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ABSTRACT

Groundwater samples were collected from six groundwater production wells in the Denver and Ara-
pahoe aquifers of the Denver Basin along a transect from near the suspected recharge area in the south
to urban centers in the central basin. Residence times were estimated with 14C using an empirical factor
to correct for dilution. Recharge temperature was estimated with a model that relates concentrations of
dissolved atmospheric noble gases (Ne, Ar, and Kr) in the groundwater samples to temperature, eleva-
tion and an excess-air component. Residence time estimates range from 8,000 years near the outcrops of
the aquifers to greater than 30,000 years near the center of the basin. The recharge temperature estimate
of the youngest water is similar to modern mean-annual temperature while waters from the central basin
have significantly cooler recharge temperatures. The relationship of recharge temperature and residence
time to general climate records suggests possible mixing of younger Holocene waters in two of the cen-

tral basin samples.
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INTRODUCTION Numerical groundwater models of the Denver Basin

The population of Colorado’s Front Range has grown
tremendously over the last 30 years and growth is predicted
to continue at a similar rate over the next 20 years; however,
the volume of usable water will remain relatively fixed. Sur-
face water is already fully allocated, requiring new demand
to be partially satisfied by exploiting the bedrock aquifers of
the Denver Basin. Overexploitation of deep groundwater in
similar basins has led to many deleterious effects including
lowering of the potentiometric surface, land subsidence and
degradation of water quality (Custodio, 2002).
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aquifers have been and are currently being created and mod-
ified. These models can be used to predict the effects of
increased withdrawals and to estimate the total amount of
water available. Many basin-scale models are calibrated to
present-day potentiometric surfaces, and recharge to the
aquifers is merely estimated. Data collected providing insight
to the residence time of water at various locations can greatly
decrease uncertainties in the groundwater models.

In this paper, apparent residence times of water sam-
pled from several locations within the Arapahoe and Den-
ver aquifers of the Denver Basin are presented along with

The Rocky Mountain Association of Geologists



Milos M. Novotny and William E. Sanford

estimates of the ambient temperature at the time of
recharge. The apparent residence times were determined
using !4C, and recharge temperatures were estimated
using the concentrations of atmospheric noble gases (Ne,
Ar, and Kr).

Background

The Denver Basin is centered in northeast Colorado,
east of the Front Range of the Rocky Mountains. It is a
foreland basin containing Upper Pennsylvanian to mid-Ter-
tiary sedimentary rocks, underlain by Precambrian igneous
and metamorphic rocks. The structural basin is asymmetric
with steeply dipping to overturned and faulted beds on the
western margin where it crops out against the Front Range.

The names of the formations comprising the bedrock
aquifers have been adapted to represent distinct aquifers
within the Denver Basin (see Fig. 2 in Raynolds, 2004, this
issue). The formations of the principal bedrock aquifer sys-
tem of the Denver Basin are the Fox Hills Sandstone, the
Laramie, Arapahoe and Denver formations, and the Daw-
son Arkose. These translate into the Laramie-Fox Hills
aquifer, the Arapahoe aquifer, the Denver aquifer and the
Dawson aquifer. The bedrock aquifers of the Denver Basin
are considered to be regionally continuous and were
mapped using electric log signatures and outcrop locations
around the Basin (Robson, 1987). Aquifer properties and
model parameters were determined from formation sam-
ples and aquifer tests. Aquifers may cut across geologic
boundaries to include parts of other formations (e.g. the
Laramie-Fox Hills aquifer; cf Crifasi, 1992).

The Front Range urban corridor is found in the Great
Plains region of northeastern Colorado, just east of the
Front Range of the Rocky Mountains. Land surface eleva-
tions range from about 1400 to 2100 m above MSL. During
the last two million years, the climate of the area has varied
dramatically, including periods of glaciation. The most
recent glacial period peaked about 25 ka and ended about
12 ka. Since that time, the regional climate has been gener-
ally drier and/or warmer (Stute et al., 1992; Muhs et al.,
1999). Today, the area has a semi-arid climate with highly
variable temperatures at any given location. Modern mean
annual temperature near the southern outcrop of the
bedrock aquifers is 9.3°C (National Oceanic and Atmos-
pheric Administration, 2002) and modern mean annual pre-
cipitation ranges from 30-45 cm/yr (Hansen et al., 1978).

Groundwater Flow and Environmental Tracers
For most regional-scale groundwater models, such as

those of the Denver Basin, groundwater flux through the
aquifers is not measured but is calculated in a water bud-
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get. Uncertainty in model parameters (e.g., hydraulic con-
ductivity, porosity, specific yield) (Woodard et al., 2002) can
greatly affect the calculated flux. However, the flux can be
estimated independently of the model if groundwater resi-
dence times are known. Residence time is estimated from
groundwater samples using environmental tracers, naturally-
occurring substances in groundwater that vary in concentra-
tion with time or process. Residence times may be applied
to constrain parameters that affect the groundwater flux, or
included as an additional model parameter. Other environ-
mental tracers are used to characterize groundwater flux in a
broad, qualitative sense by defining recharge areas or indi-
cating the approximate period of recharge.

Carbon-14 Residence Time

Carbon-14 is the most routinely applied dating tool for
pre-modern (pre-1950) groundwater and has been used in
numerous studies to characterize flow in regional aquifers
(e.g., Phillips et al., 1989; Clark et al., 1998). Because the
subsurface residence time is a function of both the aquifer
properties and recharge rates, residence times have been
used variously to constrain these values. Modern ground-
water systems have been strongly influenced by temporal
changes in recharge (Phillips, 1995). Where the distribution
of aquifer properties is well constrained, groundwater
models calibrated using residence times have demon-
strated significantly higher past recharge rates in some
southwestern U.S. basins (e.g., Zhu et al., 1998; Sanford,
2002). If evidence suggests that a change in recharge rate
does not significantly affect the distribution of residence
times, these may be used to constrain aquifer properties.
Phillips et al. (1989) used hydraulic heads and residence
times estimated from 4C activity to estimate the distribu-
tion of transmissivity in the lower Tertiary aquifers of the
San Juan Basin, New Mexico.

Residence times are calculated from the percent modern
carbon (pmC) of groundwater samples using the standard
isotopic decay equation for 14C and, usually, an adjustment
for the dilution of 4C activity. The dilution occurs as a
result of interaction of groundwater with 4C-free carbon
sources, such as limestone, and causes the groundwater to
appear ‘old. Several methods been have proposed to
quantify the magnitude of the dilution. However, theoreti-
cal uncertainty exists because of parameter assumptions,
especially in cases where parameters cannot be easily mea-
sured, such as the environmental conditions during
groundwater recharge (Clark and Fritz, 1997). Because of
the uncertainty in 4C dilution, these residence times are
generally viewed as maximum, and another environmental
tracer can be used in tandem to constrain the uncertainty
in 14C residence time.
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Recharge Temperature

The temperature of recharging groundwater, an approxi-
mation of mean-annual air temperature, can be estimated
from concentrations of atmospheric noble gases dissolved
in groundwater using the general temperature-gas solubil-
ity relationship, Henry’s Law (e.g., Stute et al., 1992;
Aeschbach-Hertig et al., 1999). The concentrations of inert
gases in groundwater result from the temperature- and
pressure (elevation)- dependent equilibration of water with
the atmosphere, plus the addition of excess air arising
from dissolution of entrained air bubbles below the water
table (Stute and Schlosser, 2000). The excess air may be
fractionated due to partial dissolution or re-equilibration of
the gas (Aeschbach-Hertig et al., 1999).

Variation in paleotemperatures estimated from concen-
trations of noble gases suggests a temperature suppression
ranging from 5-9°C during the last glacial period
(Aeschbach-Hertig et al., 2000). Noble gas temperatures in
the south-central and southwestern U.S. during the last
glacial period were approximately 5°C cooler than
Holocene temperatures (Stute et al., 1992; Clark et al,,
1998), consistent with other estimates of continental tem-
perature change and local glacial-climate reconstructions
(Muhs et al., 1999).

METHODS
Sampling

Six samples were collected from locations that lie along
a transect parallel to the presumed modern groundwater
flow path beginning near the southern outcrop of the
aquifers (Fig. 1). The samples were collected from ground-
water of the Arapahoe and Denver aquifers near Parker,
Colorado during the spring of 2002 and near Aurora and
Donala (near Colorado Springs), Colorado during the
spring of 2003 (Table 1). One-liter water samples were
analyzed for dissolved inorganic carbon (DIC) isotopes by
atomic mass-spectrometry at Beta Analytical Labs. Results
of DIC analysis are reported in percent modern carbon
(pmC) for 14C and delta 13-carbon per mil VPDB (3!3C %o)
for relative 13C/12C. Samples for dissolved gas analyses
were collected following the protocol outlined by Manning
et al. (2003) and were analyzed by the Noble Gas Labora-
tory at the University of Utah for 28N, 320, 20Ne, 40Ar,
84Kr, 3He and 4He. Results of the dissolved gas analysis are
reported in molar-fraction (unit-less) and precision of mea-
surements is a few percent. Additional field measurements
of temperature (T) and total dissolved gas pressure (Pppg)
of the groundwater were made. A detailed description of
the sampling procedure and analysis may be found in
Novotny (2004).
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Figure 1. General locations of groundwater samples with 1978
potentiometric surface of Arapahoe aquifer (Robson, 1987) for
reference.

Carbon-14 Activity Dilution and Determination of
Residence Time

Additional sources of carbon exist in most aquifers and
can cause dilution of the 4C activity. Therefore, a correc-
tion for the interaction of these sources with groundwater
was applied prior to the calculation of residence time. Cor-
rection methods involving mass-balance of 13C/12C (e.g.,
Pearson and Swarzenki, 1974) were not used; ratios of
these isotopes in the potential sources of carbon in the
aquifers and recharge area are not known and the infer-
ence of these from other information is unreliable.
Resources were unavailable for isotopic-exchange or reac-
tion path models, and so these methods were not used. A
non-site-specific, empirically-derived dilution quotient
equal to 0.85 of the initial groundwater sample activity was
used to correct the 14C activities (Vogel, 1970). While this
correction does not physically represent 14C dilution in the
aquifers, other research indicates that differences between
this simple, empirical correction and more sophisticated
approaches are not significant in the lower Tertiary
aquifers of the San Juan Basin (Phillips et al., 1989), a
hydrogeologic and hydrochemical setting similar to the
Arapahoe and Denver aquifers.
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Table 1.
Location and physical characteristics of wells sampled; data in meters above mean sea level (MSL).

Screen Interval

Surface Top Bottom
CO-DWR PLSS Location Datum Depth Depth
Sample Aquifer Permit T.RS.Q.Q [m] [m] [m]
DON-04 Arapahoe 16141-F 11S.66W.31.NW.SW 2,103 243 359
PIN-02 Arapahoe 51782-F 07S.65W.18.SE.NW 1,948 538 657
PARK-01 Arapahoe 50563-F 06S.66W.15.NE.SW 1,787 396 518
AUR-08 Arapahoe 30326-F 05S.65W.21.SE.NE 1,829 378 512
PARK-03 Denver 50562-F 06S.66W.15.NE.NW 1,787 235 372
AUR-07 Denver 30323-F 05S.65W.21.SW.NE 1,829 121 351
Table 2.
Land surface elevation of southern recharge zones (meters above MSL) used in model of atmospheric noble gases.
Standard Coefficient
Aquifer Mean Maximum Minimum Deviation of Variation
Denver 2,084 2,250 1,861 112 0.05
Arapahoe 1,994 2,100 1,814 81 0.04

Model of Recharge Temperature

Aeschbach-Hertig et al. (1999) have created a model
that takes into account the effects of temperature, eleva-
tion, salinity, and excess-air fractionation on atmospheric
noble gas concentrations. Measured values of Ne, Ar, Kr,
and Xe are used in the model to minimize an objective
function, essentially producing a statistical measure of the
“goodness-of-fit” of the data to the model. Novotny (2004)
provides a more detailed discussion of the application of
this model in the Denver Basin.

Salinity of recharging water often cannot be measured
and is assumed equal to zero; other researchers using simi-
lar methodology have assumed that this parameter is negli-
gible in waters with low salinity (e.g., Clark et al., 1998).
The assumption appears valid in this study area where
modern recharging water is closely tied to precipitation
and no significant sources of salinity exist. Concentrations
of two of the measured inert gases (helium and nitrogen)
were not used because it is suspected that there are signifi-
cant sources or modifications of these in the subsurface.
The mean elevations of the Arapahoe and Denver aquifer
recharge areas were estimated from digital elevation maps
to be approximately 2,000 and 2,075 m above MSL, respec-
tively (Table 2). With three known noble gas concentra-
tions (Ne, Ar, Kr) and two unknown parameters (recharge
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temperature and excess air), the model equations are over-
determined and may be inverted. A statistical fit of the data
to the model is given by the objective function, X2. For the
equation with one degree of freedom, and having a X?
value of 3.84, the probability that the unknown parameters
deviate from their true values because of errors in gas con-
centration analysis is less than 5%.

RESULTS AND DISCUSSION

The results of the noble gas and 4C analyses are pre-
sented in Table 3. As expected, the majority of the gas
content is dissolved nitrogen. The 4C activity is highest in
the well located nearest the recharge areas and is lowest in
samples from the middle of the Basin.

Residence Times

Applying the assumptions and techniques outlined
above, the activity of 4C was used to determine the
apparent residence time of the waters at each location
(Table 3). The shortest residence time of 8,000 years was at
Donala (DON-04) in the Arapahoe aquifer, the location
nearest the outcrops and the highest potentiometric level.
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Figure 2. Recharge temperature of groundwater samples (solid
squares) and uncertainty (error bars), Denver and Arapahoe
aquifers, Denver Basin, Colorado, and glacial and Holocene tem-
perature estimates (dashed lines) reconstructed from mean annual
modern temperature (solid diamond) and glacial temperature
depression of 5.5°C.

Samples from wells farther toward the center of the basin,
regardless of aquifer, have apparent residence times of
22,000-24,000 years. The sample from The Pinery (PIN-02)
showed an estimated residence time of greater than 30,000
years, but there were some problems associated with the
analysis of this sample. In a qualitative sense, the apparent
residence times are what would be expected, with the
younger water toward the outcrops (recharge area) and
the older waters in the middle of the basin.

Estimated Paleotemperatures

The estimated temperatures at the time of recharge are
shown in Table 4. They range from 2.5 to 9.8°C. The X?
values of all samples were below or very near 3.84, the
level of 95% probability for the model. These results sug-
gest that the mean elevations used are reasonable, that the
excess-air component of the samples is not fractionated,
and the estimated recharge temperatures are reasonable.
The uncertainty in derived recharge temperature resulting
from the level of instrument precision was calculated as
0.9°C (Manning and Solomon, 2003). Recalculating
recharge temperature with minimum and maximum eleva-
tions was used to estimate uncertainty in recharge temper-
ature resulting from the assumption of recharge elevation
(Table 2). The sum of these was used to approximate the
total uncertainty in recharge temperature in this study.

Recharge temperatures and uncertainties were plotted
with estimates of modern and glacial temperatures (Fig. 2).
The sample from Donala (DON-04) is very close to the
modern temperature in the recharge area as would be pre-
dicted by a residence time that is younger than the end of
the last glacial period. The recharge temperatures of the
other samples are all lower than the modern temperature.
The residence times and lower recharge temperatures of
these samples suggest these were recharged during the last
glacial period. Samples PARK-01 and AUR-07 have
recharge temperatures that are significantly greater than
the estimated glacial temperature. This could reflect signifi-
cant temperature fluctuations within the glacial period,
mixing of Holocene groundwater and/or the dilution of
14C activity that makes the groundwater appear ‘old.” The
latter explanation suggests that residence times could be as
young as the end of the last glacial period, approximately
12 ka in Colorado. While confined conditions are observed

Table 3.
Laboratory analysis results and field measurements of groundwater conditions; 14C reported in percent modern carbon (pmC);
relative 13C/12C reported as delta 13-carbon per mil VPDB (8'3C %o); total dissolved gas pressure (Ptpg)-

Field

Relative Gas Concentrations DIC Measurements

28N, 320, 40Ar  84Kr  20Ne 3He 4He  14C aMCc T PIpG

Sample Aquifer 100 10-4 10-2 107 10-5 10-11 10-4 [pmC]  [%o] ['Cl [atm]
DON-04 Arapahoe 0.95 5.38 1.05 6.98 2.05 0.89 0.16 33.3 -13.6 15.5 0.908
PIN-02 /-\rapahoe 0.99 0.55 1.15 8.49 1.52 2.92 1.53 <2.27 -12.7 22.4 1.119
PARK-01 Arapahoe 0.97 192.01 1.08 8.00 1.72 3.19 1.11 4.59 -13.0 28.7 1.155
AUR-08 Arapahoe 1.00 3.55 1.14 8.44 0.97 5.13 2.33 5.60 -10.8 30.2 1.122
PARK-03 Denver 0.99 0.27 1.07 7.69 1.57 1.65 5.13 4.57 -13.2 29.7 1.050
AUR-07 Denver 0.86 3.46 0.95 6.67 0.86 0.83 2.71 5.00 -9.7 17.9 1.012
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Table 4.
Carbon-14 residence times and results of recharge temperature model for groundwater samples of the Denver Basin, Colorado;
objective function of noble gas model (x2); excess air component (EA) reported as cm? gas per gram H,O at STP.

Residence

Time Tr EA
Sample Aquifer [yr] [°ql [cm2STP/g] X2
DON-04 Arapahoe 8,000 9.8 3.9x10-3 3.14
PIN-02 Arapahoe >30,000 3.6 8.1x10+4 3.98
PARK-01 Arapahoe 24,000 6.2 2.6x10-3 0.38
AUR-08 Arapahoe 22,000 3.9 4.2x1073 1.98
PARK-03 Denver 24,000 2.5 1.4x10-3 3.85
AUR-07 Denver 23,000 7.8 1.9x10-3 1.16

locally in the aquifers, movement of younger Holocene REFERENCES

groundwater through the complex architecture of the allu-
vial sediments comprising the aquifers may occur, espe-
cially in areas with significant drawdown such as Parker
and Aurora.

SUMMARY

The use of environmental tracers, specifically 14C and
noble gases, benefits the characterization of groundwater
flow in the Denver Basin, especially as a calibration para-
meter for a revised groundwater model. The results can be
loosely viewed as maximum residence times of those
groundwater samples. Recharge temperatures are directly
related to residence times, with the younger waters being
recharged at warmer temperatures than the older waters,
consistent with the older water being recharged during the
last glaciation. The relationship of estimated recharge tem-
peratures and residence times to climate record suggests
there may be a significant component of Holocene
groundwater in some samples or that dilution of 14C activ-
ity has caused samples to appear ‘old’.
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