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Abstract—Low “C activities in groundwater of the confined part of the Aquia aquifer in southeastern
Maryland suggest that most of this water infiltrated at least 30,000 years ago. However, radiocarbon contents
of the dissolved inorganic carbon seem to be affected by isotopic exchange, possibly with secondary calcite
deposits in the formation, leading to overestimat&@ ages. Whereas the geochemistry of the Aquia aquifer
complicates the application of the widely usé€ dating method, the accumulation of radiogenic He seems

to provide a viable alternative for establishing a chronology. The quasi-linear increase of He concentrations
with flow distance observed in the Aquia aquifer can be explained entirely by accumulation of in situ produced
radiogenic He. U and Th concentrations in Aquia sand were measured in order to determine the accumulation
rate of*He with sufficient confidence to establish a He time scale.

Concentrations of dissolved atmospheric noble gases were used to derive mean annual ground temperatures
at the time of infiltration. These noble gas temperatures (NGTSs) clearly show the presence of water that
infiltrated under much cooler conditions than at present. NGTs are correlated with chloride concentrations,
corroborating the hypothesis that chloride variations in this aquifer constitute a climate signal. In contrast, the
stable isotope ratio8*0 and8D do not provide a clear record of past climatic changes in the Aquia aquifer
and the correlation between NGTs and stable isotope ratios is weak. The NGT record suggests that mean
annual temperatures in this midlatitude coastal site during the last glacial maximum (LGM) were @50
°C colder than during the Holocene. This difference is slightly lower than estimates derived from pollen data
for this region, but considerably larger than the rather uniform cooling of about 5°C indicated by noble gas
studies in more southern locations of North America. The larger cooling is ascribed to the influence of the
Laurentide ice sheet, which at its maximum extension came as close as 250 km to our stucopiteght
© 2002 Elsevier Science Ltd

1. INTRODUCTION larger than previously inferred from oxygen isotope records
(e.g., Johnsen et al., 1992).

Accurate data about past climate states such as the last Although the exact magnitude of the LGM-Holocene tem-
glacial maximum (LGM) are a prerequisite for a better under- perature change for both the warmest and coldest regions of the
standing of the global climate system. Despite numerous re- Earth is still being debated, the equator to pole temperature
search efforts, our knowledge of the global surface tempera- gradient was certainly larger during the LGM than it is today.
tures during the LGM is still incomplete and in part Climate models indicate that the large ice sheets on the north-
controversial. In the tropics, continental proxies such as snow- ern continents, and in North America in particular, had a
lines, pollen (Colinvaux et al., 1996), oxygen isotopes in gla- Pprofound effect on the distribution of surface temperatures
ciers (Thompson et al., 1995), and noble gases in aquifers (Manabe and Broccoli, 1985; COHMAP, 1988; Bartlein et al.,
(Stute et al., 1995b) indicate that temperatures during the LGM 1998). Both models and pollen-based climate reconstructions
were~5°C lower than at present. These findings contrast with indicate that sites close to the Laurentide ice sheets experienced
estimates of at most 2°C cooler tropical sea surface tempera-2 larger LGM-Holocene temperature difference than sites fur-
tures obtained from species assemblages of foraminifera (CLI- ther south, although there are considerable differences between
MAP, 1976, 1981), although the discrepancy has been some-the results of the two approaches (Webb III et al., 1998;
what diminished by reassessments of the faunal data (seeJackson et al., 2000). Independent quantitative paleoclimate
review by Crowley, 2000). In polar regions, ice-sheet borehole "€constructions are desirable to improve our view of the LGM
temperatures (Cuffey et al., 1995; Johnsen et al., 1995) indicate ¢limate in regions influenced by ice sheets.

a glacial temperature depression of 15 to 20°C, considerably The “noble gas thermometer” constitutes a quantitative tool
to measure local LGM-Holocene temperature changes, because

it is based on a simple physical principle, namely the temper-
*Author to whom correspondence should be addressed ature dependence of the solubility of noble gases in water.
(aeschbach@eawag.ch). Concentrations of dissolved noble gases recorded in confined
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aquifers reflect the ground temperature during groundwater
infiltration (e.g., Stute and Schlosser, 1993, 2000). The situa-
tion is complicated by entrapment and dissolution of air during
groundwater infiltration, giving rise to an additional, tempera-
ture-independent noble gas component, the so-called “excess
air” (Heaton and VVogel, 1981). Y et, recent methodologic work
(Ballentine and Hall, 1999; Aeschbach-Hertig et al., 1999,
2000) has shown that measured noble gas concentrations in
groundwater can consistently be modeled within the analytical
uncertainties of typicaly =1 to 2% and that the noble gas
temperature (NGT) and its uncertainty can reliably be deter-
mined.

A major drawback of the groundwater archive is its inher-
ently low temporal resolution due to dispersive mixing and the
difficulty of accurate dating. The reliability of **C ages is
limited by our ability to model the different sources and sinks
of dissolved carbon in aquifers. Noble gas studies provide a
time indicator, namely radiogenic He, which is produced by
a-emitting isotopes of the U and Th radioactive decay series
and subsequently accumulated in groundwater. However, un-
certainties in the sources and the accumulation rate usually
preclude the use of He as a quantitative dating tool.

So far, noble gas studies have provided rather uniform results
of ~5°C for the LGM-Holocene temperature change in the
tropics and subtropics (for a review see Farrera et a., 1999).
Temperature differences of ~5to 7°C were found in studies at
higher latitudes in Europe (e.g., Andrews and Lee, 1979; An-
drews et a., 1985; Rudolph et a., 1984; Beyerle et d., 1998).
However, in some of these NGT records, the LGM could not be
clearly identified, possibly because glaciation or permafrost
prevented groundwater recharge during the LGM (Andrews
and Lee, 1979; Beyerle et al., 1998). A substantially larger than
5°C LGM-Holocene temperature change (=8.6°C) was found
only in the Great Hungarian Plain (Stute and Sonntag, 1992).

This study presents dissolved noble gas concentrations from
the Aquia aquifer in Maryland (USA), and their interpretation
in terms of NGTs and radiogenic He accumulation. Favorable
conditions in the Aquia aquifer allow us to derive He accumu-
lation ages and thus a purely noble gas based climate record
that is complemented by data on groundwater chemistry, stable
isotopes, and radiocarbon. The study site at 39°N on the east
coast of North America complements records from more south-
erly locations in North America (Stute et al., 1992a, 1995a;
Clark et a., 1997, 1998) to a data set that can be used to discuss
the latitudinal temperature gradient during the LGM and the
influence of the Laurentide ice sheet on the glacial climateinits
vicinity.

2. STUDY AREA

The Aquiaformation is a Paleocene layer in the sequence of
unconsolidated sediments of the Atlantic Coastal Plain, reach-
ing from Virginia through Delaware, USA. This study is fo-
cused on the part of the Aquia located in southern Maryland
west of the Chesapeske Bay (Fig. 1). In this region, the Aquia
outcrops between Washington D.C. and Annapolis and dips
southeast towards the ocean. The groundwater generally flows
in a more easterly direction, as indicated by the reconstructed
prepumping potentiometric surface (Fig. 1, Chapelle and
Drummond, 1983; Chapelle, 1983). In its confined part, the
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Fig. 1. Map of the study area, with county names and boundaries
(dash-dotted) and major cities. Sampled wells are indicated by dots and
numbers. The squares C1 and C2 indicate the location of the two
sampled sediment cores. Contours of the prepumping potentiometric
head are given at intervals of 10 ft (solid lines, adapted from Chapelle
and Drummond, 1983). Dotted lines represent a few exemplary esti-
mated flow lines, manually drawn on the basis of the requirement to
intersect head contours perpendicularly. Note that the direction of
groundwater flow (arrows) is mainly towards the east and does not
coincide with the southeasterly direction of dip and the alignment of the
wells. The dashed line A-B indicates the location of the cross-section
shown in Figure 2.

aquifer is an important water resource. Intensive pumping has
locally led to strong drawdown of the potentiometric surface.
The area investigated in this study was restricted to avoid
potential complications due to the most prominent depression
cone near Lexington Park (south of point B in Fig. 1).

The stratigraphy of the region (Fig. 2) consists of a sequence
of sandy layers acting as aguifers and silty to clayey layers
acting as aquitards (Hansen, 1974). In most of the study region,
the Magothy aquifer (Cretaceous) underlies the Aquia, sepa-
rated by the confining beds of the Monmouth, Matawan (both
Cretaceous), and Brightseat (Paleocene) formations. The Aquia
aquifer is confined by the Marlboro clay (Paleocene/Eocene), a
distinct layer of pinkish clay, and the lower, silty and clayey
part of the Nanjemoy formation (Eocene). The upper, sandy
part of the Nanjemoy formation acts as an aquifer and is
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Fig. 2. Cross-section along line A-B indicated in Figure 1. The wells (solid black: casings, open: screens) are projected
on thisline, which does not coincide with a groundwater flowline. All wells except MD12 and 14 tap the Aquia formation,
which forms the major aquifer in the region. Sand and silty sand layers act as aquifers, clay and silty clay layers as aquitards.

hydraulically connected to the overlying Piney Point aquifer
(Eocene). The Aquia formation consists predominantly of
quartz sand (50 to 75%), with a considerable amount of glau-
conite (20 to 40%), which gives the layer its characteristic
greenish color. The abundance of carbonate shell debris is
usually between 1 and 5%, but can reach up to 20% (Chapelle
and Drummond, 1983). In some regions, intervals of drill
cuttings were found to contain more than 25% of calcareously
cemented sand and shell fragments (Hansen, 1974).

On the basis of the water chemistry, Chapelle and Drum-
mond (1983) divided the Aquia aquifer into three approxi-
mately 40 km wide regions. The geochemical evolution pro-
ceeds from a calcium-magnesium-bicarbonate water in the
outcrop area (region 1) to a sodium-bicarbonate water in region
I11. The wells used in the present study are located in regions |
and |1, except for well MD4 that falls into region Il1.

Age estimates for Aquia water were derived from chloride
concentrations (Purdy, 1991), as well as from some stable
isotope and **C measurements (Purdy et al., 1992). The sys-
tematic variation of chloride concentration with distance from
the outcrop in the Aquia aquifer was interpreted as a result of
changes in meteoric deposition due to sea-level fluctuations.
According to this hypothesis, the CI~ minimum observed ~40
km from the outcrop area corresponds to the last glacial sea
level lowstand (~18 radiocarbon kyr BP), when the distance
from the recharge area to the sea was nearly 200 km larger than
at present. **C data from a site at a distance of 45 km from the
outcrop indicated somewhat smaller ages (12 kyr from DIC and
17 kyr from DOC) after corrections for low initial C activity
as well as addition of dead carbon within the aguifer had been
applied (Purdy et a., 1992). Purdy et a. (1996) re-interpreted
the records of chloride concentrations and *°Cl/Cl ratios in
terms of a two-regions flow model. According to this model,

the upper part of the aquifer was flushed more rapidly during
times of low sea level due to increased hydraulic head gradi-
ents, placing the CI™ minimum at younger ages. For the low-
ermost part of the aquifer, however, this model predicts very
slow flow and ages of 100 kyr or more.

3. METHODS
3.1. Sampling and Analysis

Samples from a total of 23 wells were collected during three field
campaigns in 1995. In the upgradient part of the aquifer it was neces-
sary to rely on small wells that supply private homes, whereas further
downgradient in Calvert County, where the aquifer is more productive,
nine public water supply wells could be sampled. Well depths range
from 12 m in the outcrop areato ~190 m in the confined part. Screens
are usually a few meters long near the bottom of the wells (Fig. 2).
Before sampling, wells were pumped sufficiently to flush the boreholes
several times.

Water temperature, electrical conductivity, and pH were repeatedly
measured during sampling to ensure that conditions remained stable. In
the field, alkalinity and dissolved oxygen were determined by titration
(Gran and Winkler methods, respectively) and a colorimetric test for
nitrate concentration (CHEMets® test kits) was conducted. Samples for
the analysis of carbon isotopes (*3C and **C) were collected in 500 mL
glass bottles and preserved by adding 0.2 mL of saturated HgCl,
solution. Samples for stable isotope analysis were taken in 60 mL glass
bottles. Samples for the mass spectrometric measurement of noble
gases were sealed off in copper tubes of ~40 cm® volume (Weiss,
1968), according to the procedures described in Stute et a. (1995a).

During sampling for dissolved gases, conditions that could lead to
contact with the atmosphere or partial degassing of the samples have to
be avoided. Despite all efforts, this goal could not always be achieved
in this study. A major concern were pressure tanks, which were present
in most private wells and might contain a gas phase. Samples were
taken before the pressure tanks if possible, but at seven wells (MD1, 2,
5,7, 9, 18, 23) the exact arrangement of the piping could not be verified
and sampling conditions were thus deemed questionable for noble
gases. An additional concern was low pressure and/or intermittent
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pumping at wells MD2, 9, and 23. However, the effective quality of
noble gas samples is best judged on the basis of the measured concen-
trations, because effects such as degassing or strong air contamination
are usually evident in the data.

For carbon isotope andysis, the DIC was converted to CO,, which
was then extracted using the procedure described by Clark et al. (1997).
Both *3C/*2C and **C/**C ratios were measured at Lawrence Livermore
National Laboratory by conventional and accelerator mass spectrome-
try, respectively. 23C results are reported as & val ues rel ative to the PDB
standard, and have an overall precision of +0.3%.. *C results are
normalized to the NBS OX-1 standard, corrected for background and
isotopic fractionation using the measured §*°C values, and reported as
percent modern carbon (pmc). The analytical precision of the AMS **C
resultsis +0.7% and the background corresponds to a conventional *4C
age of 45 kyr or ~0.4 pmc (Roberts et a., 1997). In view of the
uncertainties related to sample preparation we adopt an overall uncer-
tainty of +1% of the given value or at least =0.4 pmc.

Stable isotope ratios 0 and 8D were measured at Mountain Mass
Spectrometer. Duplicates of all samples were analyzed. Analytical
uncertainties of the individual measurements are better than *+0.1%o for
880 and +1%o for 8D. Chemical analyses were performed at the
University of Maryland. Maor cations (Ca, Mg, Na, K) were analyzed
by flame atomic absorption spectroscopy, anions (Cl, F, SO,, NO;) by
ion chromatography.

The dissolved gases were extracted from the copper tubes on a
vacuum line. The individual noble gases were separated and succes-
sively analyzed in a MAP 215-50 noble gas mass spectrometer. Details
of the analytical procedure have been described by Stute et al. (1995a).
Calibration curves accounting for the pressure dependence of the
sensitivity were obtained by fitting simple polynomials to the results of
repeated measurements of air aiquots of different size, covering the
range found in the samples. The standard deviations of the air calibra-
tions from the fit curves varied between =0.5 and 0.7% for Ne, Ar, Kr,
and Xe. For He, the dynamic range was much larger and the scatter
was *+1.2%. Overall uncertainties of measured concentrations, includ-
ing the reproducibility of sampling and gas extraction were estimated
from analyses of 9 pairs of duplicate and one set of triplicate samples.
The data from these individual measurements were combined by nor-
malizing them to the respective mean values. Standard deviations of the
normalized duplicate measurements were +=1.4% for He, +0.8% for
Ne (excluding one outlier), +0.7% for Ar, £0.9% for Kr, and +0.8%
for Xe. As expected, these errors are dightly larger than the reproduc-
ibility of the air standards.

For a few samples, tritium concentrations were determined by the
SHe-ingrowth method (Clarke et al., 1976). Between 200 and 500 mL
of water sampled in glass bottles were degassed and flame-sealed in
glass bulbs with low He permesbility. After several weeks of storage,
the ®He which had accumulated from tritium decay was extracted and
admitted to a VG-5400 He isotope mass spectrometer (Ludin et &,
1997). The analytical precision as well as the detection limit of the
tritium measurements was approximately +0.1 TU (tritium units, 1 TU
is equivalent to a 3H/*H ratio of 107 %).

3.2. Interpretation of Noble Gas Data

The correct treatment of the “excess air” component (Heaton and
Vogel, 1981) congtitutes the principal difficulty in the interpretation of
noble gases in groundwater. Three models of the formation of excess
air have been proposed: total dissolution (TD) of trapped air bubbles,
resulting in atmospheric composition of the excess air (e.g., Andrews
and Lee, 1979; Stute and Schlosser, 1993); total dissolution followed
by partial re-equilibration (PR) with the atmosphere, resulting in dif-
fusivity-controlled fractionation of the excess air (Stute et a., 1995b);
and closed-system equilibration (CE) of groundwater with only par-
tially dissolved entrapped air, resulting in solubility-controlled frac-
tionation (Aeschbach-Hertig et a., 2000).

Aswill be shown below, the CE-model provides the best description
of the noble gas data set from the Aquia aquifer. The model equations
are (Aeschbach-Hertig et a., 2000):

C(T,SP,AF) = Ci(T,SP)

(1-F)Az

AT AR i = He, Ne, Ar, Kr, Xe) (1
1+ FAz/C? ( ) (D)

where C; (T,SP) are the moist air solubility equilibrium concentrations
as functions of temperature, salinity, and atmospheric pressure (Clever,
1979; Weiss, 1970, 1971; Weiss and Kyser, 1978), and z are the noble
gas volume fractions in dry air. A describes the initial amount of dry
entrapped air per unit mass of water and F parameterizes the fraction-
ation of excess air.

For the Aquia aquifer, as usual in noble gas studies of groundwater,
Eqgn. 1 is not applicable to the observed He because of the presence of
radiogenic He, and the parameters P and S can be estimated. We used
P = 0.994 atm corresponding to recharge at an dtitude of 50 m, and
S = 0% for the meteoric recharge water. Thus, Eqn. 1 describes four
measured concentrations (Ne, Ar, Kr, Xe) with three free parameters
(T, A, F). It was solved for the unknown parameters by inverse
modeling as described by Aeschbach-Hertig et al. (1999). This non-
linear least squares method finds those values of the model parameters
that minimize x2, the sum of the squared deviations between the
modeled and measured concentrations, normalized to the respective
experimental uncertainties. A x?-test can be used to judge the ability of
different models to describe the data within their uncertainty, on the
level of individual samples aswell as the entire data set (Ballentine and
Hall, 1999; Aeschbach-Hertig et al., 1999). We first applied the y*-test
to individual samples to identify irregular samples that cannot be
described by any model. In a second step we applied it to the entire set
of “good” samples to select the appropriate excess air model. In both
cases, we rejected samples or models that yield probabilities p < 0.01
(p is the probability to obtain a y>-value equal or higher than the
observed value with a correct model).

The uncertainties of the estimated model parameters are calculated
from the covariance matrix in the least squares fitting algorithm (Press
et al., 1986). Numerical error propagation by Monte Carlo simulations
usualy confirms this error estimate (Aeschbach-Hertig et al., 1999).
For samples with high y>values, more conservative estimates of the
uncertainties of the parameters may be derived by scaling the covari-
ance matrix errors with the factor (y*/v)Y?, where v is the number of
degrees of freedom (Rosenfeld et a., 1967). This scaling implicitly
estimates the uncertainty of the data from their deviation from the
model. Because we have derived reliable experimental errors (see
section 3.1.), this scaling does not seem indicated in general. Yet, for
those samples that were rejected on the basis of the y*-test, the scaled
errors may provide a tentative estimate of the reliability of the results.

The parameters derived from the inverse modeling of the heavier
noble gases were used to calculate the atmospheric He component, and
hence the radiogenic He excess (He,,,) as the difference between the
measured total He and the calculated atmospheric He. This is the
strictest way to derive He, .y, Which is used for groundwater dating.

4. RESULTS

To detect general patternsin the distributions of the chemical
and isotopic tracers, the results are plotted as a function of the
distance from the outcrop region along hypothetical flow lines
(Figs. 3t0 5). Flow lines and distances were roughly estimated
on the basis of the prepumping potentiometric surface (Fig. 1,
Chapelle and Drummond, 1983). The inferred flow lines start at
the northern boundary of the outcrop area and bend from a
southeasterly to an easterly direction (perpendicular to head
contours, Fig. 1). Note that the sampled wells lie on severa
different flow lines and that flow lines may have been different
in the past. The procedure to estimate flow distances is analo-
gous to that used by Purdy (1991) and Purdy et al. (1992,
1996). Thus, our results can be compared to those of the earlier
studies, although different wells were sampled (except MD1
and 2, which are wells no. 17 and 16 of Purdy et al., 1996).

On the basis of well logs and hydrogeologic information
(Fig. 2), we conclude that two wells (MD12 and 14) draw water
from the overlying Piney Point/Nanjemoy formation rather
than the Aquia. Since the recharge area of the Piney Point
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Fig. 3. Variation of ion concentrations with flow distance. Note that this and the following figures do not represent an
evolution along one flowline. Large symbols represent samples from the Aquia aquifer, small symbols samples from the
Piney Point formation (shown for comparison only on the Aquiaaquifer distance scal€). a) Chloride. Full symbols represent
data of this study, open symbols samples from Purdy (1991), shown for reference. The dashed line is the third order
polynomial fit applied by Purdy (1991) to their data, the solid line is the same fit through our Aquia data (except well MD5).
The two data sets are in good agreement, both showing a chloride minimum at flow distances of ~40 km. b) Major ions.
In the recharge area, concentrations rise rapidly due to calcite dissolution. Downstream of the outcrop, Ca®" decreases
slowly due to ion exchange and is replaced first by Mg®* and later by Na*, whereas HCO; remains practically constant.

aquifer is not well defined, we do not establish a separate flow 4.1. Chemistry

distance scale for this aguifer. The data from the Piney Point

wells are plotted with small symbols on the Aquia distance Purdy (1991) found a minimum in chloride concentrations at
scale in Figures 3-5, although a direct comparison on this scale ~40 km flow distance, and interpreted it as reflecting the last
may be misleading. glacial sea-level lowstand. The chloride data obtained in our
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Table 1. Well data, field measurements, and results of chemical analyses.

State permit  Distance Depth Temp Ky Alk  TotCO, C&* Mg?>* Na" K* CI© S0,2 NO;~
Well no. [km]  [m] [°C] [pScm] pH [megl] [mmol/l] [ug/g] [wng/g] [wng/d] [wng/d] [ng/dl [wng/dl [wng/d]
MD9 AA-73-7132 22 152 16.0 178 47  0.06% 2.73 121 595 144 6.6 3.38 26 9.88
MD8 AA-92-0759 54 213 162 59 57 009 0.59 95 09 124 28 470 03 189
MD5 AA-88-79%4 13.8 122 144 276 47  0.07° 3.28 315 1034 8.7 83 2457 739 285
MD6 AA-92-1790 151 213 150 255 69 238 310 807 129 16 40 423 45 079
MD7 AA-88-9608 19.1 951 152 276 70 224 2.78 50.7 7.26 32 50 162 333 <0.05°
MD20 PG-73-0702 19.3 841 147 279 77 298 312 582 539 50 5.9 143 46 0014
MD23 PG-81-0691 194 111.2 153 250 77 221 2.30 48.4 7.12 43 50 1.04 9.7 0.296
MD21 PG-81-1568 195 914 145 267 76 255 2.70 55.2 4.96 4.7 5.0 1.70 80 0.021
MD18 PG-81-1187 25.8 96.0 146 280 78 267 277 470 11.23 52 101 0.67 9.1 0.030
MD19 CA-92-0082 26.5 838 141 276 77 279 293 491 1009 61 85 057 64 0021
MD15 CA-73-0196 29.9 1021 154 280 78 276 2.85 40.7 11.98 59 117 0.73 83 0.053
MD1 PG-73-0506 300 1094 156 254 77 251 264 366 1251 83 170 116 58 0.026
MD2 CH-73-1818 32.3 1341 145 269 77 2762 2.89 255 10.15 7.2 155 1.46 3.0 0016
MD17 CA-92-0220 333 1112 150 292 77 289 304 444 1321 57 121 099 105 0.025
MD22 PG-92-0624 38.2 1704 16.3 282 77 266 277 385 14.76 6.6 142 0.81 9.2 0.096
MD13 CA-88-0715 390 1372 177 271 78 272 282 496 1031 58 92 059 118 <0.05°
MD16 CA-72-0022 51.6 1365 16.9 270 79 276 2.83 280 1294 137 17.3 0.71 71 0.017
MD11 CA-73-2670 525 1652 174 263 80 248 252 231 1193 145 193 112 9.8 <0.05°
MD3 CA-88-2253 53.2 1844 173 275 7.7 181 1.88 228 1325 185 264 0.81 75 0.058
MD10 CA-88-0852 563 1615 152 286 78 275° 285 308 1162 56 138 221 120 <0.05°
MD14 CA-81-4117 67.3 914 149 242 78 220 2.27 212 1116 58 163 188 103 0.028
MD12 CA-02-3170 748 1225 168 265 81 257 259 207 1276 319 217 097 189 <0.05°
MD4 CA-81-1193 813 189.0 179 223 88 217° 212 2.6 072 623 7.8 1.91 48 0.030
Error® +0.2 +5  *+01 =*01 +0.1 +15 =015 =*04 =*02 =01 =*02 *001

2 Alkalinity calculated from measured pH and Total CO,. Otherwise: Total CO, calculated from measured pH and alkalinity.

b Data from simple testkit only.
¢ Stated errors represent estimates of the typical uncertainty only.

study (Table 1) confirm this pattern, although they show a
somewhat larger scatter (Fig. 3a). Empirical polynomia fits
through the two data sets are very similar. The wells from the
recharge area, in particular well MD5, have much higher chlo-
ride concentrations than the wells in the confined part of the
aquifer. These elevated concentrations may be due to anthro-
pogenic influence, as indicated also by high nitrate concentra-
tions and the presence of bomb-produced *H and *C (see
below).

The concentrations of the major ions change systematically
with flow distance (Fig. 3b, Table 1). Three of the four wells
from the outcrop area (MDS5, 8 and 9) yield very acidic water
(typical pH: 4.7), probably due to dissolved soil-gas COs,.
Unstable pH values due to degassing prevented the determina-
tion of the alkalinity by titration in the field. Approximate
HCOg concentrations were calculated from the total CO, mea-
sured later in the laboratory and the pH measured in the field.
The Ca&2* concentrations are rather low in these acidic wells,
but reach amaximum in the last outcrop well (MD6), where pH
isneutral. The water of MD6 is dominated by Ca®* and HCO3
ions, whereas further downstream Ca®" is replaced by Mg®*
and Na*. The most distant well (MD4) is dominated by Na*
and HCOj ions. This evolution of the Aquia water is in
agreement with the patterns described by Chapelle and Drum-
mond (1983) and Chapelle and Knobel (1985).

4.2. Stable Isotopes and **C

The stable isotope values 80 and 8D scatter within the first
35 km of flow distance, but between 35 and 55 km they are
consistently lower (Fig. 4a, Table 2). A similar difference exists

between the two wells from the Piney Point formation. The
deuterium excess d = 8D — 8- 880 (Table 2) varies quite
strongly without an apparent relation to the stable isotope ratios
or the flow distance. The scaling of Figure 4a is such that for
samples that fall on the global meteoric water line (GMWL,
defined by 8D = 8- 680 + 10) the points representing 8D and
880 values would fall together. This is the case for two
samples only (MD4 and 21). For most samples, the 6D points
lie somewhat beneath the §*80 points, corresponding to deu-
terium excesses between 6 and 9.

The wellsin the outcrop area have *“C activitiesin DIC close
to the modern (prebomb) level (Fig. 4b, Table 2). Bomb-
produced *C is present at least in well MD9 (122 pmc). In the
confined part of the aguifer, **C values generally decrease
exponentially with flow distance (Fig. 4b) as would be
expected if flow distance were a good proxy for flow time
and the decrease of *“C activities were only due to radioac-
tive decay. However, there are important deviations from
this trend, especially around flow distances of ~30 km,
where several samples have activities below the detection
limit of 0.4 pmc. Note that the apparent increase of “C
activities at larger flow distances does not reflect a real
evolution of the groundwater, because the wells are located
on different flow lines.

8'3C initially increases from values between — 20 and —15%o in
the recharge area to an gpproximately constant value of —11%o up
to aflow distance of 60 km. In the most distant Aquiawell (MD4),
8'3C rises to a value of —8%o. These cbservations are in agree-
ment with published data (Chapelle and Knobel, 1985).

14C dating of groundwater involves the calculation of the
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Fig. 4. Variation of isotope data with flow distance. Large symbols represent samples from the Aquia aquifer, small
symbols samples from the Piney Point formation. a) Stable isotopes. Both 80 and 8D are lowest between flow distances
of 35 and 55 km. The vertical scales are such that points that lie on the global meteoric water line (68D = 8- 80 + 10)
fall together. Most wells have a deuterium excess below 10, thus 8D-values plot below §*20-values. b) Carbon isotopes.
14C decreases roughly exponentially (note the logarithmic scale) with distance, except for a group of wells with very low
activities between 25 and 40 km. 8*3C increases in the outcrop area to rather uniform values around —11%o.

initial *C activity of the DIC resulting from a mixture of soil
CO, with variable C values and solid carbonate that has *C
values close to zero. Using measured variables such as aka
linity, total dissolved carbon, and §*3C, several models have
been developed for estimating initial **C values. As a first
approximation, we calculated **C ages according to the model
introduced by Fontes and Garnier (1979), using typical values

for the isotopic compositions of soil CO, and calcite (Table 2).
By comparison, using the model of Ingerson and Pearson
(1964), we obtain ages that are on average 4% higher, whereas
the model of Tamers (1975) yields typically 10% higher ages.
The ages are modern for the four wells from the outcrop area,
but then jump to 15 kyr and rapidly increase to values of more
than 30 kyr.
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Table 2. Isotope data.

Distance 80 8D d? stc 1c 14C ageP
Well [km] [%q] [%o] [%o] [%o] [pmc] [kyr]
MD9 2.2 —-7.08 —48.65 7.95 —-20.7 121.7 modern
MD8 54 —6.76 —47.63 6.46 -16.0 75.5 modern
MD5 3.8 —7.08 —53.45 3.20 —-19.7 83.1 modern
MD6 15.1 -721 —54.09 3.59 -9.1 28.2 modern
MD7 19.1 —-6.84 —42.48 12.25 —-149 9.1 155
MD20 19.3 —6.70 —45.09 8.47 -10.7 18 24.4
MD23 194 —-7.00 —48.05 7.96 —-11.8 49 18.1
MD21 195 —-6.77 —43.99 10.14 -104 -© -©
MD18 25.8 —7.06 —48.47 7.97 -159 0.1 >42
MD19 26.5 -7.21 —50.63 7.06 =114 0.1 >37
MD15 29.9 —-7.23 —55.90 1.94 -115 0.1 >37
MD1 30.0 —-7.05 —-50.57 5.79 -9.9 0.6 316
MD2 32.3 —-6.73 —45.74 8.06 —-12.8 3.8 214
MD17 333 —6.92 —46.71 8.61 —-10.8 0.2 >33
MD22 38.2 -7.39 —58.32 0.80 -10.9 0.2 >34
MD13 39.0 —7.56 —-53.91 6.53 -11.2 0.9 311
MD16 51.6 -7.31 —49.98 8.46 -115 0.4 >33
MD11 52.5 —7.55 —58.22 2.19 —-11.1 1.7 26.2
MD3 53.2 —7.43 —52.94 6.50 -115 0.3 >34
MD10 56.3 —6.52 —43.79 8.33 —-11.1 4.6 17.5
MD14 67.3 —6.69 —44.05 9.47 -99 0.6 32.3
MD12 74.8 —-7.37 —-51.80 7.12 -85 0.1 >31
MD4 81.3 —6.78 —44.19 10.05 -8.2 0.2 >29
Errors +0.07 +0.7 +0.3 +0.49

aDeuterium excess d = 8D — 8880.

b 14C age calculated according to Fontes and Garnier (1979), assuming 8*3C values of —25 and 0%, and **C activities of 100 and 0 pmc for soil
CO, and calcite, respectively. For measured activities A = 0.4 pmc, minimum ages corresponding to (A + 0.4) pmc are given.

¢ Sample lost.
90r +1% of the value for activities above 40 pmc.

4.3. Noble Gases

The different conceptual models for the excess air compo-
nent in groundwater discussed by Aeschbach-Hertig et al.
(2000) were fitted to the noble gas concentrations from all 29
samples (Table 3) using the inverse algorithm of Aeschbach-
Hertig et al. (1999). The ability of the models to explain the
data was checked by a y>-test (see section 3.2.). Five samples
from three wells (MD1, 7, 23) could not be described by any
available model (p << 0.01). All three wells belong to the
group of wells where bypassing of the pressure tank could not
be verified (see section 3.1.). Therefore, it seems likely that
these samples were affected by artefacts induced during sam-
pling, such as gas exchange in the pressure tank. All other
samples, including those from the remaining wells with ques-
tionable sampling conditions (MD 2, 5, 9, 18), yield acceptable
fits, a least with the CE-model (Egn. 1). Thus, the inverse
evaluation procedure seems to enable an objective judgment of
sample quality.

After elimination of the problematic samples (MD1, 7, 23),
the x*-test was applied to the remaining data set to choose the
appropriate excess air model. Even with dightly larger error
estimates (1% on al concentrations) as used in Aeschbach-
Hertig et al. (2000), this test showed that only the CE-model is
applicable. With the more stringent error estimates used here,
the CE-model is still acceptable (29 samples, x* = 49, p =
0.011). Other models clearly fail (x> > 100, p < 10~ &for both
TD and PR-model). The results obtained with the CE-model are
summarized in Table 4.

Temperature results from replicate samples usually agree
within 0.2°C, except for well MD2 where they differ by
~0.6°C and MD4 where one of three samples differs by more
than 1°C from the other two. Mean concentrations for wells
with replicate samples were calculated and evauated by the
inverse technique. The parameters derived from fitting these
mean concentrations are amost identical to the weighted means
of the parameters derived from the individua samples. The
same holds true for the correctly propagated errors of the mean
values. This result confirms the robustness of the inverse tech-
nique to derive NGTs and their uncertainties.

Weighted mean NGTs (Table 5) are used in the following
discussion. An exception is made for well MD18, where both
samplesindividually yield acceptable fits (p ~ 0.03), but the fit
of the mean concentrations with accordingly reduced errors is
below our cutoff criterion (p = 0.002). In this case, we use the
weighted mean results with uncertainties as derived from the
individual samples. The best results of the rejected fits from
wells MD1, 7, and 23 are also listed in Table 5 and shown in
subsequent figures, using the scaling of the errors by the factor
(x¥v)¥2. Yet, as these results are based on insufficient model-
ing of the data, we do not include them in the further discus-
sion.

The model parameters A and F have a physical interpretation
that should be used to check the plausibility of the fit results
(Aeschbach-Hertig et al., 2000, 2001). A describes the initial
volume of entrapped air per unit volume of water. F can be
expressed as the ratio of two parameters with a physical mean-
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Fig. 5. Variation of noble gas results with flow distance. Large solid symbols represent regular samples from the Aquia
aquifer, small solid symbols samples from the Piney Point formation. Open symbols indicate best estimates for samples that
could not be described by any model for noble gases in groundwater, probably due to inadequate sampling conditions. These
tentative results are not considered in the discussion. a) Noble gas temperature (NGT). NGT drops sharply between 20 and
25 km, and then rises gradually (except for the high value at MD10). b) Radiogenic He. The approximately linear increase
of He concentrations with flow distance is broken only by the low value at MD10, the high value at MD4 (off scale) and
the displacement of the Piney Point wells (MD12 and 14).

ing: F = v/q, where v isthe ratio of the entrapped gas volumes
in the final and initia state, and q is the ratio of the dry gas
pressurein the trapped gas to that in the free atmosphere. Thus,
F describes the reduction of the trapped air volume A by partial
dissolution (v) and compression (1/q). The resulting excess of

dissolved gases, which is often expressed by the relative Ne
excess ANeg, is related to the dissolved fraction (1—v) of the
entrapped air (A) and the pressure () acting on the entrapped
gas (Aeschbach-Hertig et al., 2001).

On the basis of field data of Fayer and Hillel (1986) on the
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Table 3. Noble gas data.

He Ne Ar Kr Xe *He/"He
Sample [108cm®STPg Y] [107cm®*STPg™Y [104ecm®STPg Y] [108cm®STPg™Y] [108cm®STPg Y 10°¢
MD9.1 5.988 2.493 4.020 8.985 1.221 2.59
MD8.2 5.529 2.303 3.894 8.757 1.198 2.83
MD5.2 5.413 2.295 3.883 8.638 1.179 1.67
MD6.2 5.107 2.145 3.835 8.756 1.215 4.69
MD7.1 8.070 2.714 4533 10.14 1.634 111
MD7.2 8.140 2.716 4.548 10.28 1.639 113
MD20.2 7.220 2.324 4.153 9.302 1.334 1.09
MD23.1 9.213 2.554 4.537 10.38 1617 0.899
MD21.1 7.059 2.306 3.976 8.891 1.259 1.10
MD21.2 7.095 2.308 3.968 8.863 1.258 1.10
MD18.1 9.785 2.560 4.846 11.30 1.724 0.849
MD18.2 9.945 2.559 4.832 11.23 1.714 0.855
MD19.1 11.87 2.584 4.906 11.36 1.626 0.726
MD15.2 10.89 2.530 4.728 10.84 1.610 0.787
MD1.1 14.47 4.817 5.517 11.09 1.613 117
MD1.3 13.79 4.529 5.383 10.97 1.583 1.18
MD2.1 7.265 2.557 4.428 9.718 1.368 1.18
MD2.2 7.022 2.522 4.338 9.699 1.337 1.19
MD17.2 10.02 2.444 4.703 10.90 1.650 0.818
MD22.1 10.53 2.467 4.611 10.71 1.587 0.835
MD22.2 10.28 2.422 4.552 10.50 1.576 0.783
MD13.1 13.18 2.575 4,782 11.03 1.589 0.655
MD13.2 13.44 2.543 4.784 11.18 1.597 0.638
MD16.1 17.51 2.480 4.663 10.80 1.555 0.491
MD11.1 15.92 2.456 4.622 10.75 1531 0.508
MD3.3 18.66 2475 4.637 11.02 1.560 0.450
MD3.4 18.69 2.488 4.673 10.99 1571 0.438
MD10.1 7.491 2437 4.070 8.959 1.234 1.07
MD14.1 8.830 2.407 4.128 9.095 1.267 0.936
MD12.1 26.00 6.733 7.148 14.08 1.833 0.933
MD12.2 26.62 6.992 7.294 14.22 1.841 0.919
MD4.1 50.03 2512 4.487 10.16 1.432 0.160
MD4.3 52.29 2.496 4.503 10.50 1471 0.179
MD4.4 52.06 2.523 4.499 10.06 1.478 0.169
Errors +1.4% +0.8% +0.7% +0.9% +0.8% +5%

volume fraction of entrapped air, A is expected to range from
0.02 to 0.18 cm®STP g~ *. Assuming seasonal water table
fluctuations of up to 2 m, g should fall between 1 and 1.2. Such
pressures could force at most ~0.004 cm3STP g~ * of air into
dissolution, or 2 to 20% of the expected entrapped air, suggest-
ing that v should fall between 0.8 and 0.98. The results for the
Aquia samplesfal in or close to the expected range (A: 0.01 to
0.07 cm3STP g%, v: 0.72 to 0.94, q: 1.10 to 1.23, Table 4).
However, there are two noticeable exceptions.

Sample MD6 yields an unredlistically high value of A that,
however, seems to be rather accidental, because its uncertainty
is huge (A = (0.29 = 0.89) cm®STP g~ ). Obviously, A is not
well constrained by the data. Prescribing A-values in the ex-
pected range (0.02 to 0.18 cm3STP g~ %), we obtain good fits
(x? decreasing from 2.7 to 0.05) with temperatures increasing
from 12.4 to 14.0°C. As our best estimate for T, we use the
result obtained at A = 0.1 cm°STP g%, with an error that
includes the whole range (T = 13.5 = 1.1°C, Table 5). This
result is supported by Monte Carlo simulations, for which 1000
input data sets were randomly drawn from the distributions
defined by the measured data and their experimental uncertain-
ties (see Aeschbach-Hertig et al., 1999). Fitting these data
yielded a distribution of T-values with a mean of 13.6°C and a
standard deviation of 0.8°C.

The second exceptional case is well MD12, where both

samples yield very high values of g (=2.3) and low values of
v (0.20). These samples have by far the highest noble gas
concentrations, due to a large excess air component (ANe ~
230%). This high excess does not appear to be due to air
contamination during sampling, because the excess air is frac-
tionated and the duplicate samples reproduced well. Yet, the
interpretation of the large excess air component as a result of
almost complete dissolution of the entrapped air due to high
pressures is consistent with the data and yields reasonable
results.

The NGTs vary systematically with flow distance (Fig. 5a,
Table 5). They are highest (=14°C) at distances less than 15
km, and drop to values between 3 and 6°C at distances around
30 km from the outcrop. At distances larger than ~50 km, the
temperatures gradually rise up to 8°C. Only two Aquia samples
(MD2 and 10) do not fit into this pattern. MD10 yields a
temperature similar to the wells from the outcrop area athough
it lies at a flow distance of aimost 60 km. The two wells from
the Piney Point aquifer also show a large difference in NGT,
although displaced to large distances when plotted on the Aquia
scale.

4.4. He Isotopes and Tritium
Two different non-atmospheric He components can be
identified on the basis of the He isotopes (Table 3): The
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Table 4. Results of fitting equation 1 to the measured concentrations of Ne, Ar, Kr, and Xe.

A ANe radiogenic He
Sample X p T[°C] [cm3STP/g] F q v [%] [1078 cm®STP/g]
MD9.1 1.29 0.26 132+ 04 0.020 0.66 1.20 0.80 28.1 0.04 = 0.10
MD8.2 0.56 0.46 138+ 05 0.031 0.79 115 0.90 189 0.07 = 0.09
MD5.2 0.05 0.83 14.7 = 0.7 0.045 0.80 1.16 0.93 19.5 —0.03 = 0.09
MD6.2 0.03 0.87 144+ 2.6 0.288 0.89 111 0.99 11.4 0.05*+0.11
MD7.1 66.1 0.00 55+0.3 0.003 0.00 1.14 0.00 29.5 1.63 = 0.17
MD7.2 51.0 0.00 53+03 0.003 0.00 114 0.00 29.3 1.70 £ 0.17
MD20.2 2.64 0.10 10.6 = 0.5 0.030 0.81 1.13 0.91 16.5 1.80 = 0.11
MD23.1 21.0 0.00 51+03 0.002 0.00 1.10 0.00 21.3 321+0.18
MD21.1 1.08 0.30 121+ 04 0.020 0.77 1.13 0.87 17.3 162 = 0.11
MD21.2 1.43 0.23 120+ 04 0.018 0.76 112 0.86 17.4 165+ 011
MD18.1 4.29 0.04 32+03 0.010 0.65 111 0.72 18.9 3.94 = 0.16
MD18.2 4.99 0.03 34+03 0.010 0.65 111 0.72 19.1 4.10 = 0.16
MD19.1 0.01 0.93 59+ 07 0.072 0.78 1.20 0.93 23.6 6.01 = 0.17
MD15.2 287 0.09 53*04 0.024 0.75 114 0.86 20.3 511+ 0.16
MD1.1 279 0.00 71+03 0.015 0.00 1.68 0.00 134 1.90 = 0.27
MD1.3 17.4 0.00 7303 0.014 0.00 161 0.00 120 201 *+0.26
MD2.1 2.55 0.11 10.7 = 0.6 0.042 0.72 1.23 0.88 284 1.28 = 0.12
MD2.2 0.05 0.82 11.3+ 0.6 0.046 0.73 122 0.90 274 112+ 011
MD17.2 4.69 0.03 44+ 0.3 0.017 0.78 1.10 0.86 15.1 4.47 = 0.15
MD22.1 114 0.29 54+0.3 0.017 0.75 112 0.84 17.4 4.89 = 0.16
MD22.2 4.28 0.04 56 0.3 0.014 0.75 1.10 0.83 15.5 4.74 + 0.16
MD13.1 0.01 0.93 6.0 05 0.042 0.76 1.18 0.90 233 7.31+0.19
MD13.2 0.61 0.43 59+ 05 0.055 0.78 1.18 0.92 21.8 7.66 = 0.20
MD16.1 0.01 0.92 65+ 05 0.049 0.80 1.16 0.92 194 11.86 = 0.25
MD11.1 0.19 0.67 72+ 07 0.068 0.81 1.16 0.94 19.1 10.32 + 0.23
MD3.3 4.30 0.04 6.2+ 05 0.046 0.80 115 0.92 18.8 13.04 = 0.27
MD3.4 1.23 0.27 6.1+ 05 0.045 0.80 1.15 0.92 19.3 13.03 = 0.27
MD10.1 0.22 0.64 134+ 05 0.033 0.73 1.20 0.88 254 171+ 012
MD14.1 117 0.28 12.6 = 0.6 0.040 0.76 1.19 0.90 23.0 315+ 0.13
MD12.1 0.27 0.60 53*04 0.036 0.09 223 0.20 220 8.73 = 0.42
MD12.2 0.13 0.71 54+04 0.038 0.09 2.30 0.20 233 8.64 = 0.43
MD4.1 0.01 0.91 9.1+05 0.045 0.76 1.19 0.90 24.2 44.22 + 0.70
MD4.3 2.68 0.10 79+ 05 0.038 0.77 117 0.90 219 46.56 = 0.73
MD4.4 6.26 0.01 7804 0.021 0.71 1.16 0.83 231 46.21 + 0.73

X2 is the sum of the weighted squared deviations between modeled and measured concentrations. Its expected value is the number of degrees of
freedom, which is one, since there are four constraints (Ne, Ar, Kr, Xe) and three free parameters (T, A, F) for each sample.

p is the probability for x? to be equal to or larger than the actual value due to random errors, although the model is correct. Fits with p < 0.01 are
rejected (values in italics). The respective samples yield F = 0 (no fractionation) and cannot be described by any other available model.

T is the model parameter for the equilibration temperature (noble gas temperature, NGT).

A is the model parameter for the STP-volume of initially entrapped air per mass of water.

F = vlq is the fractionation parameter, reflecting the reduction of the entrapped gas volume.

v is the remaining fraction of the entrapped gas volume after partial dissolution.

g is the dry gas pressure in the entrapped gas relative to that in the atmosphere.

ANe (%) = (Neped/Ney; — 1) - 100% is the relative Ne excess above solubility equilibrium.

Radiogenic He is the He excess above the atmospheric He components predicted by the model.

wells from the outcrop area (MD5, 6, 8, 9) have *He/*He
ratios above the atmospheric value (1.384 - 10~ °, Clarke et
al., 1976), indicating accumulation of He from tritium
decay, whereas all other wells have *He/*He ratios below the
atmospheric value, indicating accumulation of radiogenic
He. These non-atmospheric He components are calculated
from the measured He by subtracting the equilibrium and
excess air components, as defined by Eqgn. 1 with the pa-
rameters obtained from the fit to the other noble gases. The
correct choice of the excess air model can be crucial for this
calculation (Aeschbach-Hertig et al., 2000). For the wells
from the outcrop area, the assumption of unfractionated
excess air would result in negative radiogenic He, whereas
the assumption of fractionation by partial diffusive re-equil-
ibration (Stute et al., 1995b) would imply unrealistically

large concentrations of radiogenic He. The CE-model (Egn.
1) yields not only the best fit for the heavier noble gases but
also the most realistic results for the radiogenic He, i.e,
values close to zero for the outcrop wells (Tables 4 and 5).

The concentrations of radiogenic He increase quasi-linearly
with flow distance in the Aquia aquifer (Fig. 5b). Wells MD12
and 14 indicate asimilar increase in the Piney Point aquifer, but
shifted to larger distances if plotted on the Aquia distance scale.
Only two Aquia wells deviate substantially from the linear
trend: MD10 which lies clearly below the trend, and MD4,
which has more than twice as much radiogenic “He as predicted
by the trend (out of scale in Fig. 5b). All five noble gases
consistently characterize well MD10 as young and warm, pre-
sumably of Holocene age, despite its location far from the
recharge area. This well may be influenced by leakage from
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Table 5. Final NGTs, radiogenic He, and He age assigned to wells.

Distance He, 2 He age”
Well [km] NGT?2[°C] [108 ecm°STP g™} [kyr]

MD9 2.2 132+ 04 0.04 = 0.10 0.2+ 0.6
MD8 54 138+ 05 0.07 = 0.09 04+ 0.6
MD5 3.8 14.7 = 0.7 —0.03 £ 0.09 -02=*+05
MD6° 151 135+11 0.07 = 0.08 04+ 05
MD7¢ 19.1 55+15 1.67 = 0.92 10.1 = 5.7
MD20 19.3 10.6 = 0.5 1.80 = 0.11 109+ 1.6
MD23¢ 19.4 52+13 3.21 +£0.82 195+ 5.6
MD21 195 121+ 0.3 1.63 = 0.08 99+ 14
MD18 25.8 33*+03 4.02 = 0.16 244 + 3.3
MD19 26.5 59+ 0.7 6.01 = 0.17 36.5 4.8
MD15 29.9 53*+04 511+ 0.16 311+41
MD1¢ 30.0 73=10 1.97 = 0.87 120=55
MD2 32.3 11.0+04 1.19 = 0.08 72*11
MD17 33.3 44+03 447 = 0.15 27.1+ 36
MD22 38.2 55+0.2 481 +0.11 29.2+ 38
MD13 39.0 6.0+ 04 748 = 0.14 455+ 59
MD16 51.6 6.5+ 05 119+ 0.3 720+ 94
MD11 52.5 72+0.7 10.3+ 0.2 62.7 £ 8.2
MD3 53.2 6.1+ 0.3 13.0+ 0.2 79 = 10
MD10 56.3 134+ 05 1.71 +0.12 104+ 15
MD14 67.3 12.6 = 0.6 3.15+0.13 (19.2 = 2.6)
MD12 74.8 53+03 8.68 = 0.30 (52.8 = 7.0)
MD4 81.3 81+03 456 = 04 277 = 36

2 For wells with duplicate samples, weighted means were calculated

PHe age = He /Ao With A, = (1.6 + 0.2) - 1072 cm®STP gt yr 2 (Eq. 2). A, is valid for the Aquia aguifer, thus ages for the Piney Point

wells (MD12, 14) are tentative (values in parentheses).

© Results for well MD6 were estimated from fits with restricted range of the parameter A, best value taken for A = 0.1 cm®STP g™t (see text).
d For wells MD1, 7, and 23 (bad fits), the best fit results with scaled errors are given as tentative estimates (values in italics).

overlying aquifers or local mixing with young waters. Degas-
sing during sampling appears unlikely, since the noble gas
concentration pattern is consistent with Egn. 1.

The high radiogenic He excess at well MD4 may be ex-
plained by the two-regions flow model of Purdy et al. (1996),
which predicts very high ages in the lowermost part of the
aquifer. Alternatively, one may assume a larger He accumula-
tion rate due to a He flux from deeper strata. Such a flux may
be particularly important at site MD4 either because of the
large residence time, allowing the He to diffuse verticaly
through the aquifer (Torgersen and Ivey, 1985), or because of
the absence of the underlying Magothy aquifer, which other-
wise might capture the He flux.

Because of its high He concentration, well MD4 yields the
best constraints for the isotopic signature of the radiogenic He
in the Aquia aquifer and the contribution of *He from the decay
of prebomb tritium in the groundwater. The non-atmospheric
He component in this well, calculated on the basis of the fit of
Eqn. 1 to the other noble gases, has a *He/*He ratio of (1.8 +
0.9) - 1078, typical for crustal radiogenic He (e.g., Mamyrin
and Tolstikhin, 1984). This value is a maximum estimate,
because part of the non-atmospheric 3He may be tritiogenic.
The non-atmospheric *He corresponds to a maximum prebomb
tritium value of (3.3 = 1.7) TU. The He data of al other wells
are consistent with these upper limits for the radiogenic *He/
“He ratio and the prebomb tritium concentration.

Six samples (MD4, 5, 6, 7, 10, 14) were analyzed for tritium.
Tritium concentrations in the two wells from the recharge area
are substantial (13 TU at MD5 and 22 TU a MD6). By
combining these results with the excess of tritiogenic *He, we

can calculate *H/*He-ages (e.g., Schlosser et al., 1988) of 7 yr
for MD5 and 25 yr for MD6. In contrast, tritium concentrations
are very low (=0.1 TU) in the wells from the confined part of
the aquifer, indicating negligible addition of water younger
than 50 yr to these wells, including well MD10 with its Holo-
cene noble gas signature.

5. DISCUSSION

5.1. Climate Signals in Noble Gas and Stable | sotope
Records

NGTs from the Aquia aquifer strongly suggest the presence
of water from the last glacial period (LGP) at flow distances
larger than ~25 km (Fig. 53). This hypothesisis consistent with
the interpretation of the chloride minimum (Fig. 3a) as due to
the last glacial sea-level lowstand (Purdy, 1991). A plot of
chloride concentration versus NGT (Fig. 6a) confirms the ex-
istence of a link between these quantities in our study area.
With the exception of the samples from the outcrop area (MD5,
6, 8, 9), which exhibit anthropogenically enhanced chloride
values, and the most distant well (MD4), al data, including
those from the Piney Point aquifer, define a linear correlation
between chloride and NGT (r = 0.92). This finding corrobo-
rates the interpretation of chloride as a climate indicator and of
the observed NGT minimum at distances between 25 and 40
km as representative for the LGM.

A similar climate signa may be expected in the stable
isotope ratios. At first sight, the plot of 50 versus NGT (Fig.
6b) does not show a systematic relationship. Yet, two major
data clusters may be identified, a “cold” cluster with low 8§80
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Fig. 6. Correlations of potential climate proxies with NGT. Meaning of symbols as in Figure 5. a) Chloride. Except for
the outcrop wells (MD5, 6, 8, 9) with high chloride concentrations and to some extent the most downgradient well MD4,
thereisagood correlation between chloride and NGT (r = 0.92). b) 8*80. The correlation between §'0 and NGT isblurred
again by wells from the outcrop (MD5, 6, 9) and the downgradient well MD4, and in addition by wells MD17 and 18.
Excl udling these wells, two data clusters remain that define a good correlation (r = 0.91) with a slope of (0.10 = 0.01)
%0°C™ ™.

and NGT values (centered at about —7.4%0 and 6°C), and a observed by Purdy (1991). Disregarding these wells, there

“warm” one with higher 6*80 and NGT values (about —6.7%o seems to be a weak climate signal in the §'80-data (slope
and 12°C). The wells that do not fit into this classification are (0.10 + 0.01) %0°C™ %, r = 0.91). Three climate related factors
partly the same as those excluded from the fit in Figure 6a: The influencing the 8'80-values have to be taken into account: i)
downgradient well MD4, wells M D5, 6 and 9 from the recharge ice-volume effect; ii) continental effect; iii) temperature effect.
area, and the wells with the lowest NGTs, MD17 and 18. The ice-volume effect is due to the storage of isotopically

Unexpectedly low §%0-values in the recharge area were also depleted water in glacial ice sheetsand led to a ~1.3%. increase
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of the 8§80 of sea water during the LGM (Fairbanks, 1989).
Assuming that samples with low NGTs are of Pleistocene age,
their 80 values should be corrected by subtracting up to 1.3
%o. If such a correction were applied to the “cold” cluster
identified in Figure 6D, the relationship between §%0 and NGT
would become evident (slope (0.29 + 0.03) %.°C™ %, r = 0.95).
However, reliable dating of the samples should be combined
with a chronology of ice-volume changes to substantiate this
correction.

The continental effect, i.e., the decrease of §*80-values with
distance from the coast (Rozanski et al., 1993), should have
lowered the §*#0-val ues during the Pleistocene, when lower sea
levels increased the distance of the Aquia outcrop from the
coadt, in analogy to the argument for chloride. Considering an
inland gradient of —0.6%0/100 km as found in the Floridan
aquifer (Atlantic Coastal Plain, Georgia) by Clark et al. (1997),
and an increase of the distance to the coast by ~180 km during
the LGM (Purdy et al., 1992), we estimate that the continental
effect could have had a similar magnitude as the ice-volume
effect.

The temperature effect may be estimated from a modern
analog. The monitoring station of the IAEA/WMO network
nearest to our study area is Hatteras (35.27°N, 75.55°W).
Monthly mean values of §*20 and temperature at this station are
only weakly correlated (r> = 0.13) with a comparatively low
slope of 0.09%.°C~* (IAEA, 1992). Such weak §'80-tempera-
ture relationships are typical for the Atlantic Coastal Plain
region, asindicated by the data from other stations near the east
coast of North America (IAEA, 1992), as well as isotope
studies in coastal aquifers (Purdy, 1991; Plummer, 1993; Clark
et a., 1997). Thefact that the slope from Hatterasis close to the
uncorrected 68 0/NGT slope of 0.1%0°C~* between the two
main clusters in Figure 6b may be fortuitous. A tentative
interpretation of the dataisthat the sea-level related ice-volume
and continental effects practically cancelled each other, and the
remaining 820 signal indeed reflects a temperature effect Sim-
ilar to the modern 680-temperature relationship.

5.2. Chemical Evolution and **C ages

The **C ages calculated by using the Fontes and Garnier
(2979) model (Table 2) indicate that al samples downstream of
the outcrop area are of Pleistocene age, and most of them are
older than 30 kyr. These ages seem to be inconsistent with
several indications from the climate-sensitive variables. Most
importantly, wells MD2, 10, 14, and 20, which according to
NGT, chloride, and 880 (Fig. 6) appear to be of Holocene age,
have **C ages between 17 and 32 kyr, clearly placing them into
the Pleistocene. Also wells MD7 and 23, for which we have no
NGT results but which are expected to be rather young on the
basis of their location near the recharge area (Fig. 1), their high
chloride concentrations (Fig. 3a) and §*®0-values (Fig. 4a),
have “C ages of 15 and 18 kyr, respectively. A further problem
is posed by wells MD15, 18, and 19, located at flow distances
of 25 to 30 km. Their low NGTs and chloride concentrations
seem to indicate an origin in the LGM, i.e., at **C ages of ~18
kyr. However, their **C activities below the detection limit
(<0.4 pmc) imply ages >35 kyr independent of the model used
to calculate the initial **C activity.

Obviously, the conventional interpretation of the carbon

isotope data is inconsistent with the interpretation of NGTSs,
chloride concentrations, and stable isotopes as climate indica-
tors. The **C activity minimum in the region of wells 15, 18,
and 19 implies unusualy low flow velocities along the flow
linesthat lead into this area. Such ascenario is not supported by
hydrogeologic data (Chapelle and Drummond, 1983), as well
as the quasi-linear increase of “He concentrations with flow
distance, both indicating a rather uniform flow pattern. If we
rely on the consistent picture provided by flow distance, “He,
and the climate indicators rather than the modeled **C ages, we
have to find an explanation for the depletion of **C in the center
of our study area. Such an explanation could be unusually
strong chemical and isotopic exchange processes along the flow
paths leading to the low-*C region that are not resolved by the
models typically used for converting **C activities into ages.

The chemica and isotopic evolution of Aquia water includ-
ing the processes influencing the carbon system in the Aquia
aquifer have been discussed and modeled by Chapelle (1983),
Chapelle and Drummond (1983), Chapelle and Knobel (1985),
Plummer et al. (1994) and Appelo (1994). Their results can be
summarized as follows:

1. In the recharge area, the meteoric water is transformed
rapidly to the cal cium-magnesium-bicarbonate water typical
for region | by dissolution of magnesium-bearing shell ma-
terial in the presence of soil-gas CO,. The carbonate from
the shell material has §*3C and *“C values close to zero due
to its marine origin and high age, respectively. In contrast,
the soil-gas CO,, has a 8*°C val ue of about —25 %o and a**C
value of 100 pmc, reflecting its recent biogenic origin.

2. Downgradient of the recharge area, but still in the 40 km
wide region |, the water chemistry remains relatively con-
stant, except for a dight increase in Mg?* and paralel
decrease in Ca?". These changes are due to further disso-
Iution of magnesium-calcite and precipitation of calcite, as
the water becomes saturated with respect to calcite. The
precipitation of calcite explains the frequent occurrence of
calcite cementation in this area (Chapelle, 1983).

3. Inregion Il (~40 to 80 km from the recharge area), HCO3
remains relatively constant, whereas Na* rises and Ca?*
and Mg?* decline. This is explained by a cation exchange
reaction (Ca?* and Mg®* exchanged for Na*) with glau-
conite acting as the exchange medium.

4. Inregion Il (more than 80 km from the outcrop) HCO; and
Na* increase rapidly, whereas Ca?* and Mg®* remain low.
Thisis explained by dissolution of magnesium-calcite in the
presence of biogenic CO, and concurrent cation exchange
(Chapelle and Knabel, 1985), or by proton exchange in the
course of freshening of the aquifer (Appelo, 1994).

The first step can be seen in our samples from the outcrop.
Wells MD5, 8 and 9 yielded very acidic water due to the
presence of soil-gas CO,. Furthermore, these wells exhibit low
Ca?* and Mg?* concentrations (Fig. 3b), low 8*°C values and
high *4C activities (Fig. 4b). In well MD6, which lies still
within the outcrop area and has a *H/*He age of 25 yr, the pH
has neutralized, the Ca®* concentration has risen to a maxi-
mum (Fig. 3b), §*3C has increased to —9.1 %o and 4C activity
has dropped to 28 pmc (Fig. 4b). The change in carbon isotopic
composition in this first step can be described by the model of
Fontes and Garnier (1979), which yields an initial **C activity
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of 36 pmc for well MDB6, reasonably close to the observed
value.

Most of the wells used in this study are located in the
confined part of region |, where the second step of the above
described chemical evolution takes place. Since the changes in
Mg?* and Ca®* concentrations in this region are rather small
(Fig. 3b), relatively little dissolution and re-precipitation of
carbonate is needed to satisfy mass balance. Little recrystalli-
zation of calcite and hence little isotope exchange is also in
accordance with the observed practically constant 8*°C. The
dramatic decrease of **C activity from 28 pmc at well MD6 to
1.8 pmc at well MD20 and further to values below the detection
limit at wells MD15, 18 and 19 (Fig. 4b) therefore appears to
indicate very high ages. For instance, if 28 pmc is taken as
initial 1C activity and no isotopic exchange is assumed, ap-
parent ages of 23 kyr for well MD20 and 47 kyr for the wells
with *%C values of 0.1 pmc are obtained. These first order
calculations are not significantly changed if we use the program
NETPATH with areaction scheme including isotope exchange
by calcite recrystallization (Plummer et al., 1994) to model the
14C evolution.

However, the **C ages obtained with this model appear
unredlistically high for al wells in this region except well
MD2, which represents the most southerly flow line (Fig. 1).
The relatively high *C value of 3.8 pmc at well MD2 offers an
explanation for the non-zero **C values at flow distances of 50
km and greater, despite the results below the detection limit
observed at ~30 km distance. The wells at great flow distances
in southern Calvert County receive water from flow lines that
pass through well MD2 or further south (Fig. 1). In this south-
ern part, the 1C ages calculated using the model of Fontes and
Garnier (1979) (Table 2) are more consistent with expectations
from chloride and noble gases. It seems that along the northern
flow lines passing from Prince Georges County to northern
Calvert County the **C activities are reduced by an isotope
exchange process in addition to that needed to satisfy mass and
isotope balance.

Plummer et al. (1994) tested several models for the carbon
isotope evolution in the Aquia aquifer. Their favored model
includes proton exchange and calcite dissolution, as proposed
by Appelo (1994). A much stronger reduction of **C can be
achieved in another scenario, which includes carbon isotope
exchange with the carbonate minerals. Both models explain the
isotopic and chemical changes observed in region Ill of the
Aquia aquifer, in particular the increases of 8'°C, Na*, and
HCO; . Howerver, we are looking for an explanation for very
low *4C values in parts of region |, where 8'°C, Na*, and
HCO; are approximately constant. Incongruent dissolution of
marine calcite could explain the data except for §*3C, which
should increase towards the source value of ~0 %o (eg.,
Wigley et al., 1978). A source of old (**C free) carbon with a
8"3C value close to that of region | water (about —11%o)
appears to be required to satisfy al constraints. Such a source
could be the calcite cementation beds, which are a character-
istic feature of the region with low *C activities.

It has been shown based on mass balance considerations
(Chapelle, 1983) and isotopic data (Chapelle and Knobel,
1985) that calcite cementation is of secondary origin, i.e., due
to calcite precipitation from the groundwater. Chapelle and
Knobel (1985) reported §*3C values ranging from —10.4 to

—2.2%o for the calcite cement, and from —0.6 to + 1.9%. for
the shell material. An evolution of groundwater §*3C values
towards the isotopic composition of the calcite cements (in-
creasing with flow distance from —8.8 to —3.9%0) has been
observed in another Coasta Plain aquifer (McMahon and
Chapelle, 1991). If the calcite cement had 8*°C values similar
to those of the groundwater in region |, isotope exchange of the
DIC with the calcite cement by incongruent dissolution would
affect only the 1C activity of the DIC, but not the §*3C values.
NETPATH simulations showed that calcite exchange of several
mmol |~ could lower the **C activity to such an extent that
values below 0.4 pmc are consistent with ages of the order of
20 kyr.

The disadvantage of the proposed explanation of the low *C
activities is that it cannot be tested independently, since the
exchange affects no other parameters. The lack of constraints
on the amount of calcite that was exchanged renders **C
useless as dating tool. The same situation was encountered by
Andrews et al. (1994) in an aquifer in Niger. These authors
stressed that such an exchange with secondary calcite deposits
can occur if the groundwater is saturated with respect to calcite.
In the Aquia aquifer, our data as well as the literature (e.g.,
Chapelle, 1983) confirm that calcite saturation is reached in the
region of high calcite cementation. Very low *4C activities due
to strong interaction with the aquifer material were also found
in the Floridan aquifer in Georgia (Clark et al., 1997; Plummer,
1993), which is also situated in the Atlantic Coastal Plain.

In their study of the Black Creek aquifer in South Carolina,
also in the Coastal Plain, McMahon and Chapelle (1991) found
no evidence for dissolution of secondary low-Mg calcite ce-
ment, which is thermodynamically more stable than shell ma-
terial. This observation argues against our assumption of calcite
cement recycling. McMahon and Chapelle (1991) favored a
model for the evolution of carbonates in the Black Creek
aquifer that includes addition of organic and inorganic carbon
from confining beds, dissolution of shell material, and precip-
itation of calcite cement. The isotopic balance can be closed in
this model by the addition of organic carbon with low §*C.
Similar processes may also be responsible for the *C depletion
in the Aquia aquifer. Only very sophisticated modeling of the
geochemical evolution of the Aquia groundwater along differ-
ent flow lines offers a chance to derive reliable *C ages. Such
modeling is beyond the scope of this study and probably not
possible based on the available data. Moreover, for those wells
with *4C activities below the detection limit, any attempt to
derive accurate **C ages is futile.

Regions Il and 111 of Chapelle (1983) (steps 3 and 4 in the
evolution as described above) are not very well represented in
this study. The general chemical and isotopic evolution ob-
served in the wells at flow distances greater than 40 km is
consistent with the models described in the literature.

5.3. He-Ages

He concentrations often increase with groundwater age due
to accumulation of radiogenic He produced by a-decay of U
and Th series nuclides in crustal mineras (e.g., Andrews and
Lee, 1979; Torgersen and Clarke, 1985; Stute et al., 1992b;
Solomon et a., 1996). There are three potential sources of
radiogenic He in groundwater: i) in situ production within the
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Table 6. Results of U, Th, and Li analyses on two cores.

Depth

Core [m] Formation U [nro/g] Th [png/g] Li [pna/g]
CH-Bf148 74.1 Marlboro 272+ 0.01 16.19 + 0.16 372+ 24
CH-Bf148 835 Aquia 1.07 = 0.03 1.81 + 0.01 217+ 05
CH-Bf148 100.6 Aquia 091+ 0.01 3.50 + 0.03 174+ 03
CH-Bf148 1128 Aquia 1.39 + 0.01 5.06 = 0.03 26.8 0.7
CH-Bf148 121.8 Brightseat 2.07 = 0.01 6.07 = 0.02 462+ 17
PG-Df35 14.9 Marlboro 241+ 0.03 14.67 = 0.04 439 + 40
PG-Df35 21.9 Aquia 143 = 0.01 5.82 + 0.02 27702
PG-Df35 36.6 Aquia 1.02 + 0.01 2.84 £ 0.02 120+ 0.1
PG-Df35 54.3 Aquia 1.40 = 0.01 4.62 = 0.03 146 £ 0.2

aquifer matrix; ii) release of stored He from fresh sediments;
and iii) aflux from adjacent layers or even the whole underly-
ing crust. The rate of He accumulation due to the first source
can be estimated if U and Th concentrations of the aquifer
material are known. However, the strength of the two other
sources can vary by orders of magnitude depending on the
geological setting. Therefore, He accumulation in ground water
typically provides only a qualitative timescale.

The He excesses found in the Aquia aquifer are remarkably
small in view of the presumed groundwater age (Fig. 5b). A
rough calculation with a typical in situ production rate of 5 X
10~*2 em3STP g~ * yr~* (Torgersen and Clarke, 1985) shows
that in situ production alone has the right order of magnitude to
explain the observed excess. Significant release of stored He
from the sediment is not expected because of the Paleocene age
of the Aquia formation. An explanation for the absence of a
considerable crustal He flux could be that the underlying Ma-
gothy aquifer flushes the He out of the system before it can
migrate across it and reach the Aquia aguifer. This explanation
is consistent with the high He excessin well MD4, because the
Magothy is absent at this location (Fig. 2). If the hypothesis of
practicaly purein situ production holdstrue for the other wells,
guantitative dating should be possible.

The “He accumulation rate A, due to in situ production can
be calculated as follows (Stute et a., 1992b, modified from
Andrews and Lee, 1979):

1-—n
Neit

Ane = AHe% (Cy-Py+ Cry Py ]
The release factor A,,. (fraction of produced “He which is
released from minerals into the water) is usually taken to be 1
(e.g., Andrews and Lee, 1979; Torgersen and Clarke, 1985).
The density of the aquifer material p, . iStaken as2.6 gcm™3
for the predominant quartz sand. The “He production rates from
U and Th decay are P, = 1.19- 10 cm®STP ug,* yr—* and
P = 288107 cm3STP pgrt yr—* (Andrews and Lee,
1979). The U and Th concentrations (C,,, C+,) and the total and
effective porosity (n, ny) of the aquifer matrix have to be
measured.

Samples of the Aquia sand were obtained from two cores
from the northwestern part of the study area (Fig. 1), stored by
the Maryland Geological Survey. The cores have been de-
scribed in detail by Hansen (1977), and Wilson and Fleck
(1990). Concentrations of U, Th and Li in six samples of the
aquifer material and three samples of the the adjacent aquitards

(Table 6) were determined by isotope dilution |CP-MS follow-
ing the procedures described by Zheng (1999). The U concen-
trations in the Aquia sand range from 0.9 to 1.4 ug g~ * with a
mean value of (1.20 + 0.09) ug g~ *. The Th concentrations are
more variable, ranging from 1.8 to 5.8 ug g~ * with a mean
value of (3.9 = 0.6) ug g~ > The mean Li concentration is
(20 = 3) g g~ 1. The concentrations in the aquitards are
higher, particularly in the overlying Marlboro clay (mean val-
ues2.56 ug g~ *for U, 15.4 ug g~ * for Th, and 406 ug g~ * for
Li). The total porosity n as well as the effective porosity N
were measured by Hansen (1977) on 10 Aquia samples from
one of the above and a different core, yielding mean values of
(0.39 £ 0.02) for nand (0.25 = 0.02) for ny. The few available
data for the aquitards are similar.

With the above mean values, Eqn. 2 yields a He accumula-
tion rate of (1.6 = 0.2) - 10~ 2 cm®STP g~ * yr—* for the Aquia
aquifer. The resulting He ages (Table 5) have a nominal un-
certainty of about *14%, mostly due to the error of the accu-
mulation rate. However, their reliability depends on the validity
of the assumption of pure in situ production. The He ages may
be interpreted as maximum estimates, because an additional He
flux from adjacent aquitards or deeper layers of the crust could
be present.

The isotope ratio may be used to discern different sources of
the accumulated He. Although a detailed knowledge of the
sediment composition would be required for a precise calcula
tion of the *He/*He production ratio, rough estimates can be
made on the basis of the measured Li concentrations (Table 6)
and the calculations made by Andrews (1985) for various rock
matrices. We estimate 3He/*He production ratios of less than
108 for the Aquia sand, 1 to 2-10~8 for the Brightseat
formation, and more than 10~ 7 for the Marlboro clay. Since the
data from well MD4 yield an upper limit of 1.8- 108 for the
radiogenic *He/*He ratio in the Aquia, a major contribution of
He produced in the Marlboro clay can be ruled out. Neverthe-
less, some He diffusion from the aquitards into the aquifer
appears likely, given that the U and Th concentrations in the
aquitards are about two to three times higher.

The He ages generally correlate well with the estimated flow
distance (compare Fig. 5b). Excluding the four most downgra-
dient wells (MD10 —too young in al parameters, MD12 and
14 —Piney Point, MD4 —possibly influenced by crustal He
flux), a linear regression yields a mean groundwater flow ve-
locity of (0.7 = 0.1) m yr—* for flow distances between ~10
and 50 km. If the He ages are maximum estimates, this result
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Fig. 7. Noble gas temperatures as a function of the He accumulation age. Meaning of symbols as in Figure 5. The He
ages based on in situ production are valid only for the Aquia samples and most likely represent upper limits to the true ages.
Three groups of wells are identified: The outcrop wells (MD5, 6, 8, 9) clearly represent modern (Holocene) climate
conditions. The wells MD15, 17, 18, and 22 are thought to best represent the LGM, whereas wells MD3, 11, and 16 seem
to originate from an earlier part of the LGP. The other wells may reflect climatic transitions and are not used in the
calculation of mean NGTsfor the defined climate states. A difference of (9.0 = 0.6) °C is obtained for the LGM-Holocene
transition, whereas during the LGP in general the temperature seems to have been (7.3 £ 0.5) °C colder than at present.

represents a lower limit for the true flow velocity. It is consid-
erably smaller than the estimates discussed by Purdy et al.
(1992), which range between 2.6 and 4 m yr~*. Yet, the even
lower flow velocity of 0.2 m yr~* inferred from *6Cl by Purdy
et a. (1996) for flow distances larger than 50 km is in reason-
able agreement with the high apparent He age at well MDA4.

5.4. Holocene - LGM Temperature Difference

To quantify the temperature difference between the Holo-
cene and the LGM, we have to identify the samples represent-
ing these two climate states. This identification is primarily
based on the time scale provided by the He age (Fig. 7),
although the absolute ages are quite uncertain. Further indica-
tions on the age of the water can be obtained from flow
distance, chloride, **C, and tritium. Because He age and flow
distance are not properly defined for the Piney Point aquifer,
wells MD12 and 14 are not used in the following discussion,
although the climate indicators (Fig. 6) suggest that they rep-
resent the two main climate states.

Tritium concentrations and *He/*He ratios clearly show that
the water of the four shallow wells in the outcrop region of the
Aquia (wells MD5, 6, 8, 9) has infiltrated during the last few
decades. This classification as young samples is also supported
by the He ages, as well as the high **C activities and chloride
concentrations. Based on their He ages of around 10 kyr, wells
MD1, 2, 7, 10, 20, and 21 might al so contain water of Holocene
age. No reliable NGTs could be determined for wellsMD1 and

7. Wells MD2 and MD10 are located at large flow distances
where older water would be expected. Wells MD20 and 21 are
located close to the outcrop area, but the **C-activity at well
MD20 is rather low with 1.8 pmc (unfortunately, the **C
sample for MD21 was lost). Thus, none of these samples can
clearly be classified as purely of Holocene age, some may be
affected by mixing or represent the transition between LGM
and Holocene.

Hence, the estimate of the Holocene temperature is entirely
based on NGTSs from the outcrop wells (MD5, 6, 8, 9), which
yield values between 13.2 and 14.7°C. The weighted mean
NGT for these modern groundwaters is (13.7 = 0.3) °C. The
1921 to 1970 average of the mean annual air temperatures from
five stations (Karl et a., 1990) in or near the outcrop area is
12.8°C. According to Smith et al. (1964), ground temperatures
in the temperate United States are on average 1 = 1°C higher
than mean annual air temperatures. Hence the measured NGTs
of the outcrop wells appear to represent modern ground tem-
peratures.

Identification of the wells representing LGM conditions is
more difficult. The peak of the LGM is commonly assumed to
have occurred at ~18,000 **C years or 21,000 calendar years
BP. Keeping in mind that the **C ages listed in Table 2 are
most likely too high due to unaccounted carbonate exchange
processes and that the He ages given in Table 5 are possibly
overestimated due to unaccounted external He sources, we may
tolerate somewhat higher He ages and considerably higher *4C
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Ice Sheet at 18kyr BP
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Fig. 8. LGM-Holocene temperature changes derived from NGT
records in North America. The temperature change of 9.0°C found at
our study siteis clearly larger than the results from previous noble gas
studiesin the USA: New Mexico: 5.5°C (Stute et al., 1995a), Colorado:
5°C (Clark et al., 1998), Texas: 5.2°C (Stute et a., 1992a), Georgia
4°C (Clark et a., 1997). The extension of the ice sheet at 18 kyr BP is
shown for comparison (Peltier, 1994).

ages. Wells MD15, 17, 18, and 22, located between 26 and 38
km from the outcrop, have He ages between 24 and 31 kyr and
chloride concentrations below 1 mg | . We believe that these
wells are the most likely candidates for water from the LGM,
despite their low “C activities and correspondingly high ap-
parent *“C ages (>33 kyr). Additional candidates may be wells
MD13 and 19, which also have low chloride concentrations but
somewhat higher He ages (45 and 36 kyr, respectively). Well
MD23 with a He age of 20 kyr has an NGT that was judged
unreliable because of a bad fit of the noble gas concentrations.
The four presumed LGM samples (MD15, 17, 18, 22) yield
NGTs between 3.3 and 5.5°C, with a weighted mean NGT of
(4.7 £ 0.5) °C. Inclusion of wellsMD13 and 19 would increase
the mean NGT dlightly to 4.9°C.

The difference between the best estimates for the NGTs of
the Holocene and LGM is (9.0 = 0.6)°C. Within the errors, this
result for the Holocene - LGM temperature change is identical
to the value of 8.6°C derived from groundwater in Hungary
(Stute and Sonntag, 1992). It is considerably larger than pre-
vious estimates from noble gas studies in North America (Stute
et al., 1992a, 1995a; Clark et a., 1997, 1998), which all
indicated a glacia cooling of ~5°C (Fig. 8). Of particular
interest are recharge temperature records from the Floridan
aquifer in Georgia, which represents a very similar setting in
the Atlantic Coastal Plain, but lies ~7° latitude or 800 km
further to the south. In this aquifer, Plummer (1993) found a
mean difference of (5.3 = 2.5) °C between Ar-N, recharge
temperatures of glacial and interglacial samples from several
areas, whereas the complete noble gas data set from two flow-
lines of Clark et a. (1997) yielded a glacial cooling of (4.0
0.6) °C. These findings indicate that the N-S temperature gra-
dient between 32 and 39°N in eastern North Americawas much
stronger during the LGM than it is at present.

The large Holocene —LGM temperature difference at our
study siteis probably due to the influence of the Laurentide ice
sheet, which at its maximum extension reached as close as 250
km to the study site (using the ice-sheet reconstruction of
Peltier, 1994). Climate models (Manabe and Broccoli, 1985;
COHMAP, 1988; Bartlein et al., 1998) indicate major reorge-

nizations of the circulation over North America in response to
the Laurentideice sheet, in particular a southward displacement
or even asplit of the jet stream and the development of aglacial
anticyclone over the ice sheet. As a result, the models yield
very cold temperatures over and adjacent to the ice sheet and a
larger than present temperature gradient south of the ice sheet.

Cold temperatures close to the margin of the Laurentide ice
sheet and a steeper north-south temperature gradient are also
indicated by paeoclimate reconstructions based on pollen,
plant macrofossil, and midge larvae records in lake sediments
(Webb 111 et al., 1998; Jackson et al., 2000; Levesque et al.,
1997). With regard to our study site, the pollen-based recon-
struction of Webb Ill et a. (1998) suggests ~15°C lower
January temperatures and ~5°C lower July temperatures than
today. The more recent analysis of Jackson et al. (2000) indi-
cates even colder January temperatures (=~22°C lower than
present). The paleoclimate simulations of Bartlein et al. (1998)
yield a similar pattern of ~20°C lower January temperatures
and ~5°C lower July temperatures, with an annual mean LGM
cooling for the entire southeastern US of 10°C. The model of
Crowley and Baum (1997) yielded aLGM cooling of 9.4°C for
our study site, in very good agreement with our result.

In summary, our value of 9°C cooling at the LGM lies at the
lower end of the estimates for the region. In particular, our data
suggest a somewhat weaker cooling than the recent synthesis of
vegetation data of Jackson et al. (2000). Weaknesses of both
methods may explain the difference. Problems of vegetation
reconstructions are missing modern analogues and the influ-
ence of temperature-independent environmental changes, in
particular of the atmospheric CO, level. The noble gas method
may underestimate the LGM-Holocene temperature change
because of several reasons: i) dispersive groundwater flow
smooths out climate extremes (Stute and Schlosser, 1993,
2000); ii) the coldest periods may be under-represented in the
groundwater archive because frozen ground may have pre-
vented infiltration (Stute and Sonntag, 1992; Beyerle et al.,
1998); iii) the difference between the ground temperature mea-
sured by the noble gas thermometer and the mean annua air
temperature may have been larger during the LGM due to the
insulating effect of snow cover (Smith et a., 1964) or because
of lower water tables in the recharge area in response to lower
sea level.

In addition to the LGM, the preceding climate state of the
LGP may also be represented in our data. Water clearly older
than the LGM is found in wells MD3, 11, and 16, which have
He ages between 60 and 80 kyr and are located at flow dis-
tances of ~50 km. Well MD4, with its high He age of 280 kyr,
may be even older than the LGP. The NGTs from the presumed
LGP wells (MD3, 11, 16) vary between 6.1 and 7.2°C, with a
weighted mean of (6.4 = 0.3) °C. Inclusion of wellsMD13 and
19 would dlightly lower the mean to 6.2°C. Hence, it appears
that during at least a part of the LGP, which we cannot
precisely date, the mean annual temperatures were about (7.3 =
0.5) °C colder than during the Holocene.

6. CONCLUSIONS

Our C and noble gas data from the Aquia aquifer in
southeastern Maryland clearly confirm the presence of paleo-
water in this formation. The correlation between NGTs and



Noble gas paleotemperature record from the Aquia Aquifer 815

chloride concentrations support the interpretation of chloride
variations as reflecting past sea-level changes, and indicates
that the wells at flow distances of 25 to 40 km may tap water
that infiltrated at times around the LGM. This interpretation is
not confirmed, however, by **C ages derived with the standard
models used for calculation of the initial **C activity. The
literature on the geochemistry of the Aquia and other Atlantic
Coastal Plain aquifers suggests that incongruent dissolution of
carbonatesis an active process at least in parts of these aquifers,
associated with the presence of secondary calcite cementation.
Exchange of carbon between the solid and dissolved phase by
dissolution and precipitation can in principle explain the unex-
pectedly low observed *“C activities. However, it seems im-
possible to accurately correct for such exchange processes
based on the available data.

In return, the Aquia aquifer appears to be exceptionally well
suited for the use of radiogenic He as a quantitative dating tool.
The observed He concentrations are so low that they can be
explained by accumulation of purely in situ produced radio-
genic He. From concentrations of U and Th and porosities
measured on drill cores from the Aquia, a “He accumulation
rate of (1.6 = 0.2)-10 2 cm®STP g~ * yr~* was calculated.
This rate can be used to convert calculated radiogenic He
excesses into groundwater residence times.

The interpretation of the measured noble gas concentrations
in terms of NGTs and He ages requires a correct description of
the excess air component. The assumption of excess air forma-
tion by partial dissolution of entrapped air (Aeschbach-Hertig
et al., 2000) explains most measured noble gas concentrations
within experimental accuracy and yields consistent results for
the radiogenic He component.

The calculated NGTs and He ages indicate that mean annual
ground temperatures in Maryland were (9.0 = 0.6) °C lower
during the LGM than at present. This temperature difference
clearly exceeds previous noble gas results from North America
and indicates a steeper N-S temperature gradient during the
LGM compared to the present. These findings are ascribed to
the proximity (250 km) of the Laurentide ice sheet during the
LGM. A cooling of 9.0°C in Maryland during the LGM is at the
lower end of estimates derived from pollen data. It is possible
that the noble gas pal eothermometer dightly overestimates the
LGM mean annual temperatures because of reduced infiltration
and/or enhanced difference between ground and air tempera-
tures during the coldest periods.
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