14-
26) on its gas-phase clusters. Recent prog-
ress has been made in characterizing the 
structures and intermolecular binding in 
the water dimer and trimer (4-8), but 
difficulties in observing or assigning transi-
tions to a given (H20), cluster have so far 
hindered studies of larger clusters (9-1 1). 
In particular, beginning at (H20),, non-
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cyclic structures are calculated to be near in 
energy to the S, symmetry cyclic water 
hexamer. The theoretical models differ in 
their predictions for the relative ordering of 
these structures (14, 17-2 1) , and no defin-
itive experimental test of the ordering cur-
rently exists. 

Given water's importance as solvent, 
one also seeks better probes of solute-sol-
vent interactions involving water as sol-
vent. In that case, both the disruption of 
water's structure imposed by the solute mol-
ecule and the site-soecific attractions and 
repulsions between the first shell or shells of 
water molecules and the solute must be 
considered. Benzene is a prototypical aro-
matic incorporated into many biologically 
,important molecules. As a result, benzene-
water interactions have been the focus of 
many studies in the matrix (27) and in 
gas-phase clusters (28-34). 

Our group recently carried out a reso-
nant two-photon ionization time-of-flight 
mass spectroscopy (RZPI-TOFMS) study of 
BW, clusters with n = 1 through 8 (where 
B is benzene and W is water) (28). In that 
work, benzene served as chromophore for 
the cluster through its vibronically allowed 
S ,  + So transition. Figure 1 presents RZPI 
spectra in the 6', region of the S, + So 
transition of benzene with their cluster size 
assignment indicated. For n = 1 through 5, 
the RZPI studies (28) show that the BWn+ 
clusters formed upon photoionization frag-
ment efficiently by loss of a single water 
molecule to appear in the BWnPlt mass 
channel. In BW6 and BW,, fragmentation 
by loss of a second water molecule becomes 
energetically allowed. 

In the case of C6H6-H,O, both our RZPI 
studies and high-resolution microwave 
spectral studies (29, 30) have shown that 
the water molecule is not rigidly held to 

benzene but can rotate internally about 
benzene's sixfold axis and can interchange 
its .rr hydrogen-bound hydrogens. In the 
larger clusters, the vibronic level RZPI 
spectroscopy is consistent with structures 
for the BW, clusters composed of W, clus-
ters to which benzene is surface-attached 
(28). Further insight to the intermolecular 
binding, especially between the water mol-
ecules, was limited by the fact that the 
electronic soectroscouv views the water., 

molecules only indirectly in terms of the 
perturbations imposed on benzene's vi-
bronic transitions. 

To address this limitation, we present 
size-selected infrared (IR) spectra of the 
BW, clusters with n = 1 through 7 in the 
0-H stretch region (3000 to 4000 cm-').

u ~ 

These spectra bring new insight not only 
into BW- clusters but also into the W-
clusters themselves, especially in the larger 
clusters. These IR spectra are recorded with 
a technique we call resonant ion-dip IR 
spectroscopy (RIDIRS), a variant of a 
method first introduced by Lee and co-
workers (35). The IR spectra are taken in a 
dual beam arrangement in which the ultra-
violet (UV) laser used for RZPI is passed 
twice through the ion source region of the 
TOF mass spectrometer. A particular BW, 
cluster (36) is singled out for study by 
monitoring the ion signal at the appropriate 
mass in the TOF mass spectrum with the 
RZPI laser tuned to the dominant transition 
assigned to this cluster (Fig. 1). Cluster ions 
created by the two passes of the laser are 

Relative frequency (cm-I) 

Fig. 1. (A to F) Resonant two-photon ionization 
spectra of BW, with n = 1 through 7 monitoring 
the BW,+ mass channels w~thn = 1 through 6. 
The indicated transitions are those monitored for 
cluster size selection in the RlDlR spectra. As-
signments for the transitions are taken from (28). 
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born at different potentials in the ion source 
and arrive at the microchannel plate ion 
detector at slightly different times (- 100-ns 
separation). One of the UV beams is over-
lapped with the optical parametric oscilla-
tor (OPO) output (37), which precedes the 
RZPI laser by 100 to 500 ns. When an IR 
absorption out of the same ground-state 
level as that monitored by the R2PI laser is 
encountered, a decrease in the ion signal 
from the overlapped beam is observed. 
With proper normalization of the two ion 
signals, the fractional depletion in ion sig-
nal is monitored as a function of OPO 
wavelength. The dual beam method re-
moves a major source of noise in the deple-
tion experiment arising from shot-to-shot 
laser power fluctuations in the RZPI laser. 

Overview RIDIR spectra of the BW, to 
BW, clusters in the 0-H stretch region are 
shown in Fig. 2. The frequencies and 
breadths of the transitions are listed in 
Table 1. Depletions near 100% on the 
strongest transitions are possible at high 
OPO power. This saturation affects the 
relative intensities observed and likely to 
some extent the breadths of the transitions. 

Several points can immediately be made 
about the spectra. First, for each BW, 
cluster (besides n = I) ,  the number of 
resolved 0-H stretch transitions is approx-
imately equal to the number of 0-H groups 
present in the cluster. The spectra thus give 
a near-complete picture of the 0-H stretch 

vibrations in each BW, cluster. The fact 
that virtually all transitions carry significant 
intensity may result from the reduced sym-
metry and perturbed force constants of the 
W, clusters imposed by benzene's presence. 
Partial saturation of the transitions also 
contributes to the observation of even weak 
transitions. The presence of "extra" transi-
tions in the BW, spectrum (Fig. 2A) arises 
from the presence of ortho and para H 2 0  in 
the expansion. An analysis of this spectrum 
will be given elsewhere (38). 

Second, the development of the spectra 
with increasing cluster size reflects the sen--
sitivity of the water molecule to its hydro-
gen bonding environment. For n = 1 
through 6, the lowest frequency transitions 
shift about 100 cm-' lower in frequency 
with the addition of each successive water 
molecule to the cluster. Because the highest 
frequency transitions are virtually un-
changed with cluster size (-3715 cm-I), 
the larger BW, clusters exhibit an enor-
mous spread in 0-H stretch frequencies 
extending down to the C-H stretch transi-
tions near 3100 cm-'. This range spans 
that observed in liquid water and ice (3). In 
contrast, the C-H stretch of C6H6,present 
as a triad of sharp, weak transitions near 
3100 cm-' (barelyvisible in these overview 
scans), remains unchanged in frequency 
even-when as many as seven water mole-
cules are added to the cluster (38). 

Third, the breadths of the transitions 

also show a clear development with cluster 
size and frequency. For clusters containing 
no more than three water molecules, all 
transitions are in the range from 2 to 5 
cm-', reflecting the combined effects of 
rotational structure and OPO bandwidth. 
In the larger clusters, transitions with large 
red shifts are significantly broadened to as 
much as 30 cm-' full width at half maxi-
mum (FWHM) (Table 1). 

Finally, the expectation for BW, is that 
the intensities of the 0-H stretch transi-
tions should also depend sensitivity on BW, 
cluster size (14, 15). Such sensitivity is 
reduced by saturation of the transitions in 
the present experiment. Nevertheless, a 
qualitative increase in the per-water inte-
grated intensity is observed. 

In discussing the spectra of the BW, 
clusters, data on the W, clusters themselves 
provide useful points. of comparison. In 
Table 2 we list the observed 0-H stretch 
absorptions in BW, and compare these 
absorptions, where possible, with gas-phase 
data (8), matrix data (12), and ab initio 
calculations (14-16, 39) on the pure water 
clusters. The experimentally determined 
(W,, W3) and calculated (W,, n > 3) 
lowest energy water cluster structures are 
shown in Fig. 3 in schematic form, high-
lighting the types of 0-H bonds present in 
the W, clusters. 

The 0-H stretch transitions of BW, 
occur at frequencies very close to those of 

Flg. 2. (A to G) Overview RlDlR 
spectra of BW, with n = 1 through 
7 in the 0-H stretch region. The 
idler OPO power as a function of 
wavelength is shown above the 
spectrum in (A). The spectra are 
uncorrected for this power change. 
The dip in power in the region from 
3450 to 3500 cm-' is attributable 
to 0-H absorption in the LiNbO, 
crystal, whereas the sharp dips in 
power at high frequency are attrib-
utable to water vapor absorption. 
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Fig. 3. (A to D) Schematicview of the structures 
of water clusters from the dirner (A) to pentarner 
(D) from experiment (A and B) or calculation (C 
and D), indicating the number and types of 
0 - H  bonds in each cluster. (E) Schematicview 
of a water molecule in which both hydrogens 
are donated to hydrogen bonds. (F) Schematic 
view of an 0 - H  bond that is hydrogen-bonded 
to the T cloud of benzene. The orientation of the 
water cluster relative to benzene and the pre-
cise positions of the atoms in the cluster are not 
determined in the present work. 
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the gas-phase and matrix-isolated water di-
mer (Table 2). This result is consistent with 
the earlier rotational band contour analysis 
(25) of BW, in RZPI, which showed that 
the two water molecules are on the same 
side of the benzene ring (above the plane) 
at a center-of-mass separation close to that 
in the water dimer (Fig. 3A). On that basis, 
the band at 3550 cm-' is assigned as the 
water-water hydrogen-bonded donor OH. 
An assignment of the other three transi-
tions based on direct analogy with water 
dimer places the acceptor asymmetric 
stretch at 3722 cm-', the donor free 0-H 
at 3708 cm-', and the acceptor symmetric 
stretch at 3608 cm-'. This assignment 
(included in Table 2) views the acceptor 
water 0-H stretch vibrations as delocalized 
over both 0-H bonds despite the presence 
of benzene. Alternativelv, if the benzene, . 
molecule orients one of the acceptor water 
0-H bonds toward the .rr cloud, then the 
3608 cm-' transition would be assigned as 
the .rr hydrogen-bonded 0-H and the 3722 
and 3708 cm-' transitions would be donor 
and acceptor free 0-H transitions, respec-
tivelv. Rotationallv resolved studies will be 
needed to distinguish these possibilities. 

Pugliano and Saykally (6) have deter-
mined that the water trimer is a cyclic 
hvdroeen-bonded structure in which all, " 
three water molecules donate one 0-H to 
the H-bonded ring (Fig. 3B) with the other 
three hydrogens essentially free. The water 
trimer is also the largest water cluster for 
which 0-H stretch data are available (9, 
1I, 12). The calculations of Xantheas and 
Dunning (14) on W3 predict that the six 

0-H stretch vibrations are composed of 
one set of three near-degenerate transitions 
due to free 0-H groups, and three hydro-
gen-bonded donor 0-H vibrations shifted 
to much lower frequencies (-231, -240, 
and -299 cm-'). 

In the RIDIR spectrum for BW, (Fig. 
2C), five of the six possible 0-H stretch 
transitions are observed. The furthest blue 
transition is at 3716 cm-', consistent with 
an assignment as a free 0-H stretch. The 
three highly red-shifted transitions (3550, 
3508, and 3423 cm-'), can be ascribed to 
singly hydrogen-bonded donor 0-H groups 
in the cyclic water trimer. The peak at 3657 
cm-' does not match up with any transition 
in the pure water trimer. Both the small 
frequency shift from "free 0-H" and the 
presence of similar bands in the BW, to 
BW, spectra argue for this transition's as-
signment as the 0-H stretch of the 0-H 
bond that is "hydrogen-bonded" (28, 29) to 
benzene's .rr cloud (Fig. 3F). The sixth 0-H 
stretch (likely a free 0-H stretch) is either 
unresolved or has negligible intensity. 
Thus, the transition frequencies in BW, 
can be accounted for as those of a cyclic W, 
cluster perturbed by benzene's presence. 
The major effects of benzene are to break 
degeneracies in the W, 0-H stretch tran-
sitions and to induce some intensity in 
otherwise forbidden (14, 15) transitions. 

A similar assignment scheme can be 
transferred to BW4and BW,, both of which 
are predicted by calculations (28, 34) to 
incorporate cyclic W4 and W5 aggregates .rr 
hydrogen-bondedto benzene (Fig. 3, C and 
D). In keeping with this scheme, the spec-

tra of Fig. 2, D and E, exhibit free 0-H 
stretch transitions grouped around 3715 
cm- ',a single, narrow .rr hydrogen-bonded 
0-H stretch (-3650 cm-'), and a group of 
single donor 0-H stretch transitions cen-
tered on 3450 cm-' in BW, and 3350 cm-'. 
in BW5. In these larger clusters, Fermi 
resonance mixing of single donor stretches 
with overtones of the 0-H bend may con-
tribute to the low-frequency region of the 
spectrum. By BW5 (Fig. ZE), the gap be-
tween the free 0-H and the lowest frequen-
cy transitions has widened to more than 
500 cm-'. 

The red-shifted single donor transitions 
in BW, and BW5 provide the first clear 
evidence of broadening beyond the instru-
ment-limited widths of smaller cluster tran-
sitions. The mode specificity of this broad-
ening is evident in BW,, whose free and .rr 
hydrogen-bonded 0-H transitions (3724, 
3713, and 3652 dm-') have widths of 3.5, 
5, and 4 cm-', respectively, whereas the 
single donor 0-H stretches are broadened 
to 7 (3461 cm-'), 18 (3427 cm-'), and 10 
cm- ' (3367 cm-') . This mode-selective 
broadening must arise from strong coupling 
of the 0-H bonds in the hydrogen-bonded 
.cycle (Fig. 3C) to intermolecularvibrations 
mediated by the network of hydrogen 
bonds. The widths of these transitions pro-
vide some measure of the homogeneous 
broadening inherent to networks of hydro-
gen bonds, a result of relevance to the 
breadths of the 0-H absorptions in liquid 
water (2). 

The spectrum of BW, is particularly 
intriguing because W6 is the smallest water 

Table 1. Frequencies and FWHM breadths (in parentheses) of the 0-H widths probably have some contribution from power broadening.Approx-
stretch transitions (cm-I) in C,H,-(H,O),. Only the'breadths of transitions imate errors are k0.5 cm-I in the upper left corner of the table and +3 
that are not obviously overlapp~nghave been included. The reported cm-I in the lower right corner. 

n =  I n = 2  n = 3  n = 4  n = 5  n = 6  n = 7  Assignment 

3748 t3.5j 
3740 (2.0) 3722 (17) 3716 (14) 3724 (3.5) 3719 (15) 3714 3713 (-13) 

Free 0-H* 

3733 (2.0) 3708 (16) 3713 (5.0) 3714 3708 
3713 (2.5) 

3657 3652 (4.0) 3646 (5) 3636 (9) 3636 (14) a Hydrogen bond* 
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3580 
3570 Double.donor 

3550 (4.5) 3550 (6.5) 
3508 (5) 

(n  = 6, 7) t  
3508 (7.7) 3522 (8) 

3509 (8) 
3453 (15) 

3423 (4.5) 3461 (7) 3445 3408 (17) 3456 (12) 
3427 (18) 3411 
3367 (10) 3365? 3389 (20) 3294 

3322 (-6) 3308 (17) 3280 
3223 (11) 3210 (32) 3205 (12) 
3185 (14) 3169 (20) 

3078 (24) 3117 (13) 

Single donor$ 

I 

*For n 2 3, ?For n 2 6. $Approximateassignment for those transitions below the line in the table. Larger clusters may have contributionsfrom 0-H bend overtones 
in this region. 



cluster for which noncyclic structures are 
predicted by calculation to be similar in 
energy to the cyclic hexamer (14-21). Ta-
ble 2 lists 0-H stretch vibrational frequen-
cies calculated for the cyclic hexamer and a 
low-energy noncyclic (prismoidal) water 
hexamer. The differences in 0-H stretch 
vibrational frequencies between cyclic and 
prismoidal W6 structures is striking. The 
noncyclic water hexamer contains water 
molecules that donate both hydrogens to 
hydrogen bonds (Fig. 3E). These "double 
donor" stretches have frequency shifts in 

the -70 to -300 cm-' region where the 
cyclic W, structure has no activity. Knoch-
enmuss and Leutwyler (16) have concluded 
that these vibrations serve as a signature for 
the formation of more compact, noncyclic 
water structures. 

Predictions for the W, clusters provide a 
remarkably useful guide to interpretation of 
the BW, spectrum. The spectrum of Fig. 2F 
shows 11 resolved transitions spread over 
the range from 3714 to 3078 cm-'. The 
free 0-H stretch transitions are centered 
on 3710 cm-', whereas the .rr hydrogen-

bonded 0-H stretch is slightly shifted to 
3639 cm-'. The single donor 0-H stretch 
transitions extend from about 3400 cm-' 
down into the C-H stretch region at 3078 
cm-'. Most importantly, even though in 
BW, there are no absorptions between 3445 
and 3646 cm-' (Fig. 2E), in BW, two 
transitions appear at 3508 and 3578 cm-' 
(Fig. 2F). These transitions, and possibly 
those at 3453 and 3408 cm-', are assigned 
as double donor 0-H stretches, providing 
experimental evidence that in BW, clusters 
the changeover from cyclic to noncyclicW, 

Table 2. Comparison of the observed BW, 0-H stretch transitions with frequency of uncoupled OH in isolated H,O, taken as the average of the 
experimental and calculatedW, data. The frequency shifts are relative to the symmetric and antisymmetric stretches; sym., symmetric;asym., asymetric. 

Observed Calculated- ~ 

n Observed 
Observed W, BWn 

BW, frequency 
W, Tentative BW, assignment

frequency? 
shift 

Internal rotation of water 
built on v,, v, 

3756 (asym. 
stretch) 

3657 (sym. 
stretch) 

Acceptor asym. stretch 
Donor free 0-H 
Acceptor sym. stretch 
Donor bridge 0-H 

Free 0-H 

/ Single donor 0-H 

} Free 0-H 

1 Single donor 0-H 

I Free 0-H 

T Hydrogen-bonded 0-H

I Single donof-Q-H 
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6 3714 +8 +9# 
3708 +2 +8 (5) 
3639 -67 
3578 -128 
3508 -198 
3453, 3408 -253, -298 -402 
3389, 3308 -31 7, -398 -421 (2) 
3210, 3078 -496, -628 -479 (2) 

-554 

+16. +6** } Free 0-H 
+3, -1 +2 

I 
T Hydrogen-bonded 0-H 

-113 
-154 Double donor 0-H 
-208, -294 
-352, -397 
-450, -670 I Single donor 0-H 

*Gas-phase results from (8) ,  '(For n = 6, the values for the cyclic and prismoidal structures are given to the left and right, respectively, of the line. $Calculated 
frequency shifts from an MP21aug-cc-pVDZab initio calculation (14) for n = 1 through 4, and from a 6-31 + G(2d,p) calculation (39) for n = 5, 6. In the calculations of (39), 
the dfunctions are taken from aug-cc-pVDZ while the hydrogen p i s  from cc-pVDZ. Similar results for n = 2 through 5 were obtained in the scaled 4-31G calculations of (15, 
16), §Matrix data from (12). //Tentativeassignment from gas-phase spectra of'(9), lTentative assignment from gas-phase spectra of (11). #6-31 + G(2d,p) 
vibrational frequencies for the cyclic water hexamer. **6-31 + G(2d,p) vibrational frequencies of (39) for the PI prismoidal water hexamer structure calculated (17) to 
be among the lowest energy noncyclic W, structures. 



cluster structures occurs at n = 6. 
The IR spectrum of the dominant R2PI 

transition assigned to BW, (Fig. 2G) fur-
ther confirms this interpretation. By com-
parison to the BW6 spectrum, the spectrum 
of BW, transfers additional intensity from 
the free 0-H stretch transitions at 3713 
cm-' to new bands in the region from 3500 
to 3600 cm-' ascribable to double donor 
0-H stretches. Thus, already by BW,, the 
majority of water molecules donate both 
hydrogens to hydrogen bonds. 

We cannot presently distinguishwhich of 
the several low-energy noncyclic W, struc-
tures is present in BW6 and BW,. In fact, 
the R2PI spectra of Fig. 1, E and F, show 
weak features that may be attributable to 
other structural isomers; IR spectra of these 
features as well as IR spectra of even larger 
BW, clusters are needed. Given the large 
number of calculated structures with nearly 
the same energy [Tsaiand Jordan (17) found 
20 W6 structures within 2 kcallmol of the 
lowest energy structure], the presence of 
benzene may alter the energy orderingof the 
W, structures. Ultimately, calculations of 
the IR frequencies and intensities of the 
BW, clusters themselves are needed for di-
rect comparison with experiment. 
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Deep Seismic Expression of an Ancient 
Plate Boundary in Europe 

Alet Zielhuis and Guust Nolet 
Seismologicalresults on the structure of the upper mantle below Europe reveal a marked 
contrast in seismic properties between Precambrian and younger parts of Europe. The 
Precambrian craton in eastern Europe is characterized by high shear-wave velocities, 
whidh can be explained by lowtemperatures. The transitiori to low seismicvelocitiesbelow 
Phanerozoic Europe coincides with the crustal boundary zone of the craton and exists to 
depths of at least 140kilometers.Despitethe longand complex tectonic historyof the plate 
boundary zone, the transition is remarkably sharp, which rules out any significant lateral 
transport of asthenospheric material across the suture zone. 

Western and eastern Europe have distinct-
ly different geological histories. Precam-
brian eastern Europe has been stable since 
Late Precambrian times. In contrast, west-
ern Europe was formed during Phanerozoic 
accretion to the Precambrian continent. At 
crustal levels the boundary between the two 
tectonic provinces is formed by an ancient 
suture zone, the Tomquist-Teisseyre zone 
(TTZ). Stretching from south Sweden to 
the Black Sea, the TTZ is Europe's largest 
tectonic lineament. Previous seismological 
studies (I) have shown that eastern and 
western Europe have different upper mantle 
structures, but little has been known about 
the character, exact location, and depth of 
the transition between .the structures. To 
investigate this ancient plate boundary, we 
discuss a detailed three-dimensional model 
for the shear-wave velocity in the upper 
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mantle below Europe (2). This model was 
obtained by waveform inversion of both 
body and surface waves, recorded on verti-
cal-component seismograms (3). Using rel-
atively short paths and high frequencies (up 
to 60 MHz) we obtained a lateral resolution 
of about 200 km locally, which compares 
very favorably with the resolving power of 
1000 to 2000 km in current global models 
of shear-wave velocity variations (4-1 1) . 
The incorporation of higher modes of Ray-
leigh waves gives a depth reqlution of 90 
km at a depth of 80 km and f50 km at a 
depth of 400 km, which is superior.tKthat 
of most fundamental mode studies. The 
three-dimensional model reveals that the 
TTZ is not only discernible at crustal 
depths but that it also forms an important 
boundary at upper mantle levels. 

The Precambrian craton, consisting of 
the Baltic shield and Russian platform, is 
characterized by high shear-wave veloci-
ties (Fig. 1, A and B) . The sharp transi-
tion to lower velocities of the Phanerozoic 
regions of western Europe coincides with 
the TTZ. Laterally, the velocity contrast 
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