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X-ray and Molecular Emission from the Nearest
Region of Recent Star Formation

J. H. Kastner,” B. Zuckerman, D. A. Weintraub, T. Forveille

The isolated, young, sunlike star TW Hya and four other young stars in its vicinity are
strong x-ray sources. Their similar x-ray and optical properties indicate that the stars
make up a physical association that is on the order of 20 million years old and that lies
between about 40 and 60 parsecs (between about 130 and 200 light years) from Earth.
TW Hya itself displays circumstellar CO, HCN, CN, and HCO™ emission. These mole-
cules probably orbit the star in a solar-system-sized disk viewed more or less face-on,
whereas the star is likely viewed pole-on. Being at least three times closer to Earth than
any well-studied region of star formation, the TW Hya Association serves as a test-bed
for the study of x-ray emission from young stars and the formation of planetary systems

around sunlike stars.

The nearest well-studied regions of the
Milky Way galaxy that contain recently
formed stars lie ~150 parsecs (pc) away in
the Taurus (Tau), Ophiuchus (Oph), Lu-
pus, and Chamaeleon (Cha) dark clouds.
These clouds stretch over tens of parsecs
and are composed mostly of cold hydrogen
and helium gas. The gas is self-shielded
from dissociating interstellar ultraviolet
(UV) radiation, which allows the survival
or formation (or both) of molecules and
large dust grains. In regions where the den-
sity is high or the ionization fraction is low,
pieces of these molecular clouds may col-
lapse to form stars. Indeed, observations of
dark clouds have enabled the identification
of many hundreds of embedded and associ-
ated young, sunlike (T Tauri) stars. T Tauri
stars are so young—a hundred thousand to a
few million years old—that the process of
core nuclear fusion, which powers the sun
and all other stars for most of their lifetimes,
is only just beginning. There is evidence
from infrared (IR) and radio astronomy that
many T Tauri stars possess circumstellar
disks, which are potential sites of planet
formation. Thus, T Tauri stars in and near
molecular clouds are our main sources of
information about the likely formative his-
tory of the sun and the planets.

In contrast, the T Tauri star TW Hya
has earned notoriety on the basis of the
absence of dark clouds in its general vicinity
(1). It exhibits strong Ha emission (as well
as other optical emission lines) and Li ab-
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sorption (1, 2), a combination that is char-
acteristic of classical (as opposed to weak-
lined) T Tauri stars (3). It has T Tauri—like
excess continuum flux at near-IR and UV
wavelengths (1) and is a strong submillime-
ter continuum source (4). But with no
cloud identified that might have supplied
the raw materials for its formation, the or-
igin of TW Hya has been a puzzle to astron-
omers (5).

Optical spectroscopic surveys of field
stars with excess far-IR emission (2, 6)
identified four other stars located within
15° of TW Hya as isolated T Tauri stars
(Table 1). Because these five stars are lo-
cated in the same region of the sky and
have similar radial velocities, it was suggest-
ed that they could be the remnant of a
now-dissipated association (2, 6). In terms
of the features of its optical-through-radio
(7) spectrum, TW Hya remains the most
extreme of the five. However, each of these
stars displays Ha emission (or Ha absorp-
tion partially filled in by emission) or Li
absorption (or both) (Table 1). Ha equiv-

alent widths indicate that only TW Hya is
clearly a classical T Tauri star; CoD —29°
8887 and HD 98800 are weak-lined T Tauri
stars (8).

The T Tauri stars in Tau, Cha, and Oph
have been the subject of many x-ray emission
studies, including recent surveys conducted
with the Roentgen satellite (ROSAT) (9-
12). These studies indicate that most T Tauri
stars are x-ray sources. Indeed, we determined
that all five stars in Table 1 have x-ray coun-
terparts in the ROSAT All-Sky Survey Bright
Source Catalog (13) (Table 2). The means of
the ROSAT count rates (C_) and absorption-
corrected fluxes (F_) of these five stars exceed
the mean C_ and F_, respectively, of the
optically identified cloud T Tauri stars by an
order of magnitude or more (Table 3), which
indicates that the isolated T Tauri stars (Ta-
ble 1) are much closer to Earth than are the
cloud T Tauri stars. The similar and large
x-ray fluxes of the Table 1 stars support the
evidence from radial velocities and optical
spectra that these stars form a nearby physical
association, henceforth referred to as the TW
Hya Association.

For T Tauri stars associated with molec-
ular clouds, the generally well-determined
distances to the clouds provide estimates of
the distances to the stars. These distances
then enable astronomers to infer stellar lu-
minosities and hence stellar ages, which are
obtained from theoretical calculations of
luminosity as a function of stellar mass and
age. Because the TW Hya Association lacks
an associated molecular cloud, one must
employ other means to infer the distance
and age of the TW Hya Association and
thereby to situate its five members in pre—
main sequence stellar evolution. Recent
ROSAT surveys of T Tauri stars and young
open clusters provide such a means (14—
18). These surveys yielded measurements of
the ratio of x-ray to bolometric luminosity

Table 1. Parameters for stars considered to be members of the TW Hya Association. RA and DEC are
the right ascension and declination, respectively (J2000 coordinates), and m, is the apparent visual
magnitude. EW (Ha) and EW(LI) are the equivalent widths of the Ha and Li lines, respectively (2, 6, 32);
we list EWs only for the brightest components of the multiple systems Hen(3) 600 and HD 98800 (a
negative sign indicates Ha in emission). D is the photometric distance, when one assumes that each star
is 20 million years old (see text). The errors in D are estimates given uncertainties in stellar age (=10 My)
and mass (27, 22). Hen(3) 600 is a visual binary with separation 1.5"; D is derived with the assumption
that the two components contribute equally to their combined m,. HD 98800 is a quadruple system
consisting of two spectroscopic binaries separated by 0.8” (32, 33); D is based on the measured flux
ratio of the visual components, A:B = 1.3, and the spectral type of the primary. This flux ratio suggests
a pre—main sequence system, since two main sequence stars with the (K5 and K7) spectral types of the
Aa and Ba components of HD 98800 would have a larger flux ratio of 2.1.

Star Spectral RA DEC m, EW(Ha) EW(LI) D
type (J2000) (J2000)  (mag) A) A (po)
TW Hya K7Ve 1101520 -344216 111 —225 046 60 * 16
CoD —29° 8887 MO 1109139 —300140 11.1 -2 052 48+ 12
Hen(3) 600 M3 111027.9 —873153 120 -20 0855 39+7
HD 98800 K5V 1122056 —244638 89 (>-0.1) 043 49+9
CoD —33° 7795 M1 1131554 —843625 114 —10 052 46+ 10
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Table 2. ROSAT x-ray data for stars of the TW Hya Association. Thé desig-
nation “1RXP” in the ROSAT name refers to pointed observations, whereas
“1RXS” refers to ROSAT All-Sky Survey observations. o is the position uncer-
tainty of the ROSAT x-ray source, A is the offset between the ROSAT x-ray
source position and the optical position of the star and C, is the ROSAT
Position Sensitive Proportional Counter (PSPC) count rate. For TW Hya and
Hen(3) 600, the differences in C, for pointed and survey data likely are be-

cause of variability in the x-ray fluxes of these stars. F_ is the x-ray flux estimated
from the ROSAT PSPC count rate (9). For all stars except TW Hya, we neglect
absorption in converting from count rates to fluxes; for TW Hya we assume an
absorbing column density of 1.2 X 10?° cm~—2, on the basis of a fit to its pointed
PSPC spectrum (34). L /L, is the ratio of x-ray luminosity to bolometric
luminosity. For TW Hya and Hen 600, one value of log (L,/L,) is listed, which
uses the mean of the resullts for £, as derived for pointed and survey x-ray data.

I A

F

Star ROSAT name (arc sec) (arc sec) (G (ergs cm-2 s7) 10 (/Lo

TW Hya 1RXP J1101562-3442.2 12 4 0.310 = 0.007 2.4 X 10712 -3.05
1RXS J110152.0-344212 7 4 0.57 *0.04 45 x 10712

CoD —29° 8887 1RXS J110913.5-300133 8 8 0.34 *0.03 2.6 x 10712 —-3.08

Hen(3) 600 1RXP J111028-3731.8 7 5 0.154 = 0.003 1.2 x 10712 —3.21
1RXS J111028.9-373204 10 16 0.28 +0.038 2.2 x 10712

HD 98800 1RXS J112205.4-244632 7 6 0.66 = 0.05 5.2 x 1072 —3.43

CoD —3377795 1RXS J113155.7-343632 8 6 0.66 =+ 0.08 52 X 10712 —2.74

(L JL,,, where L, is the luminosity of a
star integrated over all wavelengths) for
large numbers of low-mass stars. The ratio
L /L, is independent of distance and, pro-
vided that the x-ray emission is coronal in
origin, is diagnostic of stellar activity and
hence age (19) (Fig. 1).

Qualitatively, the large ratios of log
(LJL,.;) measured for the TW Hya Asso-
ciation stars indicate that they are highly
evolved T Tauri stars. Specifically, the
mean log (L /L,,) of the five known
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Fig. 1. Mean of the log of the ratio of the x-ray to
bolometric luminosity for dwarf stars in the range
of spectral types corresponding to that of the TW
Hya Association, K5 to M3. We include only clus-
ters for which 60 to 80% of K and M stars have
identified x-ray counterparts [accounting for x-ray
nondetections would move all points downward
by 0.1t0 0.2 inlog (L/Ly,y)]. Data for T Tauri stars
are from surveys of Taurus-Auriga (9) (filled cir-
cles) and Cha (70) (open circles). Data for young
open cluster stars are from surveys of IC 2602
(75) (filled triangle), IC 2391 (77) (open triangle), «
Per (76) (diamond), the Pleiades (74) (filled
square), and the Hyades (78) (open square). Also
shown is the log (L,/Ly,) for an older field star
sample (38) (cross). The mean of the Table 1
stars, log (L/Lp,) = —8.10 = 0.11, suggests a
median age of at least 20 My.
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members of the TW Hya Association,
—3.10 = 0.11 (Table 2), suggests an age of
at least ~20 million years (My) (Fig. 1).
Hence TW Hya could well be the oldest
known classical T Tauri star (9, 10). This
age estimate is quite uncertain given the
small known membership of the association
and the likelihood that their x-ray fluxes are
variable. Furthermore, all of the stars in the
association show strong Li absorption (Table
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Fig. 2. Molecular spectra observed toward TW
Hya with the JCMT. The abscissa is the heliocen-
tric radial velocity, and the ordinate is the relative
main-beam brightness temperature Tg. The short
dashed curve overlaying the CO(3-2) line profile
represents the best-fit Gaussian function (Table
4). The two spectra labeled CO(2-1) are of the
12C0 (solid curve) and 2CO (dashed curve) iso-
topomers (the "CO spectrum has been expand-
ed along the ordinate by a factor of 2). For clarity,
the only CN(3-2) line shown is the brightest de-
tected hyperfine component (at 340.2478 GHz).

1), which suggests that the age of the asso-
ciation may be less than 20 My (20). Even if
the TW Hya Association is as young as 10
My, which appears unlikely given the large
mean value of log (L/L,,) for the associ-
ation, its stars would be within a factor of
4 or so of their main sequence luminosi-
ties, based on theoretical models of pre—
main sequence stellar evolution (21, 22).
Hence, from the plausible age range of the
association, we ascertain that its five
known members lie between 39 and 60 pc
from Earth (Table 1) (23). This confirms
the prior inference, based on the high ga-
lactic latitudes of these stars, that they are
relatively nearby (2). At a mean distance of
48 pc, the linear extent of the association in
the plane of the sky is ~10 pc, which is
similar to its line-of-sight distance disper-
sion (Table 1) and similar in size to typical
star-forming clouds. We conclude that the
TW Hya Association likely constitutes the
nearest region of recent star formation. Its
only rival in terms of proximity to Earth
may be the handful of stars embedded in
the small high-latitude cloud MBM 12,
which is estimated to be 65 pc from Earth
(24). Indeed, the small cluster in MBM 12
may resemble the TW Hya Association at
an early epoch, before molecular cloud
dispersal.

Given its proximity and age and the
absence of the confusing signatures of a host
molecular cloud, observations of the TW
Hya Association and TW Hya in particular
could yield insight into the process of plan-
et formation. The substantial IR and sub-
millimeter emission from TW Hya is indic-
ative of substantial quantities of orbiting
particulate matter. Hence TW Hya may be
undergoing or perhaps has recently ended a
period of giant planet building. Given the
large distance of TW Hya from known mo-
lecular clouds, the localization of CO emis-
sion at the position of the star, and the
narrow CO line widths, Zuckerman et al.

(7) concluded that TW Hya is orbited by a
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nearly face-on molecular cloud of roughly
solar-system dimensions. This disk may well
resemble the early solar nebula, especially
given the apparent lack of a binary com-
panion to TW Hya (25).

To probe its circumstellar chemistry and
physics, we obtained spectra of TW Hya at
a number of rotational transitions of CO,
13BCO, and other molecular species com-
monly observed in interstellar clouds and in
the circumstellar envelopes of evolved stars.
These submillimeter line data were ob-
tained with the 15-m James Clerk Maxwell
Telescope (JCMT) on Mauna Kea, Hawaii,
in June 1995, February 1996, and Novem-
ber 1996 (26). In addition to CO and *CO,
which we detected at higher rotational
transitions than had been observed previ-
ously (7), we detected transitions of HCN,
CN, and HCO™ toward TW Hya (Table 4).
We failed to detect CS, H,CO, HPCN,
and HNC. The measured CO(2-1):
BCO(2-1) line rdtio, ~7, is an order of
magnitude less than the solar system abun-
dance ratio of 1*?C:13C, which indicates that
the CO emission is optically thick. Gaus-
sian functions fitted to the line profiles
have full widths at half maximum (FWHM)
of AV ~ 0.7 km s™! for the detected tran-
sitions (Table 4). Notably, the CO profiles
are well described as Gaussian and do not
display the broad wings typical of bipolar
molecular outflows from young low-mass
stars (Fig. 2). It would be surprising to de-
tect such an outflow signature, given the
absence of cloud CO emission surrounding
TW Hya; that is, there exists no ambient
molecular gas to be swept up by a bipolar
stellar wind, if present. Hence, the detected
molecular gas is bound to the star.

The relative intensities of the optically
thick (2-1), (3-2), and (4-3) transitions
of CO constrain the excitation conditions
in the emitting region. The measured in-
tensity is proportional to the fraction of
the telescope beam that is subtended by
the emitting region, so if the radius of this
region is the same in all three transitions,
then the line intensities scale inversely
- with beam area. The measured ratios of
(2-1):(3-2):(4-3) emission (1.0:1.9:5)
equal, within measurement uncertainty,
the ratios of inverse beam areas
(1.0:1.9:3.3); hence the CO gas is well
excited throughout the emitting region.
Because the upper level of the (4-3) tran-
sition is 55 K above ground, the bulk of
the molecular gas must be at temperatures
=50 K. A similar result is obtained from
the ratio of the observed HCN lines, al-
though the ratio of the (3-2) to (4-3)
HCN line intensities (1.0:1.2) is some-
what larger than the ratio of the inverse
beam areas (1.0:1.7). If TW Hya is 60 pc
from Earth, the measured *CO(2-1) line

intensity suggests a molecular (H,) mass of
~7 X 10?8 g, or 11 Earth masses (27).
On the basis of the measured intensity of
optically thick *CO(2-1) (Table 1), the
JCMT beam size at 230 GHz (20”), and the
inferred gas kinetic temperature (=50 K),
we estimated an emitting region radius of

~1", or Ry ~ 60 astronomical units. At
this radius, the Keplerian orbital velocity of
a particle around a ~0.7 solar mass star (the
approximate mass of TW Hya if its age is 20
My) is ~3 km s7!, which is an order of
magnitude larger than the measured half
widths of the molecular emission lines (Ta-

Table 3. Mean x-ray count rates and fluxes of T Tauri star associations. N is the number of stars in each
association that have spectral types in the range of the TW Hya Association (K5 to M3) (35); the listed
mean values of log C, and log F are calculated for these subsamples only. For Taurus and Chamaeleon
stars, values of F, are determined by authors (9, 70) from ROSAT count rates corrected for inferred x-ray
extinction and then converted to x-ray luminosities with the assumption of a distance of 140 pc to each
cloud. Here we have converted L, back to F, on the basis of this assumed distance. Mean log F, values
for Tau and Cha have not been corrected for sample incompleteness; accounting for x-ray nondetec-
tions will diminish (log F,) by not more than 0.2 for each sample (9).

Association N (log Cy (log Fy Reference
TW Hya 5 -0.4 (0.1) -11.5 (0.1) Table 2
Taurus 28 —1.59 (0.05) —12.60 (0.05) )
Chamaeleon 35 —2.16 (0.07) —13.06 (0.07) (10,12)

Table 4. Molecular species observed toward TW Hya. v is the frequency of the rotational transition,
J Tg dVis the integrated line intensity, V is the central velocity of the line in the heliocentric frame,
AVis the FWHM, and Tg is the peak line brightness temperature. The listed upper limits are at the 3¢
confidence level. Line parameters for CN are based on a simultaneous fit to all hyperfine features;
securely detected components lie at the listed frequencies. The results of this fit imply the CN
emission is optically thin, when one assumes that there is LTE within the hyperfine multiplet. Dashes
indicate undetermined line parameters.

. v [TgadV V, AV T,
Molecule  Transition (GH) (K km s~ (km (§~1) (kms™7) (KB)
CcO 2-1 230.5380 1.02(0.05)  12.21(0.03)  0.70(0.08) 0.95 (0.1)
3-2 3457960 1.91(0.06) 12.21(0.01)  0.69 (0.02) 2.6(0.1)
4-3 461.0408 5(1) 12.3* 0.6* 9(4)
18CO 2-1 220.3987 0.14 (0.05) 12.0 (0.1) 0.9 (0.4) 0.14 (0.06)
3-2 330.5800 - 12~ - 0.3*
HCN 3-2 265.8864 0.45(0.07) 12.26(0.06) 0.76(0.15)  0.56 (0.06)
4-3 354.5055 0.53 (0.09) 12.23 (0.04) 0.52 (0.09) 0.96 (0.06)
H'SCN 4-3 345.3398 - - - <0.6
HNC 4-3 362.6299 - - - <1.2
CN 3-2 340.0315 0.4 (0.15) 12.20 (0.04)  0.69 (0.10) 0.5(0.2)
340.0354 04 (0.15)  12.20(0.04)  0.69 (0.10) 0.5(0.2)
340.2478 1.2(0.2) 12.20 (0.04)  0.69 (0.10) 1.6 (0.3)
CS 7-6 342.883 - - - <0.9
HCO™ 4-3 356.73425 1.4 (0.1) 12.22 (0.02)  0.62 (0.04) 2.0(0.2)
H,CO 3,,2,, 2256978 - - - <05
5,4,  351.7687 - - - <08

*Tentative results.

Table 5. Circumstellar molecular abundances for TW Hya (36), the T Tauri star DM Tau (37), and
planetary nebulae (PNe) (30). X/'3CO is the abundance relative to '3CO (abundance relative to H, will be
afactor ~10~8 smaller, when one assumes the terrestrial '3C to '2C abundance ratio of 89 and a 2CO
abundance of ~10~*relative to H,), and X/HCN is the abundance relative to HCN. Means and standard
deviations for PNe exclude NGC 7027. Dashes indicate that data are unavailable.

TW Hya DM Tau

M PNe
olecule X/HCN
X/13C0O X/HCN X/13CO X/HCN

HCN 0.005 1 0.002 ) 1)
CN 0.04 8 0.010 5 9 =3
HCO™* 0.012 2.4 0.002 1.3 05 =02
HNC <0.009 <0.6 0.0008 0.4 04 =02
CS <0.02 <1.3 0.001 0.6 <0.08
H,CO <0.012 <0.8 0.002 1.0 -
HTSCN <0.012 <0.8 - - -
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ble 4). Thus, if the emission arises in a
rotating circumstellar disk, then the combi-
nation of the compact emitting region and
the narrow line profiles indicates that we
view this disk nearly along its polar axis.
Indeed, the intensities, widths, and (single-
peaked) shapes of the observed CO lines
resemble those predicted for compact, face-
on molecular disks (28). A face-on orienta-
- tion is also indicated by the combination of
small visual extinction (1) and large IR and
submillimeter excess (4, 29). The projected
rotational velocity (v sin i < 15 km s™1)
and inferred rotation period of TW Hya
(1.3 days) also suggest that we view the star
itself pole-on (7). This conclusion is sup-
ported by the observation that most young
stars that are as x-ray luminous as TW Hya
have projected rotational velocities v sin
i > 15 km s~! (14).

The circumstellar abundances of HCN,
CN, and HCO™ are very similar to those
determined for DM Tau, a classical T Tauri
star (Table 5). For both stars, the relative
abundances of CN and HCN resemble those
of molecule-rich planetary nebulae (Table
5). A planetary nebula is one of the last
stages of evolution of a solar-mass star that
has ejected and subsequently ionized its
former envelope. Because the molecular
chemistry (in particular, the large CN/HCN
abundance ratio and large HCO™ abun-
dance) of a planetary nebula is engendered
by ionizing UV and, possibly, x-ray flux from
the newly unveiled white dwarf at its core
(30), it follows that the circumstellar envi-
ronment of TW Hya may be similarly pho-
ton-dominated. This is not particularly sur-
prising given the substantial UV excess (1)
and x-ray flux (Table 2) that characterize
TW Hya. Thus it is likely that the intense
radiation field of TW Hya has changed the
molecular composition of the circumstellar
gas from that of the cloud that spawned it.
Furthermore, x-ray or UV photon heating
(or both) may be more important to the
overall energy balance of the observed mo-
lecular gas than is dust-gas collisional heat-
ing. If the circumstellar molecular chemistry
is photon-dominated, models of molecular
line emission from protoplanetary disks
would need to be revised, because such mod-
els typically assume that gas-dust collisions
dominate gas heating (31).
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Early Humans and Rapidly Changing Holocene
Sea Levels in the Queen Charlotte Islands—-
Hecate Strait, British Columbia, Canada

Heiner Josenhans,* Daryl Fedje, Reinhard Pienitz,
John Southon

Marine cores from the continental shelf edge of British Columbia (Canada) demonstrate
that sea level at the shelf edge was 153 meters below present 14,000 calendar years ago
and more than 30 meters lower than the maximum eustatic low of —120 meters. Dated
artifacts, including stone tools, indicate that humans occupied this region by at least
10,200 calendar years before present (B.P.). Local sea level rose rapidly (5 centimeters
per year) during the period of early human occupation as a result of eustatic sea-level
rise and glacio-isostatic forebulge movement. This shelf edge site was first elevated and
then subsided. The exposed shelf edge was available for human occupation and may
have served as a migration route during times of lowered sea levels between 13,500 and

9500 '4C years B.P.

The continental shelf of British Columbia
and the coastal fjord embayments reveal
evidence of postglacial sea level that
changed rapidly about 14,000 years ago (1-
4). Contemporaneous but regionally tilted
paleoshorelines “are documented at eleva-
tions from +200 m (5) at the head of Kiti-
mat Fiord (Fig. 1) to —140 m at the conti-
nental shelf edge, a distance of 200 km.

Mapping the paleoenvironments and lo-
cating early human remains along these
inferred paleocoastlines is of special interest
with respect to extending the possible hu-
man migration routes to North America
beyond those recently reported (6) in the
Bering Strait. Here we combine data from
seismic reflection mapping and piston cor-
ing in the offshore with archaeological, fau-
nal, floral, and '*C analysis to reconstruct
the postglacial sea-level history and paleo-
environments of the Gwaii Haanas (7) re-
gion of the Queen Charlotte Island archi-
pelago (Figs. 1 and 2) and specifically Juan
Perez Sound.

To establish the age and elevation of
paleoshorelines, we identified and cored
formerly subaerial basins (Fig. 2) with sills
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at different elevations and dated the paleo-
contacts between freshwater and marine
sediments (8, 9). In the study area, numer-
ous isolated basins formed during glaciation
with sills at different elevations. The tran-
sition from freshwater basinal sedimenta-
tion to marine deposition was determined
by analysis of diatoms from core samples.
The age of the marine inundation was de-
termined mostly from *C-dated wood frag-
ments. We preferentially dated twigs and
cones to avoid errors introduced by ances-
tral wood. Sill depth was obtained from
hydrographic field sheet data, published
charts, and sounding data obtained along
seismic profiles (Fig. 3). Seismic reflection
data collected across the sills were used to
determine their composition and relative
age. Bathymetric data were merged with
terrestrial elevation data (1:20,000) to de-
velop a digital terrain model around the
Queen Charlotte Islands (10).

Five isolation basins within a 50-km ra-
dius (Fig. 2) were located by high-resolution
seismic profiling and sidescan sonar. These
were sampled by piston or vibracore (4).
We also cored and dated several lakes near
the coast to define the maximum elevation
of raised shorelines (I11). In Juan Perez
Sound (Fig. 3), a submerged delta (depth =
153 m) and paleoriver system are evident in
seismic data; we sampled these with a vi-
bracore to establish the time of marine
transgression. We obtained 267 radiocarbon
dates (12, 13). The data set consists of 86
dates on archaeological sites, 52 dated
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raised paleobeach deposits, 30 from lake
cores, and 99 from marine cores. Dates on
72 shell-wood pairs indicate a marine reser-
voir correction of 600 years for shell dates
(12, 14).

Changes in the *C production rate or
disturbances in the carbon cycle during de-
glaciation, or both, have affected radiocar-
bon levels in the atmosphere and produced
substantial age plateaus at “C ages of 9600,
10,000, and 10,500 4C years before present
(B.P.) (15-17). We used dendrochronologi-
cal and U-Th radiocarbon calibrations (16,
18-21), plus additional data from European
lake sediment records (15, 17), to convert
the *C ages to calendar ages.

The data show that sea level varied from
—153 to +16 m between 14,600 and
10,100 calendar years B.P. (Fig. 4 and Table
1). Drowned isolation basins with sills at
—107, —80, —45, and +16 m define four of
the sea-level curve points. For example,
marine incursion of the fjord embayment of
Logan Inlet, which has a sill height of —80
m (site 4, Fig. 2, and Fig. 3, left), occurred
12,300 calendar years B.P. Diatom analysis
indicated that marine incursion is marked
by the transition from a freshwater diatom
assemblage including Tabellaria fenestrata,
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Fig. 1. Index map of the study area showing con-
tinental shelf areas shallower than —200 m that
may have served as a coastal migration corridor
during times of low sea level.
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