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Insights into quickflow in a karst aquifer: Usefulness of
infrequently collected geochemical data from wells

Lisa Shevenell
Nevada Bureau of Mines and Geology, University of Nevada, Reno
MS 178, Reno, NV 89557-0088, U.S.A.

Abstract -- Highly variable chemical characteristics (e.g., hardness) can indicate that a portion of a karst
aquifer sampled by a well is subject to a quickflow component where water flow is rapid and water
quality changes rapidly in response to precipitation events. Typically, karst aquifer monitoring for both
water level and geochemistry is conducted at frequent intervals (hourly, daily) due to the nature of rapid
geochemical and hydrologic changes in association with storm events. However, when other types of
data are available from less frequent monitoring, these data should not be discounted because useful
information on the nature of flow through the Karst system can be obtained.

Quarterly monitoring data are available at the U.S. Department of Energy Oak Ridge Y-12 Plant*
in Oak Ridge, TN, and these data are evaluated to identify quickflow portions of the aquifer. Values of
Pco, near atmospheric suggest rapid recharge of fluids, and 12 of 99 well waters exhibited Pco, near

atmospheric. Waters saturated with respect to dolomite must have relatively long residence times because
attainment of saturation requires tens to hundreds of years. Repeat sampling of waters shows that both
supersaturation and undersaturation with respect to dolomite occurs in 46 wells, indicating that relatively
old waters diffusing from the rock matrix into conduits during baseflow experience periodic flushing by
more rapidly recharged waters. Undersaturation with respect to calcite indicates active dissolution and
may suggest short residence times because calcite saturation can be expected to occur on the order of
days. Ten of the well waters were consistently undersaturated with respect to calcite, with numerous
others being undersaturated for at least one sampling event. Evaluation of aMp/aca ratios in the waters
allows identification of portions of the aguifer where flow occurs from a dolomite to a limestone, and vice
versa. In addition, 30 well waters exhibited coefficients of variation of hardness >10%. Hence,
quickflow was identified in association with numerous well waters even though only quarterly monitoring
data were available.

INTRODUCTION

The chemical characteristics of waters sampled be wells in karst aquifers can provide insight into
the behavior of the aquifer system. Highly variable chemical characteristics (e.g., hardness) can indicate
that the portion of the aquifer sampled by a particular well is subject to a quickflow component where
recharge to the system may be quite rapid, water flow through conduits is quick, and water quality
changes rapidly in response to precipitation events.

Typically, karst aquifer monitoring for both water level and geochemical characteristics is
considered at frequent intervals (hourly, daily) due to the nature of rapid geochemical and hydrologic
changes in association with storm events (e.g., Mahler and Bennett, 1992; Worthington, 1992; Back and
Zoetl, 1975). Rapid changes in water level and geochemistry in karst aquifers can occur on the order of
hours following initiation of a precipitation even. Hence, samples collected weekly, monthly, or
quarterly are quite likely to miss important data, which illustrates quickflow behavior through the karst
aquifer. Itis widely accepted that monitoring of karst aquifers need be conducted on much more frequent
basis than quarterly in order to acquire data relevant to quickflow rather than averaged hydrologic
conditions.

* Managed by Martin Marietta Energy Systems, Inc. for the U.S. Department of Energy under
contract DE-AC05-840R21400.




However, several years of quarterly monitoring data are available from a karst aquifer at the
Department of Energy, Y-12 Plant in Oak Ridge, Tennessee, U.S.A (Y-12 Plant). Geochemical data col-
lected during quarterly monitoring may not identify quickflow behavior through the variability of chemi-
cal constituents between storm events because the sampling interval is too long. The geochemical data
may suggest diffuse recharge and slow subsurface flow when the study site would actually exhibit signifi-
cant chemical variability suggestive of quickflow if shorter sampling intervals were employed. Frequently
obtained geochemical data are not available for the karst aquifer at the Y-12 Plant, hence, it is prudent to
evaluate existing, quarterly data, recognizing the limitations of such data. Large amounts of chemical
variability illustrated with this type of data will lead to the conclusion that quickflow is important in the
portion of the aquifer being studied. However, lack of such data is inconclusive due to poor timing of
sample collection. It is hypothesized that use of quarterly monitoring data in a karst aquifer will provide
useful information related to the characteristics of the flow system even though this type of data is not
optimum for use in karst aquifer systems.

Several ideas and concepts pertaining to the nature, extent, and the behavior the karst aquifers at
the Y-12 Plant require refinement. Interpretation of the geochemical characteristics of the groundwaters is
one component in an overall effort of aquifer characterization. The purpose of this work is to (1) better
define groundwater interaction between the adjacent karst formations of the Maynardville Limestone
(Cmn) and the Copper Ridge Dolomite (Cer), (2) identify portions of the aquifer in which fractures and
conduits may currently be subject to enlargement through dissolution, and (3) identify portions of the
aquifer which are likely to be subject to a rapid component of flow (quickflow).

BACKGROUND

Profound effects on contaminant transport rates may result when waste disposal facilities are
located on or adjacent to a karst aquifer. Several waste disposal sites are located adjacent to a karst
aquifer composed of the Cambrian Maynardville Limestone (Cmn) and the Cambrian Copper Ridge
Dolomite (Ccr), at the Oak Ridge Y-12 Plant. The Cmn, which underlies the southern portion of Bear
Creek Valley (BCV; Fig. 1), is considered to be the primary pathway for groundwater leaving the Y-12
Plant (King and Haase, 1988). Because water in the Cmn is believed to interact with that in the Cer, dom-
inantly through recharge occurring in the Ccr, the chemical characteristics of both formations are investi-
gated. Description of geologic features of the Cmn can be found in Goldstrand, (in press), Goldstrand et
al. (in prep.), and Shevenell et al. (1992).

Numerous cavities have been identified in both the Ccr and Cmn during drilling of monitoring
wells. Sixty-seven percent of all wells drilled into the Cmn have intersected at least one cavity, whereas
64% of the wells drilled into the Ccr have encountered at least one cavity. Cavities in the Cmn are sub-
merged and mud filled, and tend to be smaller (52% of known cavities are 0.3 to 1.5 m in vertical dimen-
sion) than those in the Ccr in which 12% of all cavities encountered have been >3 m in vertical



dimension. Also, the Ccr cavities are often located at or above the water table. In the Cmn, most cavities
are relatively shallow (<45 m), with the frequency of cavities decreasing with increasing depths, and the
frequency of fractures decreasing with increasing elevation as they become subject to dissolution, thus
forming cavities at the higher elevations (Shevenell and Beauchamp, 1994; Shevenell, et al., 1992).

PROCEDURE

Historical data from wells at the Y-12 Plant, were compiled and evaluated for general chemical
characteristics and temporal variability. The data were obtained from several sources: Groundwater Qual-
ity Assessment Reports (GWQAR; HSW, 19914, 1991b, 1991c, 1992a, 1992b, 1992c), a SAS data base
maintained in the Environmental Sciences Division, Oak Ridge National Laboratory (Thompson, 1993),
and data from multilevel (Westbay) monitoring wells (Dreier et al, 1993; Shevenell and Dreier, unpub.
Westbay monitoring data). The wells selected are completed in either the Ccr or the Cmn. Most of the
available data are in the form of chemical analyses obtained from quarterly sampling of individual wells.

All available data were compiled and charge balances calculated for each sample. All samples
which had a charge balance in excess of +10% were eliminated from the data set resulting in a data set
containing 99 wells or multiport zones which have been sampled between 1 and 20 times between 1986
and the first two quarters of 1992.

Saturation indices were calculated to determine which portions of the system may currently be sub-
ject to enlargement of fractures and conduits by dissolution. Saturation indices (SI) and carbon dioxide
partial pressures (Pco,) were calculated using the equilibrium aqueous speciation model SOLMINEQ.88
(Kharaka et al., 1988). Data for calculation of dolomite SI in SOLMINEQ.88 were substituted with equi-
librium constant data for dolomite from Langmuir (1971) where

PKy = 0.0207T (°C) + 16.513 (R? =0.987). Q)

In order to evaluate the variability of hardness between sampling events, the equivalent CaCO,
bhardness (in mg/L) was calculated after Drever (1982):

equivalent CaCO; =2.5(mg /L Ca) +4.1 (mg /L Mg). (¢3)

Using these calculated values, the coefficient of variation of hardness (CV; standard deviation divided by
the mean) was calculated for each well. The flow through time (recharge to point of measurement) was
then estimated using Ternan’s (1972) power law which is based on the carbonate content of springs and
flow through time determined by Pitty (1968; 1971). The Ternan relationship is

CV =35 054, @)

where t is the flow through time in days. Equation 4 is expected to yield reasonable results for small
drainage basins (<100 km?) in temperate climates (White, 1988) such as that at the Y-12 Plant.

AR £ I F AN IR F Y- £ Y AR 5 - JEER SRSy



The discharge (Q in m%/s) associated with a water’s hardness can be estimated from which flow
volume near different well locations can be compared. Bassett and Ruhe (1973) studied the Lost River
watershed in southern Indiana and found that hardness (Hy) is related to discharge at springs via equation
5:

H, =402.7 - 113.2 10g(Q), R%2=0.81. 5)

Although the empirical expressions in equations (4) and (5) were not developed using well data, the
results should provide order-of-magnitude estimates and values to be used for comparative purposes for
the flow through times and volumes of water flow expected in different portions of a system.

RESULTS

Hardness

Equivalent CaCO3 hardnesses of sampled waters were calculated using equation (2) and a sum-
mary of results appears in Appendix A. Most hardness values fall in the range of 100 to 500 mg/L in both
the Ccr and Cmn. The highest values (>1000 mg/L) are associated with eight of the deeper (>135 m)
wells which contain high concentrations of SO4 and Cl which suggests that these wells tap waters which
are interacting to varying degrees with an underlying brine (Haase, 1991).

The calculated CV range from 0 to 0.47 indicating that several of the wells intersect zones which
are subject to a significant quickflow component. The highest CV values (20.20) are generally found in
wells which are known to intersect cavities or fractures. For instance, the highest CV (0.47) is found in
GW-734 which intersects a large, mud-filled cavity which exhibits flashy water level changes in response
to precipitation (Shevenell et al., 1992). Water levels have been observed to rise in this well only 1 to 6
hours following initiation of precipitation. However, another well intersects a slower flowing water zone
(GW-223) and has a very high CV (CV= 0.26, for filtered samples). The high value in GW-223 probably
refiects some infiuence from quickflow near the location of the well bore.

The estimated flow through times (Appendix A) from equation 4 are based on the CV and subject
to the same limitations resulting from timing of sample collection (ie. quarterly rather than daily or
hourly). The values of flow through can be used in a relative sense. For instance, flow from recharge to
the location of well GW-061 (depth = 7.6 m) could be as rapid as 1.5 days, suggesting relatively rapid
flow. Long transit times of 11 to 25 days are suggested for GW-056 (depth = 16.8 m). Note that several
wells (1090, GW-154, GW-155, GW-174, GW-298) have much higher CV for the unfiltered samples
when compared to the filtered samples indicating either transport of colloids or larger particulates within
the aquifer water, or possibly disturbance of colloids and particulates in the aquifer near the well bore dur-
ing some sampling events.

Estimations of discharge (Q) are listed in Appendix A. The calculated discharge associated with
GW-174 is an order of magnitude larger than that estimated at GW-179, which may be reasonable given



that water level fluctuations over the course of one year are 9.1 m in GW-174 and <3 m in GW-179
(depths of 44 m and 35.7 m, respectively). It should be noted that large water level fluctuations over the
course of one year are not necessarily associated with the presence of cavities because water level fluctua-
tions are a function of transmissivity and storage. A relatively impermeable unit with low storage (or
dead-end fractures) could also respond with large water level changes. The similar responses in these two
different situations can be distinguished by measurement of water level, temperature and specific conduc-
tance (SC) during a storm event and identifying the lag time between precipitation and water level rise,
and between water level rise and changes in SC and temperature. In a low permeability formation, rapid
water level changes will not be associated with changes in SC and temperature, and hence, groundwater
flow, but may simply reflect a pressure change within the aquifer. This type of monitoring data is not cur-
rently available.

Nevertheless, GW-179 apparently experiences less' influence from quickfiow, which is also sug-
gested by the partial pressure of CO, (Pcoz) data discussed in a later section. GW-174 has Peop values
near atmospheric, whereas GW-179 does not suggesting longer average residence time in the unsaturated
zone and slow percolation to the water in by GW-179. Without independent estimates for the volume
flow through a particular cross-sectional area, it is not possible to determine the extent to which the num-
bers reflect reality. It may be possible to calibrate Equation 5 to conditions encountered on the ORR.
Point dilution tests could be used to estimate specific discharge (q) or volumetric discharge (Q = gA) in a
bore hole interval (Hicks et al., 1992). The values of Q could be compared between the two methods to
determine the extent to which Equation 5 may be valid on the ORR.

Saturation indices

The minimum and maximum values for dolomite and calcite SI’s for water samples from the wells
in the study area appear in Table 1. The SI’s are calculated to determine which well waters are undersatu-
rated with respect to calcite, and this provides an indication of whether the particular zone monitored is
currently subject to calcite dissolution. Equilibrium and supersaturation with respect to dolomite provide
a rough indication of fiuid residence times. It is expected that waters require 10’s to 100’s of years to
attain saturation with respect to dolomite because the kinetics of dissolution are very slow at SI greater
than =~ -2 (Busenberg and Plummer, 1982). Waters saturated with respect to dolomite are likely to be of
the slow-flow type, perhaps recharged by slow percolation through the vadose zone, and subsequently
flowing through less permeable regions of the aquifer, thus allowing sufficient interaction time with
aquifer rocks during which equilibrium can be attained. Waters which exhibit fluctuations in their
dolomite saturation indices between supersaturation and undersaturation are suggestive of changing flow
conditions between the sampling events. At times of supersaturation, waters sampled are likely to reflect
baseflow conditions when sufficient time for equilibration is available. During these times, samples are
dominantly matrix water which has not been significantly diluted with recently recharged waters. When
these same well waters exhibit undersaturation during subsequent sampling, this suggests that the zone




tapped is subject to a relatively quickflow component which dominates during precipitation events when
much less time is available for recharging waters to interact with the aquifer rocks, and aquifer waters in
the conduits and fractures become diluted.

Consistent undersaturation with respect to calcite is suggestive of relatively young, quick flowing
water because only a few days are typically required to reach saturation. Ten wells have been consistently
undersaturated with respect to calcite over the sampling events, and the zones tapped are currently subject
to dissolution. Table 1 highlights these wells in italics for the calcite saturation indices, as well as high-
lighting other wells for which only one analysis is available to suggest undersaturation with respect to cal-
cite.

Many cavities in the Cmn are mud filled (ie. GW-734) suggesting that at some time in the past,
flow velocities either decreased as the conduit size increased through dissolution, or as a result of
decreases in hydraulic gradients. Note that decreases in the hydraulic gradient in the system occurred
within the past 50 to 60 years as the base level (Clinch River) rose following construction of Watts Bar
and Melton Hill Dams (see Fig. 1). As fluid velocities decreased, it is likely that sediment accumulated
on the floors of the conduits, and solutional attack continued on the ceiling as the sediment accumulated
(paragenesis; Ford and Ewers, 1978). Upward dissolution of carbonates in the Cmn conduits may con-
tinue until the tops of the passages intersect the piezometric surface.

The minimum (Min) and maximum (Max) measured SI for calcite and dolomite, the number of
analyses available (# of Values), and the maximum variability in the saturation calculated by subtracting
the minimum SI from the maximum SI (Min-Max) appear in Table 1. Of the well waters for which repeat
analyses are available, the following are consistently supersaturated with respect to dolomite and, there-
fore, are likely have relatively long mean residence times: GW-511, GW-695, GW-704, GW-712 (only 2
samples). However, a small component of quickflow may occur in three of the wells (GW-511, GW~695,
and GW-704) as suggested by CV 2 0.10 in each of these wells, but insufficient numbers of samples may
have been collected thus far from which to detect the quickflow effects. Twenty-two other wells (see
Table 1) only have one reliable analysis, yet also indicate supersaturation with respect to dolomite. The
SI in 46 wells fluctuates from supersaturated to undersaturated with respect to dolomite (bold entries in
the SI(dol) Min and Max columns of Table 1).

Partial pressure of carbon dioxide

It is reasonably assumed that Po, values near atmospheric (ie. -log(Pcoz) =3.5 atm) are indicative
of waters in quickflow regimes where insufficient time has elapsed for waters to deviate from equilibrium
with atmospheric CO, since recharge. For instance, CO, concentrations in soil gases can be 6 to 10 times
greater than that in the atmosphere (Russell and Appleyard, 1915; Boynton and Reuther, 1938). Hence,
waters recharging an aquifer through the soil zone can acquire significant CO, concentrations as waters
interact with soil gases. Near atmospheric CO, suggests limited residence times in the soil zone, and



hence, rapid recharge to the aquifer. Twelve well waters had close to atmospheric Pcq, values (Hog(Pco,)
= 3.5 £0.3 atm) during at least one sampling event (wells followed by an * in Table 1). A relatively short
fluid residence time between recharge and the well location is suggested in these cases.

Some of the waters have Pco, much less than atmospheric for one or more sampling events
(GW-099, Pcop = 4.22; GW-158, Pco, = 4.28; GW-174, Pco, = 4.00; GW-511, Pcop =4.21 to 5.56; and
" GW-723, Pcop = 4.08; see Shevenell, 1994 for complete data). Closed system dissolution of calcite could
result in low Pco, values such as these (Drever, 1988, pg 68-69).

Magnesium to calcium ratios

The ratios of Mg to Ca activities for some of the wells appears in Table 2 (complete data appear in
Shevenell, 1994). The ayg/ac, ratio in individual wells ranges from 0.08 to 1.62 in Cmn wells, and
between 0.26 and 4.11 in Ccr wells. Generally higher apglac, ratios in the Cer are to be expected because
the formation is a dolomite. A ratio > 0.6 in waters is expected when dolomite is more stable than calcite
(Drever, 1988), and these higher ratios are assumed to be representative of waters in the Ccr in this study.

Low ayg/ac, ratios obtained from the Cer well GW-683 (0.41 to 0.59) appears anomalous. The
lower Mg to Ca ratios in GW-683 (Picket A) may be suggestive of relatively short residence times in the
Cer. During drilling of this well, there was significant water production from the completion zone, and an
increase in turbidity occurred in a spring =130 m north of the well (Shevenell et al., 1992) suggesting an
interconnected, quickflow system was tapped by GW-683. Also, the amg/ac, ratio in GW-683 of 0.47 +
0.06 suggests flow from the Cmn to the Cer under Chestmut Ridge in the vicinity of Picket A (Fig. 1;
where pickets identify five areas in which wells were drilled specifically to investigate the karst Cmn).
The interaction between the Cmn and Cer is corroborated by NO; analyses which show GW-683 contains
3 to 22 mg/L NO;. The only source for the NO; is the up-gradient S-3 Ponds plume which is migrating
westward, along strike in the Cmn (Shevenell et al., 1994), and apparently entering the Ccr at or to the
east of Picket A (Fig. 1). '

Thirty-three of the 73 (45%) Cmn sampling zones have ay,/ac, ratios of >0.6 (Table 2). Wells
containing an "F” in the column "Consistent or Fluctuating” did not consistently have amglac, > 0.6; all of
these wells also showed fluctuations in the dolomite SI’s. The Cmn wells followed by "Y" in the "Drilled
Through the Cer" column were drilled on Chestnut Ridge through the Ccr, and recharge to these zones in
the Cmn is likely to have passed through the Cer, acquiring chemical characteristics of this formation.
The other wells are drilled entirely within the Cmn. The higher ay/ac, ratio in the wells listed suggests
that a portion of the recharge water in these zones is through the Ccr. Flow toward these wells from the
Cer is apparently sufficient to dominate the water chemistry in the Cmn wells in that the Ccr fluid is not
significantly diluted relative to Mg once entering the Cmn. Some Cmn wells throughout the length of
BCYV show interaction with the Ccr.




Two Cmn zones (GW-135-06 and GW-135-11) have ayp/ac, <0.6 (Shevenell, 1994), yet these
zones are also located beneath the Ccr. GW-135-06 is a water which has apparently undergone a small
amount of mixing with the underlying brine (GW-135-06 Cl=580 mg/L, Na=510 mg/L) as well as having
encountered gypsum along a flow path (SO, = 1623 mg/L). Relatively high SO, (700 mg/L) in
GW-135-11 indicates this water also dissolved gypsum along its flow path. Hence, each of these waters
likely has excess Ca as a result of dissolution of CaSQy, thus altering the ayg,/ac, ratio expected from a
purely dolomitic host rock.

Several Cmn water zones in GW-722 (-2, -10, -17, -22, and -30) have ay,/ac, >0.6 and are under-
saturated with respect to calcite for the one sampling event available for each. This undersaturation is
suggestive of dissolution, yet is not indicative of quickflow given that flow to these zones is predomi-
nantly through dolomitic rocks, as the ay,/ac, data show.

Use of simple mixing models (measured value = x(Cmn) + (1-x)(Ccr)) to predict the percentage of
Coer water mixed with the Cmn water was unsuccessful. The average of all Cmn waters with amglac, <
0.6 is 0.35 +0.14, whereas the average of all Ccr with ay,/ac, > 0.6 is 1.03 £0.09. If only equilibrated
waters are used to calculate the ay,/ac, ratio, the average in the Cmn for water at equilibrium or supersat-
urated with respect to calcite is 0.57 +0.28, and that for the Ccr for water at equilibrium or supersatrated
with respect to dolomite is 1.0 £0.12. The measured ratios in several Cmn wells with aMmg/ac,>0.6 are
greater than the average in the Ccr. Hence a negative amount of Cmn water is indicated suggesting a sim-
plistic mixing model is not appropriate to describe the interaction between the Ccr and Cmn in these
wells, which is understandable considering the dynamic chemical behavior in each formation. Other end-
member ay,/ac, values such as the average Cmn water without wells which may have an influence from
the Ccr (apm,/ac,=0.34 £ 0.14) show the same discrepancies.

6D and 630 data

Stable isotope ratios have only been measured in a small percentage of waters (Table 3). The data
show little variation in 5'%0 (-7.72 to -6.54 per mil), likely because recharge elevations are approximately
the same for all sampled waters due to the small amount of local relief (90 to 150 m difference between
ridges and valleys). Fig. 2 is a plot of 6D versus 6'%0 where the "X" symbols are the results from both
the Cmn and Cecr, and the circles are results from water zones in the adjacent Nolichucky Shale (Cn) for
comparison. The deeper Cn zones (GW-134-3, 11, 18) have 6'®0 < 7 per mil whereas the shallower
zones (GW-134-25, 29, 33) have 680 > 7 per mil perhaps suggesting longer residence times and differ-
ing amounts of water-rock interactions. The triangles represent the data for GW-734 and GW-722-32 and
GW-722-33 which intersect cavities at the same elevations. No correlations of 5D and 620 with season
sampled, geologic formation or water zone type (fracture cavity or water zone) are apparent from the data.
However, there is a poor correlation (R? = 0.31) between 5D and depth, with a slight increase in 6D
occurring with increasing depth (5D = 0.0065(Depth) - 36.28). No similar trend with 5'80 occurs (5'0



= - 0.00013(Depth) - 7.13; R? = 0.02). Fig. 2 shows that all samples are shifted relative to the World
Meteoric Water Line (WMWL; Craig, 1961). Waters in other areas of the Oak Ridge Reservation (ORR)
also exhibit similar characteristics (Dreier and Toran, 1989; D. Marsh, pers. comm., 1992).

The shifted stable isotope data likely reflect regional isotopic compositions indicative of source
areas of the recharged precipitation. More isotopically depleted values are found with increasing distance
from oceans, and in arctic air masses (Epstein and Mayeda, 1953; Friedman, 1953, Craig, 1963). Air
masses moving from the gulf of Mexico northward to the continental U.S. are isotopically enriched com-
pared with arctic air masses moving southward. Data compiled and contoured by Taylor (1974) show that
an average 5D in Tennessee is relatively enriched at =~ -30 per mil, similar to the average value of -33.3
per mil noted in Table 3 suggesting the dominant source of moisture which falls as precipitation and
recharges local groundwaters is from the Guif of Mexico. Unpublished studies by S. Lindberg show that
the majority (285%) of the moisture for local precipitation originates from the Gulf of Mexico, with only
a small percent (<15%) origination from the direction of the Atlantic Ocean (S. Lindberg, pers. comm.,
1993).

The International Atomic Energy Agency (IAEA) reports 6'20 and 5D for three stations within the
30 per mil contour which may have similar stable isotope contents to those found in Tennessee. Stable
isotope data (IAEA, 1969, 1970, 1971, 1973, 1979, 1983, 1986, 1990) from these stations (Veracruz,
Mexico, Hatteras, NC, and Waco, TX) are plotted on Fig. 3. Data from San Juan, Puerto Rico is included
for comparison because precipitation at this location must be dominated by isotopically enriched oceanic
air masses.

The IAEA data is evaluated based on season. The number of data points from each station on Fig.
3 which have a 6D enriched (by greater than 1 per mil) relative to the WMWL were summed for the win-
ter and summer months, and the percentage of data points which exhibit enriched 5D calculated (Table 4).
A total of =70% of the precipitation in the October to March season has had enriched D at the listed sta-
tions between 1953 and 1987, whereas =75% of the precipitation during the summer months is depleted
in 6D relative to the WMWL. Because the majority of the current recharge on the ORR occurs during the
winter season (Moore and Toran, 1992, p 7), it is reasonable to expect that groundwaters would exhibit
isotopic enrichment relative to the WMWL, as is observed in Fig. 2. Hence, the shifted isotopic composi-
tions of the ORR waters reflect natural, regional isotopic compositions, rather than local effects.

In many cases, a local meteoric water line can be identified using groundwater data because
groundwaters in porous media are often good integrators for the variable concentrations associated with
different precipitation events and seasons. No consistent correlation (R? = 0.04; 6D = 2.66520 - 14.39)
is identified by the samples (Table 3), showing that, either insufficient data have been obtained, or the flow
system in the Cmn and Cecr is not a good integrator and may consist of some very quickflow zones where
the 6D and 6'80 may closely approximate the compositions in individual precipitation events in which
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580 and 6D can vary widely.

The large, mud filled cavity intersected by GW-734 (elevation = 255 to 268.5 m) occurs at approxi-
mately the same elevation as smaller cavities in GW-722-32 (elevation = 250 to 261 m) and GW-722-33
(elevation = 261.5 to 265 m). However, 5D between the wells differs by up to 7 per mil (triangles on Fig.
2). The conduits in the two wells are located 45 m apart, and appear to be hydrologically connected based
on cross borehole testing (Shevenell et al., in prep.). These wells also respond very rapidly (within a few
hours) to precipitation. The 6D values from the wells for two different dates likely show the isotopic sig-
natures of two separate, poorly mixed, precipitation events. More frequently collected samples (ie. hourly
during a storm) are required to more fully evaluate the timing of the link between precipitation and con-
duit waters.

53C data

Carbon-13 (5'3C, per mil PDB) values are also listed in Table 3. In order to evaluate the §3C
data, several models were used to calculate expected 5'3C values given the known isotopic composition
of the Cmn and Ccr and local vegetation. The isotopic composition of local carbonate rocks averages
about -1 per mil (Foreman, 1991). Foreman (1991) reports & B3¢ for calcite and dolomite in the Cn as
averaging -1.97 per mil (n=6) and -0.84 per mil (n=8), as well as whole rock 5'3C for five Cmn samples
(63C = +0.13 per mil). The average 5°°C in leaves from 3 species located on ridges, slopes and riparian
zones (n=46) in a nearby valley (within 1 km) in 1989 is =-29 per mil (Garten and Taylor, 1992). It is
assumed that the same species dominate in BCV. Soil CO, is generally enriched in '3C relative to the
associated vegetation by about 5 per mil (Coleman and Fry, 1991), suggesting that 53C-CO; in the soil is
on the order of -25 per mil during the summer months. The samples collected by Garten and Taylor
(1992) represent minimum values because they. are from leaves collected during the summer. Studies by
Rightmire (1978) show that 5'°C in CCZ soil gas varies with Pco, and can be 10 to 12 per mil more

enriched during the winter months. Hence, soil gases in the ORR area may have 6C values between
about -25 to -13 per mil, depending on the season.

The three models selected for simulating §'3C are (1) open system dissolution of calcium carbon-
ate, (2) initial open system dissolution of calcium carbonate, followed by closed system dissolution
(Salomons and Mook, 1980; referred to as Closed CaCO3 on Table 5), and (3) initial open system disso-
lution of calcite and dolomite, followed by closed system dissolution (Reardon and Fritz, 1978; referred
to as Closed Cal/Dol on Table 5). Two separate sets of calculations are made for the open-closed system
scenarios. The first calculation assumes all 5">C of carbonate rocks with which fluids interact have a
value of -1 per mil which is the average of calcite and dolomite in the Cn and limestones of the Cmn. The
second set of calculations uses a whole rock Cmn 6'°C of 0.13 per mil for the calculations of closed sys-
tem dissolution of CaCOs, and a 6"3Cyyeye Of -1.97 per mil and 63Cyqyomye Of -0.84 per mil for the open-
closed system dissolution of calcite and dolomite.
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Table 5 compares the measured values with those of the different model results for estimated win-
ter (recharge temperatures and fractionation factors for 5°C) and summer (recharge temperatures and frac-
tionation factors for 25°C) 5'2C values in soil CO,. Calculated numbers in bold most closely match mea-
sured values. The % error column identifies the error of the modeled versus the measured value. Similar
results are obtained from the two calculations which assume different rock 5'3C, although slightly better
matches are obtained with the second set of calculations.

None of the models described above suitably predicted the !3C values for GW-13 1-28,
GW-135-03, or GW-135-11. All of these waters contain relatively high TDS (1200 to 10,000 mg/L), and
S04 concentrations (700 to 1000 mg/L), suggesting dissolution of gypsum along a flow path. The previ-
ous models are not appropriate for use in systems in which there has been significant gypsum dissolution
(Reardon and Fritz, 1978). All three of these zones appear to sample waters which have relatively long
residence times, and the GW-135-03 and GW-135-11 zones show some interaction with the underlying
brine based on high CI contents (up to 20,000 mg/L). A final model was selected which is suitable for
open-closed system dissolution of calcite, dolomite and gypsum (Reardon and Fritz, 1978), and these
results are follbwed by an "*" in Table 5. The 6'3C values in GW-131-28 and GW-135-11 are more
closely predicted (within 3.9% and 12.1%, respectively) with the model incorporating gypsum dissolu-
tion.

Zones GW-722-02, -06 and -20 are most closely matched with closed system dissolution of CaCOj
by water recharged during the winter months. The 3C in GW-722-17, GW-722-33, GW-131-12,
GW-135-30 and GW-722-30 suggests closed system dissolution of calcite and dolomite by water
recharged during winter months. The fact that most of the zones (Table 5) suggest waters recharge the
system during winter months is reasonable given that the majority of recharge to the system occurs in the
winter months. Only one zone suggests closed system dissolution of carbonates by water recharged dur-
ing summer months (GW-135-41). None of the zones sampled have 63C values suggestive of open sys-
tem dissolution of calcite (Table 5). In addition, none of the waters containing '*C data exhibited Pco,
near atmospheric which is reasonable given that all waters appear to have undergone closed system disso-
lution.

DISCUSSION

Although the quarterly monitoring data presented here are not the optimum type of data to use in
the evaluation of karst aquifer behavior, useful information was obtained. Clearly, temporal data is
mandatory in these systems in which water chemistry can vary rapidly in response to precipitation events.
Frequent (daily, hourly) monitoring data allows for a more useful and definitive evaluation of a karst
aquifer. However, when less frequent monitoring data are available, they should not be overlooked
merely because the data type is not optimum for the study of the karst aquifer. This less frequent data is
used here to help refine a conceptual model of flow through the karst aquifer at the Y-12 Plant.
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In order to develop a conceptual model of flow, it is necessary to map the distribution of quickflow
(higher hydraulic conductivities), and slower flow zones. Table 6 lists parameters which are believed to
be water zones which are subject to a component of quickflow. An "X" in a column shows that the indi-
cated variable is suggestive of a quickflow regime in the sampled interval of the well. An X in the
"SI(dol) Fluctuation” column indicates that the dolomite SI fluctuates between super- and under-
saturation between sampling events. The Pco, column is marked if the calculated P, is near the atmo-
spheric value (-log(Pcoz) = 3.5 0.3 atm). Consistent undersaturation with respect to calcite in all sam-
pling events is noted by an X in the "Undersat wrt Calcite" column. If a well is known to be completed in
a cavity, the appropriate column contains an X. Finally, an X in the CV > 0.10 column indicates a CV of
>10% for the well water, which is indicative of quickflow.

Eighty-one wells listed in Table 6 are not noted as having been completed in a cavity. Forty-four
of these wells have at least one geochemical parameter suggestive of quickflow indicating (1) poor
records for the older wells may have omitted notations for cavities when they were actually present, (2)
relatively quickfiow may be associated with fractures in proximity to cavities. Note that recent plugging
and abandonment activities of some of the older wells shows that records for many of these older wells
are poor. Some records indicate incorrect completion depths, screened intervals, and even incorrect
lithologies and formations in which the wells are completed (Jago, 1993, pers. comm.). Hence, the data
presented here may suggest the presence of previously unknown cavities and fractures in these wells.

Seventy-one of the 99 (71.7%) wells show at least one geochemical parameter suggestive of quick-
flow, 37 of which only have one such parameter. Twenty-three of the wells have 2 parameters suggestive
of quickflow, whereas 10 wells show 3 parameters. Hence, relatively few wells have muitiple indications
of quickflow. Only one (GW-722-32) of the 18 zones noted to have a cavity in the completion zone
showed no geochemical parameters indicative of quickflow, likely because this zone has only been sam-
pled once and data on the fluctuation in dolomite SI and the CV are not available. Not many water zones
(16.7%) have Pco, near atmospheric, which is not surprising considering that even very short residence
time in the root zone will likely increase Pco, above atmospheric.

Using Table 6, the results of the previous sections, locations of sinkholes, identification of cavities
in other wells (Jones et al., 1992; Shevenell, 1994), and locations and interconnections between cavities
noted during drilling and purging of the wells (Shevenell et al., 1992), maps are constructed noting the
probable (2-D) locations of quickfiow zones (ie. high hydraulic conductivity and specific discharge). Fig.
4 is a base map showing the locations of the more detailed cavity maps from east to west (Maps 1 through
6) which were constructed to visualize conduit locations. Three of the 6 maps are shaded in Fig. 4, and
these three maps are included here (Figs. 5 through 7). The remaining three maps can be found in
Shevenell (1994). Fig. 8 identifies the symbols on Figs. 5 through 7. Geologic contacts on these figures
are based on the geologic map of Hatcher et al (1992), and the contacts identified during drilling the Cmn
exit pathway pickets (Shevenell et al., 1992). Conduits connecting individual wells are inferred and based
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on several assumptions believed to be realistic at this site. It is assumed that the dominant flow direction
in the Cmn is strike-parallel, with localized strike-perpendicular solution enlarged zones feeding into the
main conduit system in the valley. Piezometric surface maps (HSW, 19923, 1992b) support the assump-
tion that groundwater flow is from the ridges toward the valley, with strike-parallel fiow dominating in the
Cmn in BCV. Strike parallel flow is also supported by the presence of contaminants in numerous Cmn
wells (HSW, 1991a, 1992a; Shevenell, 1994). For instance, NO; contamination at Picket A (GW-683 and
GW-684) shows that contaminants have migrated nearly 3,350 m along strike from the source area at the
S-3 Ponds. Cavities in the Ccr are assumed to feed into the Cmn. Where no data are available, it is
assumed that the Cer feeder conduits mimic the surface drainages, following the trend of tributary
streams.

Based on a number of observations, the cavities in the Cmn appear to be maze passages (White,
1988), probably with an anastomosing pattern based on the following information obtained during drilling
of some Cmn wells. During drilling of both GW-683 (depth 45.4 to 48.2 m) and GW-684 (depth=37.2t0
37.8 m; Picket A), increased turbidity in spring SS-5 was observed. This spring is located ~130 m north
of GW-683, and ~30 m north of GW-684. Apparently there are fractures connecting the Ccr and Cmn in
this location (Shevenell et al,, 1992). One well in Picket C (GW-738) was found to have a natural
hydraulic connection to the surface. During drilling at depths >17 m, water and air emerged at the surface
in old Bear Creek Road = 3 to 6 m south of the drilling rig.

In several cases, wells could not be completed past a shallow, cavernous zone due to excess water
production and caving of the well bore. For instance, the first two attempts to complete GW-705 (Picket
B; Figs. 1 and 7) to the target depth failed. The two initial wells were located along strike from one
another, and the third, successful, attempt was sited 17 m south of the first two wells in order to displace it
from the along strike cavity zone intersected by the first two wells. Three attempts were also required to
complete GW-724 (Picket C). During drilling of the second well, return water was lost, and was found to
be emerging in the first well; ultimately both of the wells had to be plugged and abandoned. Significant
difficulties in completing GW-728 (south of the Burial Grounds) required attempts to seal a series of
small cavities at 32 to 41.5 m, and a large cavity at 49.7 to 52.1 m, with bentonite and grout and case off
the cavernous zones. During drilling of GW-790 (located =30 m south of GW-728) one to two months
later, bentonite and grout from GW-728 were encountered in two separate cavernous zones at about 36.6
and 64.6 m depth (R. Dreier, pers. comm., 1993). In summary, numerous examples exist which suggest
that the conduit system in the Cmn is well interconnected, either honeycombed or anastomosing, and
where sufficient data are available, the maps of Figs. 5 through 7 reflect this.

In locations which contain a large number of wells in a relatively small area (see Map 2, Fig. 6, in
the Y-12 Plant area), the cavity system appears to be a complicated, anastomosing network of cavities.
Note that the maps are drawn assuming cavities in nearby wells are interconnected. It is certainly possi-
ble that the connections shown on the maps are not accurate and that the noted cavities may be in direct
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hydrologic communication with other, undiscovered cavities. However, it is the opinion of the author that
the conduit network is considerably more complicated than that shown in Figs. 5 through 7, and that the
maps represent a very simplistic, first approximation to the distribution of cavities at this site.

CONCLUSIONS

Use of quarterly monitoring data to evaluate quickflow behavior in a karst aquifer was inconclusive
in some cases, yet provided considerable useful information for many water zones tapped by wells.
Although quarterly geochemical monitoring data is not optimum for use in evaluating karst aquifer behav-
ior, it should not be discounted if it is available because it can be very useful in the identification of zones
subjected to quickflow. Water zones in wells at the Y-12 Plant which exhibit quickflow behavior were
identified based on their geochemical characteristics and variability in geochemical parameters, and
observations made during drilling of the wells. Generalized maps of the inferred distribution of quickflow
regimes in the Cer and Cmn were constructed based on the chemical characteristics of the waters. The
maps are a first approximation to the distribution of quickflow zones, and additional studies are planned
which may help to refine the interpretations made from the chemical analyses of waters in these karst
aquifers. The preliminary data suggest that the Cmn is composed of a complicated network, of intercon-
nected, perhaps anastomosing, cavities. The degree of interconnection between the identified cavities is
yet to be determined, although it {s expected that there is significant vertical and lateral interconnection
between the cavities located throughout BCV which is underlain by the Cmn. Generally, groundwater
flows from the Ccr to the Cmn, except near Picket A where there is evidence from N O3 and ayg,/ac, data
which suggest groundwater fiow from the Cmn into the Cer. As is typical in other karst settings, a signifi-
cant quickflow component through fractures and cavities can be identified within portions of the aquifer,
whereas other portions of the aquifer are typified by slowly flowing (matrix intervals), long residence time
waters. '
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Fig. 1. Generalized geologic map showing the approximate locations of the Maynardville
Limestone Picket well transects (W, A, B, C, and J). Modified from Hatcher, et al.
(1992).

Fig. 2. Deuterium versus oxygen-18 in wells at the Y-12 Plant.

Fig. 3. Deuterium versus oxygen-18 for four stations between 1953 and 1987.

Fig. 4. Base map showing the locations of the more detailed maps in Figs. 6 through 8.
Fig. 5. Location of cavities, Map 1.

Fig. 6. Location of cavities, Map 2.

Fig. 7. Location of cavities, Map 5.

Fig. 8. Symbols used in Figs. 6 through 8.
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GW-731
*GW-683

Well location

Cavity intersected by well;
no geochemical data substantiating quick flow

Possible quick flow;
1 or 2 geochemical parameters suggest quick flow

Probable quick flow;
3 or 4 geochemical parameters suggest quick flow

Cavity in completion interval;
1 to 4 geochemical parameters suggest quick flow

Inferred position of conduits
Stream

Spring

Geologic contact

Buildings

Contour line

Road

Well completed in a cavity

Contaminants have been detected in this well

Fig. 8.
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Table 1. Calcite and dolomite saturation indices.

1090--F
1090--U
GW-056—F
GW-056--U
GW-057-F
GW-057--U
GW-058—-F
GW-058-U
GW-061-—F
GW-061-—-U
GW-064—-F
GW-064--U
GW-099-F
GW-089-U
GW-131-04-F
GW-131-08—-F
GW-131-12-F
GW-131-15~F
GW-131-24~F
GW-131-28~F
GW-131-32-F
GW-135-03~F
GW-135-06—F
GW-135-11-F
GW-135-19~F
GW-135-23-F
GW-135-30-F
GW-135-34~F
GW-135-39~-F
GW-141-F
GW-141-U
GW-151—F
GW-151—U
GW-152-F
GW-152--U
GW-153-F
GW-153--U*
GW-154-F
GW-154--U
GW-155--F
GW-155-U
GW-158~F
GW-158-U
GW-167-F
GW-167-U
GW-173-F
GW-173-U"
GW-174-F*
GW-174--U"
GW-179-F
GW-181-~F
GW-181-U
GW-220--F
Gw-220--U
Gw-221--F"

# Values

N R L I Y N R

Tanmp

- WO owm

-h
o

LN OO OO

Sl(cal)
Min.

-0.884
-0.877
0334
-1.185
-0.204
-0.213
0252
-0.265
-0.463
-0.453
-0.062
-0.082
-0.531
-0.530
0313
0.077
-0.040
0522
0416
0.480
0267
-1.261
0.453
0.429
0381
0.867
-0.656
0.566
0235
-0.631
-0.629
-0.413
-0.413
-0.946
-0.935
-0.663
-0.539
0331
-0.929
-0.805
-0.767
-0.727
-0.836
-2.181
0.627
0.794
-0.773
-0.113
-0.084
-0.173
-0.831
-0.817
-0.264
-0.287
-0.769

Sl(cal)
Max.
0240

-0.017
0.800
0.826

0.117

-0.121
0.823
0.831
0673
0.667
0.968
0.966
1245
1254

053

0.690

0555
0.554
0617
0617
0.781
0.835
0.848
1.011
0812
0.868
0.229
-0.188
0.829
0.831
0.602

1.110
1.162
1394
1417
0.948
0.176
0.164
0.688
0704
0.456

Sl(dof)

-1.703
-1.703
-0.896

-0.864
-0.872
-0.685
-0.700
-1.562

0.728
0.738
-1.032
-1.057
0.713
0.194

“1.511
-0.235
-0.206
0415
-1.643
-1.630
«0.738
0.775
-1.484

Sldol)
Max.
0518
0018
1378
1447

0677

0.707
1511
1529
0.722
0.697
1334
1356
2495
2528

1071

1436

1146
1143
1132
1132
1284
1420
1.746
1957
1.105
1170

1.192
1223

Sl(cal) Sl(do})
Min-Max Min-Max
-1.12 222
-0.86 -1.72
-1.13 227
-2.02 -4.09
-0.09 -0.19
0.09 -0.17
-1.08 221
-1.10 224
-1.14 -228
-1.12 225
-1.08 -2.06
-1.05 -2.09
-1.78 3.53
-1.78 -3.59
-1.85 -3.73
-135 273
-1.19 234
-1.18 233
-1.03 225
-1.03 225
-1.73 336
-1.77 -3.49
-1.51 3.18
-1.55 3.14
-0.48 -0.96
-1.80 3.74
-1.03 -2.02
-0.58 -1.12
-1.56 3.54
-1.67 3.85
-2.78 -5.89
-1.90 3.90
-1.94 3.84
-1.51 3.12
-1.51 3.13
-1.12 -232
-1.01 -2.00
-0.88 -1.98
-0.85 1.3
-0.99 -2.00
-1.23 -248



Gw-221--U*
GW-222.F
GwW-222--U
GW-223--F
GW-223--U
GwW-225-U
GW-226--F
GW-226-~-U
GW-227~F
Gw-227-U
Gw-228~F
Gw-228-U
GW-229-F
GW-229--U
GW-240--F
GW-240--U
GW-241--F*
GW-241--U
GW-278--F
GW-278--U
GW-279--F
GW-293--F
GwW-293--U
GW-298-F
Gw-298--U
GW-299-F
GW-299--U
GW-300-F
GW-300--U
GW-306~F
GW-306--U
GW-309-F
GW-309-U
GW-313~F
GW-313--U
GW-314-F
GW-314--U
GW-315-F
GW-315--U
GW-316~F
GW-316~-U
GW-317-F
GW-317-U
GW-322-F
GW-322-U
GW-323-F
GW-323-U
GW-350-F
GW-350-U
GW-365~F
GW-365~-U
GW-511--F
GW-511-U
GW-513-F"
GW-513--U*
GW-521-F
GW-521-U

- QO N ~- - ™

-t
- Q

® O 0O NOTWN

SHwwozl

-t-axlmu:sa:.mwaaqa‘mmawd.._._.mmww,\,&mwas“mw

# Values

Sl(cal)
Min.

-0.757
0.178
0.182
<0.539
-7.051
-1.347
-1.070
-1.072
0.002
0.003
-0.0589
0372
-0.451
-0.450
-1.009
-1.028
-0.928
-0.841
-0.772
-0.771
1277
-0.680
-0.673
-0.717
0.050
-0.865
-0.885
-1.075
-1.056
-0.345
-0.063
-0.149
-0.149
-0.023
-0.591
-0.080
-0.072
0.438
0.438
-0.574
-0.583
-0.502
0.124
-1.016
-1.002
-0.870
-0.860
-0.772
-0.777
0411
«0.432
0.805
0.807
-0.280
-0.381
-0.300
-0.300

Si(cal)

0.456

0471
0.470

1.147
1.134
0.128
0.129
0.608
0387
0.570
0.569
0.142
0.138
0.823
0.195
0.773
0773

0373
0374
0366
0.192
0.064
0.064
0.532
0521
0.021
09021
-0.111
-0.110
029
0290

0.517
0.532
0.576
0.583

0395
033

0359
0544
-0.520
-0.520
0.041

0.041

1379
1023

1.012

-1.675

-0.468
0.405
0.405
-1.222
-1.230

0.158
<1.990
-1.976
-1.679
<1.660
-2.411
-2415
-1.260
-1278
1.610

-0.501
-0.501
-0.524
-0.524

Sl{dol)
Max.
0994

1855
1864
-0.253
-0.269
0569
0538
0541

0539
0.132
0.108
1.700
0397
0.783
0.730

-0.908
0.118
0.118

-1.138
0.857
1041
1.032
0828
0848
0.770
0538
-1.884
-1.884
-0.402
-0.402
2779
2051
2104

Si(cal)
Min-Max
-1.21

-1.15
-1.17
-1.75
-1.14
-1.55
-1.54

-1.05
-1.05
-1.08
0.14
0.3
0.3
-1.61
-1.58
037
-0.08
-0.04
-0.04
031
-0.88

-0.06
-1.12
-1.08
046
-1.41
-1.40

-1.40
025
0.26
-0.45
-047
-0.57
022
-1.30
-1.39

Si(dol)
Min-Max
-2.47

-1.92
-15.05

-4.47

3.26
-3.21
-0.70
-0.03
-0.09
0.07
-0.64
-1.79

-1.17
-0.48
-2.61

ovna

BARCAVE P =1



GW-603—F*
GW-603--U
GW-604-F*
GW-604--U
GW-621--F
Gw-621—U
GW-683--F
GW-683--U
GW-684—F"
GW-684--U"
GW-685—F
GW-685-U
GW-694--F
GW-694-U
GW-685—-F*
GW-695—-U"
GW-703—F
GW-703—U
GW-704-F
GW-704-U
GW-706—F
GW-706-U
GW-710—F
GW-710—U
GW-711—F
GW-711-U
GW-712—F
GW-712—-U
GW-722-02—F
GW-722-06~-F
GW-722-10--F
GW-722-17--F
GW-722-20-F
GW-722-22—-F
GW-722-26~-F
GW-722-30-F
GW-722-32-F
GW-722-33-F
GW-723--F
GW-733—U"
GW-733~-F"
GW-734 -F
GW-734~-U
GW-735--U
GW-735-F
GW-739-F
GW-739--U
GW-740--F
GW-740--U

Note: U retfers to the unfitered samples, F refers to the filtered samples.
Wells followed by an * had partial pressures of carbon dioxide near atmospheric values.
Entries in italics indicate consistent undersaturation with respect to caleite.

# Values

......;..;_...nro...;.;.............._._..‘..Nmma..dmugaaamammaamwwawwauam

S{cal)
Min.

-1.406
-0.337
-1.780
-0.689
-0.530
-0.542
-1.510
-1.571
-1.530
-1.535
-0.280
-0.287
-0.300
-0.300
0.070
0.490
-0.660
-0.660
0.148
0.140
0.060
0.063
0384
0371
-0.110
-0.114
0235
0236
-0.378
0.022
-0.476
-0.608
0303
-0.848
-0.038
-1.101
0521
-0.513
0.693
0575
0553
-0.447
-0.783
-0.133
-0.133
-0.123
-0.118
-0.015
-0.025

Si(cal)

0.020
0.739
-0.450
0.406
0520
0512
0.680
-0.270
0.480
0.480
0.060
0.080
-0.250
-0.294
0.910
1127
0.400
0.404
0470
0473
0416
0411

0619
0.621
0.406
0408

-0.435

-1.010
-1.020
0220
1.000
-1.160

1,150
" 0475

0.168
<0280
-0.289
0543
0.548
0310

0365
0350
0.812
0.029
-0.982
-1.131
0.599
-1.818
-0.137

0391

-1.727
1.590
1366
1347
-1.559
-1.900
-1.159
-1.143
-0.326
-0.307
-0.098
-0.120

Sl(doh
Max.
-0.230
1207
-1.110
0.629
0520
0511
1.020
-0.740
03810

-0.130
-0.120
-0.970
-0.989
1.920
2067
0.750
0.746

1113
1122
0.673
0.665

-1.419

Si(cal)
Min-Max
-1.43
-1.08
-1.33
-1.10
-1.05
-1.05
-2.19

0.73
0.74
0.17
-0.17

-0.35

Sl(doh)
Min-Max
|1
214
290
219
211

-1.70
-1.07
-1.91
-1.90
-0.72
-0.71
-0.89
.90

-1.42
-1.43
031
<032

-0.48

Entries in boid indicate fiuctuations between super- and undersaturation with respect to dolomite occurs between

sampling events



Table 2: Wells With Magnesium to Calcium Ratios Suggestive of Flow from the Ccr

Average Minimum Maximum Consistent Drilled

Well a(Mg)/a(Ca) a(Mg)/a(Ca) a(Mg)/a(Ca) or Fluctuating  Through
the Cer

Picket W Area:
GW-710 0.61 0.60 0.61 c Y
GW-711 0.71 0.65 0.76 c Y
GW-712 0.69 0.65 0.75 C Y
Picket A Area:
Gw-684 0.51 0.38 0.65 F Y
Picket B Area:
GW-703 1.04 0.78 142 C Y
GW-704 0.86 0.73 1.21 C N
GW-706 0.52 0.35 0.86 F N
Picket C Area:
GW-228 0.59 0.46 0.95 F N
GW-723 1.47 - - C Y
GW-739 0.77 0.76 0.78 C Y
GW-740 0.76 0.76 0.76 C Y
S-3 Ponds Area:
GW-135-03 0.62 0.56 0.71 C Y
GW-135-19 0.83 - - ? Y
GW-279 0.75 - - C N
GW-316 0.71 0.61 0.78 C Y
GW-317 0.74 0.67 1.06 C Y
Picket J Area:
GW-131-4 0.92 - - ? Y
GwW-131-8 0.92 - - ? Y
GW-131-12 0.93 - - ? Y
GW-131-15 0.88 - - ? Y
GW-151 0.70 0.65 0.71 C N
GW-153 0.77 0.71 1.00 C N
GW-240 0.65 0.52 0.80 F N
GW-604 0.60 0.55 0.64 F Y
GW-722-02 0.75 - - ? N
GW-722-06 0.98 - - ? N
GW-722-10 1.04 - - ? N
GW-722-17 1.03 - - ? N
GW-722-20 1.06 - - ? N
GW-722-22 0.86 - -- ? N
GW-722-2¢6 0.75 - - ? N
GW-722-30 0.68 - - ? N
GW-733 1.58 1.53 1.62 C Y

Note: A "?"in the fifth column indicates only one analysis is available.




Table 3. Deuterium (D), oxygen-18 (O-18), and carbon-13 (C-13) in the Maynardbville
Limestone (Cmn) and Copper Ridge Dolomite (Ccr).

Well

GW-131-12
GW-131-24
GW-131-28
GW-134-11
GW-134-15
GW-134-18
GW-134-25
GW-134-29
GW-134-3
GW-134-33
GW-135-03
GW-135-03
GW-135-11
GW-135-30
GW-135-41
GWw-722-02
GW-722-06
Gw-722-10
GW-722-17
GW-722-20
GW-722-22
GW-722-26
GW-722-30
GW-722-32
GW-722-33
GW-734

Note: *Low yield

Depth
(m)

237.7
139.6
114.6
176.2
148.1
129.8
87.2
521
239.3
323
367.6
367.6
294.1
139.9
50.0
189.0
170.7
152.4
1173
101.5
854
65.8
45.0
32.6
26.5
19.8

Complete

oo0MZMMMMZZTAMZZANTAANATNITMZATN

Fm

§99999998R%

00
33

$98%

Cmn
Cmn
Cmn
Cmn

Cmn
Cmn
Cmn
Cmn

Date

5/19/e2
5/19/92
5/19/92
6/25/92
6/23/22
4/13/92
5/5/92
SM1/82
5/4/92
S5M11/92
2/13/02
6/2/92
6/8/92
6/9/92
2/13/92
527/92
1/7/92
1/20/92
5/28/92
1/21/92
127/92
SR1/52
1/29/92
1/29/92
2/4/92
3/24/92

Average (all):
Std. Deviation

Average (Cmn)

Std. Deviation
Average (Ccr)
Std. Deviation

GW-134 is completed in the Nolichucky Shale (Cn).

Fm = geologic formation.

Completed in fracture (F), cavity (C), or neither (N)

0O-18
(per mil)

-6.93
-7.13
-7.07
-7.44
-7.35
-7
-6.54
-7.29
-6.8
-7.24
-6.88
-7.72
-7.46
-7.46
-7.61
-7.46
-7.12
-6.96
-6.81
-7
-7.39
-7.27
-7.17
-7.19
-7.46

-7.19
0.28
-7.23
0.27
-7.21
024

D
(per mil)

-32.6
-35.1
-34.2
-29.6
-28
-34.6
-29.9
-256.2
-34.3
-28.6
-25.7
-34.2
-354
-34.6
-34.6
-38.1
-36
-30.4
-35
-35
-33.8
-36.1
-384
-40.7
-33.1

-33.33
3.8
-34.26
3.95
-34.38
1.10

C-13
(per mil)

-9.53
-9.02
-6.75
-11.78
-3.59

-1417*

-10.65*
-10.8
-12.83
-5.66
-7.22

-8.22
-6.15

-10.01

-8.77

-8.49
2.60
-7.67
1.65
-10.55
1.70



Table 4. Percentage of total data points by season having deuterium enriched (>1 per mil)
or depleted (>-1 per mil) relative to the WMWL

Above WMWL (>1 per mil)

Below WMWL (>-1 per mil)

April to Sept.
QOct. to March
Number of Values

April to Sept.
Oct. to March
Number of Values

Hatteras, Waco, SandJuan, Veracruz, Average* Average+
NC X Puerto Rico Mexico

28.6% 33.0% 12.5% 45.0% 24.7% 29.8%
71.4% 66.0% 87.5% 55.0% 75.0% 70.0%
49 42 8 51

81.0% 71.4% 85.7% 61.0% 79.4% 74.8%
18.5% 28.6% 14.3% 39.0% 20.5% 25.1%
27 Q2 7 56

Average* is average of Hatteras, Waco, San Juan
Average+ is average of Hatteras, Waco, San Juan, Veracruz
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Table 6. Wells which may reflect a quickflow environment as suggested by geochemical
indicator parameters.

Well
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A"7 in the above columns indicates that insufficient temporal data are available for the particular well,

A blank in a column indicates data are available for the parameter, yet no indications of quick flow can be infemmed
X-U - indicates the "X" is true for the unfiltered samples only.

X-F - indicates the X" is true for the filtered samples only.



Appendix A: Calculated hardnesses, coefficients of variation of hardness, and flow through
times for waters in the Maynardville Limestone and Copper Ridge Dolomite.
F refers to the filtered sample. U refers to the unfiltered sample.

Well Ca Ca Mg Mg  Hardness Hardness CV #of Flow Thru Q (m3/s) Q (m3/s)
Average  Stdev Average Stdev Average Stdev Values time(d) Average Stdev
(mgh) (mgl) (mgl) (mgl) (mgl) (mgl)

1090--F 50.8 44 29.7 1.6 248.8 166 0.07 10 23.62 0.69 0.26
1090--U 57.2 17.3 35.9 13.3  290.2 97.5 034 10 1.08 0.6 0.4
GW-056—--F 67.3 7.1 225 1.9 2604 255 0.10 4 11.33 0.6 0.3
GW-056---U 81.4 5.6 26.6 1.7 312.6 20.2 0.06 5 25.08 0.2 0.1
GW-057---F 84.5 2.1 17.0 0.0 281.0 $3 0.02 2 263.11 0.3 0.0
GW-057---U 83.0 2.8 16.5 0.7 275.2 42 0.02 2 399.69 0.4 0.0
GW-058---F 75.3 1.5 27.8 22 301.9 106 0.04 4 80.68 0.2 0.0
GW-058---U 75.3 3.1 28.0 2.7 302.9 16.7 0.06 4 34.03 0.2 0.1
GW-061---F 79.0 21.0 11.1 4.0 242.8 68.8 0.28 4 1.50 11 0.8
GW-061---U 84.0 226 11.4 40 2569 727 028 3 1.50 0.9 0.7
GW-064---F 106.7 5.8 16.0 0.0 3323 . 144 0.04 3 5§3.62 0.1 0.0
GW-064---U 110.0 0.0 16.0 0.0 340.6 0.0 0.00 3 0.1 0.0
GW-095-~F 13 0.1 0.4 0.0 47 04 0.08 6 18.16 92.9 0.7
GW-095--U 1.4 0.1 0.4 0.0 51 04 0.08 6 16.99 2.2 0.8
GW-098---F 26.0 14 18,5 0.7 128.6 64 0.05 2 40.91 7.5 1.0
GW-099--U 26.5 0.7 15.5 0.7 129.8 1.1 0.01 2 1149.66 7.3 0.2
GW-131-1--F 65 34 302 1 0.22

GW-131-12--f 49 28 237 1 0.82

GW-131-15--F 62 34 294 1 0.26

GW-131-20--F 240 140 1174 1 0.00

GW-131-21--f 240 120 1092 1 0.00

GW-131-24--F 350 210 1736 1 0.00

GW-131-32--F 34 19 163 1 3.72

GW-131-4---F 61 35 296 1 0.25

GW-131-8--F 35 20 170 1 3.25

GW-132-1--F 0.5 0.092 2 1 98.95

GW-132-17--F 0.65 0.072 2 1 98.36

GW-132-21--F 1.4 0.3 0.2 0.1 4.1 1.1 0.26 3 1.75 94.0 2.1
GW-132-25--F 5.0 2.1 13 0.5 17.6 7.0 040 2 0.78 71.9 10.2
GW-132-5--F 0.82 0 0.1 0 3 0 1 97.21 0
GW-132-9--F 0.51 0 0.057 0 2 0 1 99.19 0
GW-133-1--F 1.6 0 0.48 0 6 0 1 90.59 0
GW-133-10--- 0.89 0 0.2 0 3 0 1 96.14 0
GW-133-17--- 1.6 0 0.41 0 6 0 1 91.12 0
GW-133-24--f 21 0 55 0 75 0 1 22.22 0
GW-133-5--F 1.3 0 0.3 0 4 0 1 93.37 0
GW-134-11--f 15 0 3.9 0 53 0 1 34.45 0
GW-134-18--F §7.5 7.8 13.5 0.7 199.1 223 0.1t 2 8.76 1.9 0.8
GW-134-25--F 28 1.6 0.7 0.4 9.7 66 0.58 2 0.39 84.3 9.5
GW-134-29--F 14 0 0.3 0 5 0 1 92.90 0
GW-134-3--F 130 0 38 0 481 0 1 0.01 0
GW-134-33--F 280 0 56 0 930 0 1 0.00 0
GW-134-5—F 110 0 32 0 4086 .0 1 0.03 0
GW-135-11--f 200 0 58 0 738 0 1 0.00 0
GW-135-19~F 39 0 20 0 180 0 1 2.66 0
GW-135-23--F 540 0 130 0 1883 0] 1 0.00 ]
GW-135-3--F 1620.0 216.8 586.0 1324 64526 1079.1 0.17 5 4.09 0.0 0.0
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Weli

GW-135-30--F
GW-135-34--F
GW-135-39--F
GW-135-6--F
GW-141--F
GW-141--U
GW-151--F
Gw-151--U
GW-152--F
GW-153--F
GW-153--U
GW-154--F
GW-154--U
GW-155-F
GW-155--U
GW-158--F
GW-158--U
GW-167—F
GW-167---U
GW-173--F
GW-173-U
GW-174--F
GW-174--U
GW-179--F
GW-179--U
GW-181--F
GW-181--U
GW-220--F
GW-220--U
GW-221--F
Gw-221--U
GW-222--F
Gw-222--U
GwW-223--F
Gw-223--U
GwW-225--F
GwW-225--U
Gw-226--F
Gw-226--U
GW-227--F
Gw-227--U
Gw-228--F
GW-228--U
Gw-229--F
GW-229--U
GW-240--F
GW-240--U
GW-241--F
GW-241--U
GW-278--F
Gw-278-U

Ca
Average

(mgll)

33.5
32

28
340
38.6
38.9
§7.8
56.8
53.7
35.1
38.3
115.0
108.8
28.5
30.8
24.5
23.3
89.5
74.0
39.0
40.4
32.1
37.1
60.2
76.0
30.2
30.1
61.6
65.0
28.5
28.6
38.0
39.0
86.9
0.4
180.0
170.0
163.0
165.8
125.0
130.0
111.2
120.0
166.7
166.7
52.4
§0.0
27.7
30.3
62.0
62.7

Ca
Stdev

(mg/L)

2.1
0

0

0
1.6
1.2
1.9
2.9
127
5.9
5.4
7.1
22.5
1.8
4.1
10.1
9.2
29.0
0.0
23
53
5.9
8.9
3.7
0.0
3.2
3.1
7.9
0.0
1.2
1.4
0.0
0.0
22.8
22.4
0.0
0.0
17.0
19.8
21.2
17.3
38.4
28.3
24.0
24.0
79
10.2
22
1.3
53
4.2

Mg
Average

(mgfL)

22.0
20
17

100

24.9

25.2

25.0

243

19.1

16.7

17.8

18.5

17.0

173

18.8

21.8

215

4.7
4.2

24.8

25.0

21.8

24.5

33.7

45.0

18.6

18.6

22.0

23.0

17.9

17.8

9.3

11.0

12.5

12.9

36.0

33.0

33.1

34.9

23.0

23.7

38.6

40.5

28.8

28.7

20.5

20.8

16.7

18.7

5.6
8.7

Mg

(mgh)

Stdev  Average
(mg/L)

0.0 174.0

c 162

0 140

o 1260
1.0 198.6
1.0 200.6
0.6 2471
1.0 2413
42 212.8
1.9 156.2
24 168.7
0.7 363.4
3.6 3416
0.9 142.0
2.4 153.9
06 1507
1.0 146.3
1.1 242.8
0.0 202.2
1.1 198.2
14 203.6
3.2 169.5
4.0 193.3
24 288.5
0.0 3745
1.9 161.6
1.8 151.4
0.0 244.2
0.0 256.8
0.4 144.5
0.7 144.3
0.0 133.1
0.0 1426
3.1 268.3
2.7 278.9
0.0 §97.6
0.0 560.3
25 543.2
3.1 §57.7
42 406.8
42 422.0
49 4363
0.7  466.1
4.4 §34.7
4.0 534.2
2.9 215.1
2.6 210.3
14 137.9
1.2 152.4
0.6 178.1
0.5 180.2

Hardness Hardness
Stdev

(mg/)

53
0

0

0
7.5
6.2
7.1
9.8
47.7
22,0
23.2
20.8
68.4
7.3
19.9
25.1
21.6
76.8
0.0
9.7
18.4
275
38.6
17.5
0.0
15.8
15.0
19.7
0.0
3.5
5.5
0.0
0.0
69.5
€6.7
0.0
0.0
51.8
60.4
70.4
60.0
1158.5
73.6
75.6
73.5
29.5
32.7
10.9
6.8
158.5
12.3

cv

0.03

0.04
0.03
0.03
0.04
0.22
0.14
0.14
0.06
0.20
0.05
0.13
0.17
0.15
0.32

0.05
0.09
0.16
0.20
0.06

0.10
0.10
0.08

0.02
0.04

0.26
0.24

0.10
0.1
0.17
0.14
0.26
0.16
0.14
0.14
0.14
0.16
0.08
0.04
0.09
0.07

#of Flow Thru Q (m3/s) Q (m3/s)
Values time (d) Average
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105.39

69.95
101.90
117.20

£0.99

234
5.68
5.95
32.33
2.90
39.27
6.72
4.11
5.18
1.21

43.28
13.21
433
2.92
28.32

10.12
11.16
16.40

160.52
68.72

1.77
2.07

11.96
9.38
3.83
5.58
1.70
4.57
5.64
5.94
5.98
4.70

17.09

50.76

14.28

22.47

3.0
3.79
5.97
0.00

1.8

1.7

0.7

0.8

2.0

4.7

3.6

0.1

0.2

5.8

4.7

5.5

5.8

1.2

1.7

1.8

1.7

3.9

2.6

0.3

0.1

4.9

4.9

0.8

0.6

5.4

55

6.8

5.6

0.9

0.7
0.00
0.00
0.00

-0.00

0.04
0.03
0.1
0.0
0.01
0.01
1.5
1.8
6.3
4.6
28
2.7

Stdev

0.3
0
0
0
0.3
0.2
0.1
0.2
1.7
2.5
1.5
0.0
0.2
0.8
1.5
3.6
3.3
1.4
0.0
0.3
0.6
3.6
2.0
0.1
0.0
1.5
1.5
0.2
0.0
0.4
0.6
0.0
0.0
0.9
0.8
0.00
0.00
0.01
0.01
0.04
0.04
0.3
0.0
0.01
0.01
1.0
1.4
1.7
0.6
0.9
0.7



Well

GW-279--F
GW-279-U
GW-293--F
GW-293--U
GW-298--F
GW-298--U
GW-299--F
GW-299--U
GW-300--F
GW-300--U
GW-306~—F
GW-306---U
GW-309--F
GW-309--U
GW-313--F
GW-313--U
GW-314--F
GW-314--U
GW-315--F
GW-315--U
GW-316--F
GW-316--U
GW-317--F
GW-317--U
GW-322--F
GW-322--U
GW-323--F
GW-323--U
GW-350--F
GW-350--U
GW-365--F
GW-365--U
GW-511--F
GW-511--U
GW-513--F
GW-513--U
GW-520--F
GW-521--F
GW-521--U
GW-603----F
GW-603---U
GW-§04----F
GW-604----U
GW-621----F
GW-621----U
GW-683-—-F
GW-683----U
GW-684----F
GW-684---U
GW-685-F
GW-685----U

Ca
Average
(mg/l)

30.0
50.0
89.9
1.2
33.5
37.8
27.6
27.8
27.8
28.0
107.0
112.0
195.0
195.0
110.0
113.3
88.3
90.5
77.0
77.0
58.2
57.6
40.5
42.8
30.0
30.1
40.0
46.3
68.0
67.0
108.0
106.3
158.5
19.7
32.8
33.1
200.0
28.0
28.0
70.2
69.3
43.7
46.5
440
44.0
54.3
43.5
40.7
40.3
77.0
76.0

Ca Mg
Stdev  Average
(mgl) (mgn)

0.0 14.0
0.0 16.0
3.5 24.5
1.2 1.1
1.7 216
28 24.0
1.2 16.8
1.0 17.0
3.6 17.3
34 17.5
20.4 14.3
25.5 15.5
71 24.5
7.1 24.0
0.0 21.0
5.8 21.3
7.2 21.3
5.9 21.0
0.0 14.0
0.0 14.0
14.2 23.8
14.3 23.6
4.6 1.0
3.7 18.6
1.4 19.0
1.5 18.9
1.4 26.0
9.3 21.7
10.1 5.4
9.8 5.4
13.9 22.0
16.0 22.0
5.7 10.0
1.2 10.7
1.7 20.8
2.5 20.6
0.0 0.1
0.0 18.0
0.0 18.0
2.5 21.8
24 215
8.5 16.0
3.5 17.0
12.7 9.0
127 8.9
8.5 183
6.4 14.0
13.6 12.0
13.8 12.0
33 23.2
5.9 228

Mg
Stdev
(mg/L)

0.0
0.0
0.7
1.1
0.9
3.6
0.4
0.8
23
24
1.5
0.7
0.7
0.0
1.4
0.6
1.0
0.8
0.0
0.0
3.6
3.3
1.7
1.7
0.8
0.9
0.8
8.1
0.7
0.7
1.8
1.8
1.9
0.6
0.8
1.1
0.0
0.0
0.0
0.8
1.3
1.0
0.0
1.1
1.0
1.5
0.0
1.0
1.0
1.6
22

Hardness Hardness

Average
(mgl)
132.4
180.6
325.2
6.6
172.4
182.8
137.9
139.2
140.1
141.8
326.3
343.6
§88.0
585.9
361.1
370.8
307.8
3124
249.9
249.9
243.1
240.8
178.2
183.3
152.9
152.7
206.6
204.4
1823
189.6
360.2
355.8
79.6
g2.9
167.5
167.2
500.2
143.8
143.8
264.9
261.3
174.8
186.0
146.7
146.5
198.7
166.2
150.9
150.0
287.6
283.3

Stdev
(mg/)
0.0
0.0
9.3
6.6
5.3
21.4
3.8
5.4
18.1
18.1
56.5
66.5
14.8
17.7
5.8
13.4
21.7
14.8
0.0
0.0
50.3
49.1
12.2
16.3
6.8
6.7
4.9
10.1
27.8
27.0
41.9
47.3
214
46
7.2
10.6
0.0
0.0
0.0
88
11.0
176
8.8
36.2
35.9
27.5
15.9
37.2
37.7
13.8
23.4

cv

0.04
0.03
0.03
0.11
0.03
0.04
0.13
0.13
0.17
0.19
0.03
0.03
0.02
0.04
0.07
0.05

0.21
0.20
0.07
0.08
0.04
0.04
0.02
0.05
0.14
0.14
0.12
0.13
027
0.05
0.04
0.06

0.03
0.04
0.10
0.05
025
024
0.14
0.10
025
025
0.05
0.08

#of Flow Thru Q (m3/s) Q (m3/s)
Values time(d) Average

O3 hr0OZ a2

NOBO A4 DANMNNOMNONON®D® D

Ammwmwmmww@m...;_.\.mwmh“ww“h\'s

§8.50
106.71
105.60

8.94
128.69
66.32
6.72
6.82
3.83
3.09
152.33
107.50
358.25

76.10

21.31

45.63

272
2.80
22.77
15.47
51.89
52.95
172.26
42.20
539
5.58
8.17
6.34
1.66
42.52
54.57
25.98

89.48
56.93
10.81
45.16
1.85
1.98
5.89
11.86
1.96
1.88
44,23
15.68

6.9
2.1
1.8
0.2
3.1
2.2
6.2
6.1
6.3
6.1
0.2
0.1
0.0
0.0
0.1
0.1
0.2
0.2
0.6
0.6
1.0
1.1
2.7
26
4.6
4.6
1.5
1.6
23
24
0.1
0.1
22,0
15.5
3.4
3.5
0.0
5.5
8.5
0.5
0.5
3.0
23
8.9
8.9
20
3.6
5.6
57
0.3
03

Stdev

0.0
0.0
0.2
0.2
0.3
0.9
0.5
0.7
2.7
25
0.1
0.1
0.0
0.0
0.0
0.0
0.1
0.1
0.0
0.0
0.8
0.8
0.6
0.8
0.7
0.6
0.2
04
1.2
1.1
0.1
0.1
11.2
1.4
0.5
0.8
0.0
0.0
0.0
0.1
0.1
1.0
0.4
4.0
4.0
0.9
1.1
3.2
3.3
0.1
0.2
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Well

GW-694----F
GW-694----U
GW-695---F
GW-695----U
GW-703----F
GW-703----U
GW-704----F
GW-704----U
GW-705----F
GW-705----U
GW-706—~—-F
GW-706----U
GW-710---F
GW-710---U
GW-711---F
GW-711---U
GW-712---F
Gw-712--U
GW-722-10--F
GW-722-17~F
GW-722-20-F
GW-722-22--F
GW-722-26--F
GW-722-30--F
GW-722-32--F
GW-722-33--F
GW-722-6--F
GW-723---F
GW-724—F
GW-725---F
GW-733--U
GW-733-F
GW-734--F
GW-735--U
GW-735--F
GW-736--U
GW-737---U
GW-738---U
GW-739--U
GW-739---F
GW-740---U
GW-740-—-F

Ca
Average
(mgiL)
71.0
72.0
21.3
29.0
40.0
31.0
49.3
45.0
24
2.4
36.0
36.0
580.0
§70.0
566.7
5§73.3
115.0
115.0
39.0
47.0
470
47.0
43.0
36.0
61.0
62.0
15.0
19.0
. 940
160.0
18.0
17.0
225
110.0
110.0
170.0
180.0
110.0
$6.0
S55.0
§9.0
61.0

Ca
Stdev
(mall)

0.0
0.0
5.7
3.5
11.9
2.8
9.8
14.1
0.6
1.6
0.0
0.0
0.0
0.0
49.3
70.2
71
71
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
13.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Mg

Average
(ma/L)

16.0
16.0
13.8
14.3
23.8
22.5
25.3
24.5
0.7
0.7
19.0
19.0
210.0
210.0
236.7
240.0
480
49.5
25.0
30.0
31.0
25.0
20.0
15.0
10.0
10.0
9.1
17.0
38.0
25.0
17.0

17.0°

4.0

8.1

84
20.0
24.0
24.0
27.0
26.0
28.0
29.0

Mg
Stdev
(mg/L)

0.0
0.0
24
40
3.9
3.5
1.0
0.7
0.1
0.3
0.0
0.0
0.0
0.0
16.3
10.0
0.0
0.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Hardness Hardness

Average
(mglt)
243.1
245.6
109.5
131.3
197.4
169.8
226.7
213.0
8.7
8.7
167.9
167.9
2311.0
2286.0
2387.0
124173
484.3
490.5
200.0
240.5
2446
220.0
189.5
1581.6
193.5
196.0
74.8
117.2
39%0.8
§02.5
114.7
112.2
72.4
308.2
309.4
§07.0
5484
3734
250.7
244.1
262.3
2714

Stdev
(mglL)

0.0
0.0
23.9
22.2
39.2
7.4
23.7
38.3
1.6
51
0.0
0.0
0.0
0.0
182.0
216.5
17.7
14.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
33.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

cv

0.22
0.17
0.20
0.04
0.10
0.18
0.19
0.58

0.08
0.09
0.04
0.03

0.02

0.47

#of Flow Thru Q (m3/s) Q (m3/s)
Values time(d) Average

Ll e R R i i e e T T e e T T T I 2 I % J O G X S O U LY G X S P

247
4.01
2.95
52.93
10.05
3.57
3.26
0.38

18.32
13.48
74.75
107.77

379.40

0.58

0.7
0.7
11.9
76
22
3.3
1.1
16
85.7
85.9
3.4
3.4
0.0
0.0
0.0
0.0
0.0
0.0
1.7
0.8
0.7
12
22
47
2.0
1.9
22.3
0.4
0.0
0.0
9.9
10.4
26.3
0.2
0.2
0.0
0.0
0.1
0.6
0.7
0.5
0.4

Stdev

0.0
0.C
4.9
3.1
1.3
0.5
0.6
1.1
2.9
8.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
16.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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