and so a wide range of ‘“connection
strengths” is accessible. The technique is
not limited to a single pair of nodes. In
theory, a large number of nodes could be
connected in common, with varying con-
nection strengths again determined by the
conductivity between each node and the
common pool. Because the conductivity
of conducting polymers can range over
eight orders of magnitude, the polymer
networks can store a large amount of
information in a relatively small volume.
A link formed by electropolymerization
can be made to “forget” if the potential of
all of its nodes is held negative of the
polymer doping potential while the array
is immersed in an electrolyte solution. We
have observed that under these condi-
tions, the polymer link undopes and be-
comes insulating, as expected from estab-
lished polythiophene electrochemistry (20,
21). The link can be “reminded” again if
the array potential is adjusted positive of
the doping potential. This doping-undop-
ing electrochemistry is a way of stering
information in the form of a conductivity
value. Although this method may be an
advantage relative to current 2D optical or
magnetic storage devices, the polymer dop-
ing process relies on ion migration and so is
expected to be inherently slower than de-
vices that use electron transport processes
(such as conventional Si-based random-
access memory chips).
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Stable Isotope Enrichment in Paleowaters of the
Southeast Atlantic Coastal Plain, United States

L. Niel Plummer

Paleowaters from the Floridan aquifer system in the southeastern Atlantic coastal plain
have higher D/H and '80/'®0 ratios than local Holocene ground water. Maximum &80
enrichments in ground water having adjusted radiocarbon ages of 20,000 to 26,000 years
are 0.7 t0 2.3 per mil. The trend in isotopic enrichment in paleowaters is the reverse of that
normally observed in continental glacial age ground water. Dissolved nitrogen and argon
concentrations indicate, however, that the average recharge temperature was 5.3°C cooler
than that today. The data indicate cool conditions in the southeast Atlantic coastal plain
during the last glacial maximum, with recharge limited primarily to late summer tropical

cyclones and hurricanes.

Ground water recharged during the last
glacial maximum (LGM) is recognized
worldwide by depletion in D and 80 in
comparison to Holocene ground water (I—
5). This is attributed to isotopic fraction-
ation as atmospheric moisture condenses in
colder climates and, in some cases, to re-
charge from melting ice (6). For example,
isotopically depleted paleowaters recharged
during the LGM in central Europe indicate
that temperatures were 7°C less than in
Holocene times (3). Noble gas measure-
ments (7) support the stable isotope data
and are consistent with values of the stable
isotope temperature coefficient, A3'®0/AT,
of 0.40 to 0.70 per mil per degree Celsius
4, 7-9).

Studies of stable isotope depletion in
European paleowaters have found no evi-
dence that the continental temperature gra-
dient differed between modern and glacial
times (3). Therefore, it has been assumed
that water vapor transport patterns over
Europe were little changed in the last ice
age and that the average degree of rain out
of air masses was similar to the present (3).

In the southwest and south-central Unit-
ed States, stable isotope depletion and noble
gas measurements in paleowaters indicate
that temperatures were 5° to 7°C less than
those in the late Wisconsin (5, 10-12).
Pollen studies and other fossil records in the
southeast United States also indicate a cool-
ing of 5° to 7°C during the LGM (13, 14). In
contrast, climate model results (15-18) in-
dicate a cooling of only a few degrees in both
January and July temperatures in the Gulf of
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Mexico surface waters at the LGM. Both
model predictions (15-17) and pollen rec-
ords from lake sediments (19) indicate sig-
nificantly dryer conditions in the southeast
United States during the LGM.

This report describes isotopically en-
riched paleowaters in the Floridan aquifer
system of the southeast Atlantic coastal
plain, United States, and compares these
data with paleorecharge temperatures deter-
mined from measurements of dissolved gases.
Together, these data can be used to evaluate
climatic conditions and atmospheric circula-
tion patterns in the southeastern United
States during the LGM (20).

The hydrology and chemistry of the
Floridan aquifer system has been extensive-
ly studied (21-23). In north-central Geor-
gia, the aquifer system crops out as thin
sand and marl of Tertiary age that thicken
into limestone and dolostone to the south-
east and east. The aquifer system is 600 m,
and locally 800 m, thick along the Atlantic
coast. The Floridan aquifer system is locally
subdivided into two permeable zones, the
Upper and Lower Floridan aquifers, separat-
ed by a dolomite. The Upper Floridan
aquifer is typically 90 to 180 m thick in
Georgia and is overlain by 90 to 180 m of
low-permeability Miocene sediment, which
forms the upper confining unit.

The Floridan aquifer system is underlain
by Cretaceous and Tertiary clastic sedimen-
tary rocks that generally thicken to the
southeast. In Georgia, these underlying
rocks are subdivided into three regional
aquifers separated by confining units (24).
The uppermost clastic regional aquifer (A2,
or Gordon aquifer) is hydraulically con-



nected to the Lower Floridan aquifer in
southeast Georgia. In central Georgia, the
Gulf Trough graben crosses the Floridan
and adjacent aquifers (Fig. 1).

Hydraulic conductivities in the Upper
Floridan aquifer along the axis of the Gulf
Trough are generally less than 15 m day™!
and typically 10- to 100-fold less than
hydraulic conductivities elsewhere in the
Upper Floridan aquifer. Simulations of the
modern (before development) aquifer indi-
cate that ground water reaches the Upper
Floridan aquifer in southeast Georgia by
horizontal flow through the Gulf Trough
graben, by diffuse upward leakage from the
Lower Floridan, and by downward leakage
from the upper confining unit. The leakage
coefficient of the upper confining unit is
extremely low (less than 0.08 cm year™!
m™!) throughout most of southeast Georgia
(23). Toward the Atlantic coast, the Upper
Floridan aquifer discharges to the upper
confining unit.

Adjusted radiocarbon ages in the Upper
Floridan aquifer are in excess of 20 ka (thou-

sand years) and are in agreement with simple
calculations of Darcy’s law for representative
hydraulic properties (25), which indicate
travel times from the Gulf Trough to the
Atlantic coast of 10 to 40 ka. Hydrologic
conditions in the aquifer at 20 to 30 ka are
unknown. However, it is expected that low-
ered sea level (26, 27) during the LGM
resulted in lower heads in all the Coastal
Plain aquifers but that the lowering of heads
was greater nearer the coast and in the
surficial aquifer and upper confining unit
above the Upper Floridan aquifer than in
deeper aquifers. Therefore, during the LGM,
the Upper Floridan aquifer probably was
recharged more so from diffuse upward leak-
age and horizontal flow through the Gulf
Trough and less so from downward leakage
from the upper confining unit. Increases in
dissolved chloride in paleowaters downgradi-
ent of the Gulf Trough (Fig. 1) may record
more diffuse upward leakage during the
LGM (28). Sea level at the LGM was about
120 to 130 m lower than today (26). Calcu-
lations for the increased gradient accompa-
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Fig. 1. Map showing locations of wells in the Upper Floridan aquifer (solid circles) and adjacent
aquifers (open circles) on flow paths | through Ill, altitude of the predevelopment potentiometric
surface of the Upper Floridan aquifer: (in feet from sea level), and the zone of chloride enrichment
in the Upper Floridan aquifer in southeast Georgia (pattern dotted where dissolved-chloride
concentration exceeds 10 mg liter—?). Northeast-trending dashed lines show the up (U) and down

(D) sides of the Gulf Trough graben.
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nying, for example, a 100-m lowering of sea
level suggest that the flow velocities were
increased sixfold. Paleowaters currently

"found in the Upper Floridan aquifer in

southeast-Georgia downgradient of the Gulf
Trough are thought to represent waters that
were partially trapped as sea level rose during
the last deglaciation and flow velocities de-
creased in response to a decrease in hydraulic
gradient.

We analyzed the chemistry and isotopic
composition of the Upper Floridan aquifer
along three flow paths in the recharge areas
and downgradient in the most confined
portions of the aquifer in southeast Georgia
(Fig. 1). The D/H and 20/*®O ratios (29)
of recent ground waters from recharge zones
in southeast Georgia [!*C content is typi-
cally >50% modem "“C (pmc)], and Ho-
locene ground waters (1*C content of 10 to
50 pmc) are similar to the isotopic compo-
sitions of winter-spring precipitation in
south-central Georgia (30, 31) and plot
parallel to the global meteoric water line
(GMWL) with a deuterium excess (dqyces)
between 10 and 13 per mil (Fig. 2). The
similarity of isotopic composition of recent
and Holocene ground water to that of
present-day late winter-spring precipitation
is consistent with the conclusion that pre-
dominant recharge to the Upper Floridan
aquifer occurs today during the late winter
and spring.

The stable isotope ratios in the paleowa-
ters progressively increase with distance
down the hydraulic gradient (Fig. 3). Sim-
ilar increases are seen in all three flow paths
from the recharge area to about 100 km

0T T T T T T
_4-_ Southeast Georgia ]
L ]
-8% .
12+ -
.E _16__ -
g -20f 4
Q .ot .
- % Jan.— Mar. SW
-28| * Avg. Jan.— Mar SW
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-32 W Avg. RecentGW -
A\ Holocene GW 1
.36} A Avg. Holocene GW
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.404_1..|....|.....lnlLLn.u_l....I--..
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5180 (per mil)

Fig. 2. A 3'80-3D plot showing similarities in the
stable isotopic composition of winter-spring
precipitation [surface waters (SW)], recent
ground water (GW) with '4C contents greater
than 50 pmc, and Holocene ground waters with
14C contents of 10 to 50 pmc. Solid symbols are
average values. Paleowaters -in the Floridan
aquifer downgradient of the Gulf Trough are
isotopically enriched relative to Holocene wa-
ters. The deuterium excess is approximately 10
to 13 per mil in the Holocene and paleowaters.
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downgradient. Beyond 100 km, the pat-
terns diverge; the increase is greatest for the
southernmost flow path (flow path III) (Fig.
1). On flow paths II and III, the maximum
increase is at about 180 to 200 km down-
gradient. The isotope shift is also observed
in the Lower Floridan aquifer at the end of
flow path III and in paleowaters in the
Floridan aquifer system in Florida (32). The
paleowaters plot along the GMWL with a
deyeess Similar to the recent and Holocene
waters (Fig. 2); therefore, the enrichment
in 380 cannot be attributed to evaporation
or isotopic exchange with the rock matrix.
The maximum enrichments in 880 of the
Upper Floridan aquifer between the average
Holocene recharge water and paleowaters
from north to south along flow paths I to III
are 0.7, 1.4, and 2.3 per mil, respectively
(Fig. 3).

The adjusted #C data (33) confirm that
LGM paleowaters are present in the Upper
Floridan aquifer downgradient of the Gulf
Trough structure. The two waters showing
greatest enrichment in 380 on flow path
III have adjusted radiocarbon ages of 26 ka,
and the water on flow path II showing peak
enrichment is dated at 24 ka (Fig. 3). The
plateau in stable isotope enrichment on
flow path I has an adjusted radiocarbon age
of 20 ka and occurs at about the same
distance downgradient as the peak enrich-
ments found on flow paths II and III (34).
The peak in maximum enrichment in stable
isotopes may correspond to the LGM,
which probably occurred about 18,000
(C) years ago.

Dissolved nitrogen and argon in Ho-
locene ground waters and paleowaters from

t Range of
[ Holocene
I ground water

5180 (per mil)
&
(4,3

0 50 100
Distance downgradient (km)

150 200 250 300 350

Fig. 3. Variations in 3'80 in Upper Floridan
aquifer waters as a function of distance from
recharge area on flow paths | through lll. Solid
points denote position of the Gulf Trough on
each flow path. Maximum enrichments in 380
relative to the average Holocene ground water
in southeast Georgia are 0.7, 1.4, and 2.3 per
mil on flow paths I, Il, and lll, respectively.
Numbers adjacent to sample points are adjust-
ed radiocarbon ages in thousands of years (33,
34).
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southeast Georgia (35) indicate that re-
charge temperatures during the late Wis-
consin averaged 5.3°C less.than those of
today (36). The paleowaters contain 2 to 4
cm? of excess air per liter, which is similar
to that of Holocene infiltration waters (37).

Rayleigh model calculations of the iso-
topic composition of precipitation originat-
ing in low-latitude oceans, where tempera-
ture variations are small, and condensing
over colder, high-latitude regions indicate
that the latitudinal temperature effects be-
tween 0° and 20°C, d3'80/dT and ddD/dT,
are 0.72 — 0.010T and 6.0 — 0.09T (in per
mil per degree Celsius), where T is the
condensation temperature in degrees Cel-
sius (9). Much of the stable-isotope data for
precipitation over central Europe have been
correlated to latitudinal, yearly average
ground-level air temperatures between 0° to
18°C (38) and explained by stable-isotope
temperature coefficients, d3'%0/dT and
ddD/dT, of 0.56 = 0.09 and 4.9 = 0.6 per
mil per degree Celsius (9). Smaller seasonal
changes in 880 and 3D result because of
seasonal changes in condensation tempera-
ture and average temperature in the source
area (9). For example, seasonal variations
in 880 today in southeast Georgia are
around 0.13 per mil per degree Celsius.

If we apply the 380 stable isotope tem-
perature coefficient of 0.56 per mil per
degree Celsius (9) directly to the 3'80
enrichment in the paleowaters from south-
east Georgia and account for the oceanic
(ice volume) enrichment of 1.3 per mil
(26), air temperatures during the recharge
season were nearly 2°C warmer for flow
path III during the LGM than today. How-
ever, an average cooling of at least 5.3°C is
indicated by the dissolved gas data and
should have completely obscured the oce-
anic enrichment of 1.3 per mil at the LGM,
resulting in stable isotope depletion or little
discernible difference in stable isotopic
composition between Holocene waters and
LGM waters. Because the southeast-Geor-
gia LGM waters have higher D/H and
180/160 ratios, additional processes must
have occurred that influenced the stable
isotopic composition of these waters.

A change of recharge season from the
present late winter-spring to summer ac-
companying latitudinal cooling is probably
necessary but not sufficient to fully account
for the observations in southeast Georgia.
We demonstrated this by examining the
implied paleo-seasonal variation in §'80,
which, for this case, should be similar to
today. Today, seasonal variations in 3'0
of precipitation in southeast Georgia aver-
age not more than 2 per mil between winter
and summer. If we assume that the most
enriched water on flow path III is represen-

tative of summer precipitation in southeast
Georgia at the LGM (880 = —2.1 per
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mil) and allow for an enrichment of 1.3 per
mil in oceanic source waters, a 5.3°C cool-
ing (in both summer and winter tempera-
tures) indicates winter precipitation was
depleted by about 1.7 per mil in 880
relative to today (paleowinter 3!80 in pre-
cipitation = —6.1 per mil). This indicates
a seasonal variation of nearly 4 per mil in
3180 during the LGM, which is at least
twice that of today. Therefore, change of
recharge season with latitudinal cooling is
insufficient to entirely account for the ob-
served changes in recharge temperature and
stable isotope data.

Precipitation from late summer warm-
core storm systems, such as hurricanes and
other tropical cyclones, will likely be en-
riched in 80 and D relative to precipita-
tion from cold-core extratropical cyclones.
Although there are no data on the occur-
rence of hurricanes during the LGM, cli-
mate modeling indicates that summer equa-
torial and Gulf of Mexico ocean surface
temperatures were similar to or even slight-
ly warmer than today (15-18), with Atlan-
tic summer cyclone activity displaced
southward (39). It is suggested that the
initial stages of overland precipitation from
(summer) hurricanes and tropical cyclones
could provide isotopically enriched precip-
itation in coastal areas of the southeast
United States. The precipitation pattern
may be similar to that seen in the eastern
end of the Sahelo-Sudanese zone of Africa
today, where isotopically enriched precipi-
tation falling at Addis Ababa, Ethiopia,
may represent the early stages of moisture
from monsoons arriving from the Indian
Ocean (40).

Although sea-surface temperatures in
the Gulf of Mexico were little changed
during the LGM (15-18), surface air tem-
peratures in the southeast United States
were significantly cooler (13, 14), establish-
ing a strong continental cooling gradient
northward. The differences in the magni-
tudes of the stable isotope enrichments
along flow paths I through III may provide a
maximum estimate of the continental tem-
perature gradient at the LGM in southeast
Georgia. Application of the stable isotope
temperature coefficient, A38O/AT, of 0.56
per mil per degree Celsius to the maximum
stable isotope enrichments on flow paths I
to III, which have recharge areas separated
by about 2° of latitude, indicates a maxi-
mum continental cooling gradient of 1.4°C
per degree of latitude in southeast Georgia.
This estimate may be exaggerated because
intense rainfall is often associated with
stable isotope depletion (amount effect)
(8). The maximum continental tempera-
ture gradient can be compared with Atlan-
tic sea-surface temperature gradients, which
should be moderated by the Gulf Stream
near the southeast Georgia coast, at the




e

LGM 'of 0.55° (February) to 0.43°C per
degree of latitude (August) (41).

Stable isotope shifts and changes in pa-

leorecharge temperatures can independent-

ly

provide information about past tempera-

ture changes, and inconsistencies in these
data provide a means of recognizing chang-

es

in other climatic variables such as mois-

ture transport mechanisms, storm trajecto-
ries, precipitation intensity, and recharge
season. In southeast Georgia, the inconsis-
tency in stable isotope -data and paleore-
charge temperatures indicates significant
changes in moisture transport mechanism
and recharge season during the LGM.
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Dissolved chloride concentrations are typically 10
to 50 mg L~ in a broad zone downgradient of the
Gulf Trough (Fig. 1) and locally reach several
thousand milligrams per liter in coastal areas
(only). Upgradient of the zone of chloride enrich-
ment and to the north over most of flow path |,
chloride concentrations are typically 2 to 5 mg
liter=", similar to the chloride content of recent
recharge waters. The Br/Cl ratios are similar to
those of seawater throughout southeast Georgia.
In addition to an increase in diffuse upward leak-

age from the Lower Floridan aquifer during the -

LGM, several other processes may have contrib-
uted dissolved chloride to the paleowaters: (i)
incomplete flushing of paleoseawater; (ii) seawa-
ter intrusion (coastal zones only) in populated
areas caused by lowered freshwater heads from
ground-water withdrawals near Savannah and
Brunswick, Georgia, and Jacksonville, Florida;
and (jii) chloride enrichment in paleorecharge
waters as a result of lower recharge rates in a
drier climate. Lowered sea level usually causes a
decrease in dissolved chloride content of ground
water because of greater distances between the
oceans and recharge areas (1, 2, 42); however,
drier conditions in the southeast United States at
the LGM (79) suggest lowered recharge rates.
The dissolved chloride data for southeast Georgia
are not inconsistent with a significant reduction in
recharge rate or an increased rate of dry deposi-
tion during the late Wisconsin. .

All stable isotope measurements were deter-
mined by the U.S. Geological Survey (USGS)
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Stable Isotope Laboratory, Reston, Virginia. The
stable isotope results are reported in per mil
relative to VSMOW (Vienna Standard Mean
Ocean Water) and normalized (43) on scales
such that the oxygen and hydrogen isotopic val-
ues of SLAP (Standard Light Antartic Precipita-
tion) are —55.5 and —428 per mil, respectively.
The 20 precision of oxygen and hydrogen isotope
results is 0.2 and 1.5 per mil, respectively.
Surface waters collected from USGS monitoring
stations during 1985-87. T. B. Coplen and C.
Kendall, unpublished data.

The average air temperature for January to April,
corresponding to the recharge season for south-
east Georgia, over the past 100 years of record
(44) is 14.7°C. The average §'80 and 8D compo-
sitions of 13 Holocene ground waters in southeast
Georgia are —4.43 + 0.29 per mil and —23.9 =
2.2 per mil, respectively. Fifteen surface water
samples from USGS National Stream Quality Ac-
counting Network (NASQAN) surface water mon-
itoring stations in south-central Georgia collected
between January and March of 1985-87 average
—4.3 £ 0.7 per mil in 80 and —22.9 * 4.9 per
mil in 3D.

Stable isotope enrichment occurs at 600 m in the
Lower Floridan aquifer at the end of flow path IlI
(Fig. 1) where the 8'80 of water from the fresh-
water—saltwater interface (44.4% seawater on the
basis of chloride content) is —1.5 per mil. If the
8180 of the seawater component is 0 per mil, the
380 of the freshwater fraction of this Lower
Floridan sample is —2.7 per mil, which is compa-
rable to —2.8" per mil measured in the Upper
Floridan aquifer at a total depth of 274 m (Fig. 1)
at this locality. Paleowaters in confined portions of
the Floridan aquifer of central Florida plotting on
the GMWL are enriched from 1.2 to 1.9 per mil in
8180 relative to Holocene ground water (22, 45).
Other paleowaters in confined portions of the
Floridan aquifer in central Florida show even
greater enrichment in 3'80 and plot along an
evaporation trend relative to the GMWL (45).
The 14C content of the dissolved inorganic carbon
varies from 107 pmc for some recent ground
waters to 0.12 + 0.1 pmc for water near the end of
flow path |. Most of the waters downgradient of the
Gulf Trough contain less than 2 pmc, except for
flow path I, which contains as much as 17 pmc
immediately downgradient of the Gulf Trough in
an area of incomplete confinement. Precise as-
signment of radiocarbon ages depends on knowl-
edge of the '4C content of the recharge water and
adjustment for the mineral-water reactions along
the flow path that alter the '“C concentration of
the dissolved inorganic carbon. A Tamers model
was applied to the initial (confined) water on each
Upper Floridan aquifer flow path in southeast
Georgia to estimate the initial *C value. A
geochemical mass balance reaction model was
constructed along the flow path and used to
adjust the initial 4C value for reactions as in (46).
The predominant reactions considered are disso-
lution of dolomite and anhydrite, precipitation of
calcite, oxidation of organic matter coupled with
microbially mediated sulfate reduction, iron re-
duction and pyrite precipitation, calcium-sodium
ion exchange, and carbon isotope exchange ac-
companying the recrystallization of calcite. Reac-
tion models were found. that reproduced the ob-
served 13C of dissolved inorganic carbon. Some
of the modeled ages are more reliable than others
owing to the magnitude of the reaction corrections
and the uncertainties in the 'C measurements.
All adjusted radiocarbon ages are given on Fig. 3
and have estimated uncertainties of +5 ka.
Because recharge rates, hydraulic gradients, and
travel times have probably varied significantly in
the past, water age cannot be directly related to
distance of flow on a given flow path. It can only
be assumed that water age increases with dis-
tance. Most water in the Floridan aquifer down-
gradient of the Gulf Trough has an adjusted
radiocarbon age in excess of 20 ka. The abun-
dance of adjusted radiocarbon ages between 20
and 26 ka downgradient of the Gulf Trough may
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have resulted from expected increased flow ve-
locities in response to a lowering of sea level.
Upgradient of the Gulf Trough, most waters have
adjusted radiocarbon ages greater than 10 ka,
suggesting little recent (past 10 ka) recharge.

35. The recharge temperature refers to the tempera-
ture at the base of the unsaturated zone during
ground-water recharge. It is assumed that water
infiltrating the unsaturated zone maintains equilib-
rium with the unsaturated zone air, and as further
recharge occurs, the infiltration water becomes
isolated from further exchange with the unsatur-
ated-zone air (4, 7, 47). Recharge temperatures
were determined by gas chromatographic analy-
ses of dissolved nitrogen and argon (4, 47) and
have a precision of +1°C. Overall uncertainties in
N,/Ar recharge temperatures are near +2°C, con-
sidering uncertainties in amounts of excess air
and denitrification.

36. The average recharge temperature, determined
from dissolved nitrogen and argon analyses, of 22
Holocene ground waters from southeast Georgia
(37) is 15.2° £+ 1.6°C, and that of 21 paleowaters
is 9.9° + 1.9°C. The mean annual temperature
today is approximately 19°C (44). Recent calibra-
tion measurements completed after acceptance
of this paper indicate that recharge temperatures
determined by our nitrogen-argon gas chromato-
graphic system should be warmer by approxi-
mately 3.1° + 1.6°C. This correction places the

R R R R A

Holocene recharge temperatures near the ex-
pected mean annual temperature. Because the
error applies to both Holocene and paleowaters,
the average cooling of 5.3°C in paleorecharge
temperatures is retained.

37. Most of the Holocene waters are from two re-
charge areas to the Upper Floridan aquifer in
south-central Georgia (flow path Ill): (i) near Val-
dosta, Georgia (waters with low excess-air con-
tent caused by direct recharge from a river
through sinkholes), and (i) near Albany, Georgia
(waters with 2 to 5 cm? of excess air per liter that
are recharged by infiltration through a shallow
unsaturated zone). Several other Holocene waters
are from the recharge areas on flow paths | and |I.
All paleowaters are from flow paths | and II.

38. Ground-level air temperatures may be several
degrees warmer than temperatures at the base of
clouds; however, the slope of stable isotope vari-
ations with temperature should be unaffected by
this difference (9).

39. J. Williams, R. G. Barry, W. M. Washington, J.
Appl. Meteorol. 13, 305 (1974).

40. A. Joseph, J. P. Frangi, J. F. Aranyossy, J. Geo-
phys. Res. 97, 7543 (1992).
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Evidence of the Growth Plate and the Growth of
Long Bones in Juvenile Dinosaurs

Claudia Barreto,* Ralph M. Albrecht, Dale E. Bjorling,
John R. Horner, Norman J. Wilsman

Histological and ultrastructural evaluation of the ends of long bones of juvenile dinosaurs
from the Upper Cretaceous Two Medicine Formation of Montana revealed the preservation
of growth plates. Growth plates are discs of cartilage present near the ends of growing long
bones that generate bone elongation.Comparison of the fossils with modern taxa dem-
onstrated homology of the growth plate in birds and dinosaurs. The presence of an
avian-type growth plate in dinosaurs adds a shared derived anatomical character corrob-
orating inclusion of birds within the Dinosauria. Additionally, possession of a growth plate,
which in birds is capable of producing rapid determinate long bone growth, implies that an
avian developmental pattern may have been present in these dinosaurs.

I adolescent animals, growth plate carti-
lage, present near the ends of long bones, is
responsible for producing bone growth (Fig.
1). The cells of the growth plate (chondro-
cytes) have a particular temporal and spa-
tial arrangement and undergo a series of
morphologic and other phenotypic changes
in their brief life history. Germinal chon-
drocytes at the articular end of the growth
plate enter the cell cycle and proliferate.
After leaving the cell cycle, differentiated
chondrocytes mature and hypertrophy.
Growth plate chondrocytes produce and
maintain a specialized extracellular matrix,
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and each chondrocyte is thus enclosed in a
lacuna. The chemical composition of the
extracellular matrix is critical to chondro-
cytic development and proper function of
the growth plate (1). At the metaphyseal
end of the growth plate, endochondral os-
sification occurs. Here hypertrophic chon-
drocytes calcify their surrounding matrix
and die at the junction of the cartilaginous
growth plate with the bony metaphysis
(chondro-osseous junction). With chon-
drocytic death, blood vessels, osteoclasts,
and osteoblasts (bone-forming cells) invade
the space formerly occupied by the chon-
drocytes. The osteoblasts then use the cal-
cified cartilage matrix as a scaffold on which
to produce new bone, thereby adding to the
length of the bone shaft.

Growth plate morphology, such as
growth plate height and chondrocytic vol-
umes and shapes, varies among species,
within a species at different ages, and even
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within a bone in which the ends grow at
different rates. The mechanisms by which
these morphological differences are trans-
lated into differential rates of growth are
beginning to be understood (2). Among
living animals, the avian growth plate has a
distinct organization, most notably in the
shape of the chondro-osseous junction.
This morphology may reflect a unique strat-
egy for rapid bone elongation in which
metaphyseal bone production is minimized.
Direct observation of the biology of ex-
tinct species is not possible, and therefore,
our understanding of dinosaur growth is
limited. While soft tissue, including carti-
lage, is rarely preserved in the fossil record,
the calcified hypertrophic zone of the growth
plate, adjacent to the newly forming bone,
has greater potential to become fossilized.
Because growth plate morphology can be
related to rate of bone growth, comparison
of the histologic appearance of the dinosaur
growth plate with that of living animals may
provide understanding of long bone growth
processes in dinosaurs. We studied the mi-
croscopic morphology of growth plates at
the ends of juvenile long bones of the
dinosaur Maiasaura (Ornithischia: Hadro-
sauridae), a bipedal, duck-billed dinosaur
(3), and compared the microscopic struc-
ture with the growth plates of a bird
(chicken), a mammal (dog), and an ecto-
thermic reptile (monitor lizard). Birds and
lizards have evolved from ancestors classi-
fied as diapsid reptiles, whereas mammali-
an ancestors are synapsid reptiles (4).
Maiasaura was abundant in North
America in the Late Cretaceous Period.
The adults reached lengths of 9 m. The
Maiasaura specimens that we studied were
recovered from the Two Medicine Forma-





