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ABSTRACT 
 

Dissolved gas concentrations, tritium, and stable isotopes have been used to 

develop a conceptual model of a complex desert-wetland groundwater flow system 

adjacent to the Colorado River near Moab, Utah.  The Scott M. Matheson Wetland 

Preserve lies directly across the Colorado River from a large uranium tailings pile at the 

topographic low of the Moab salt-collapse valley.  Extreme salinity gradients and 

transients in hydraulic heads make the use of Darcy’s law problematic with regards to 

delineating groundwater flow, but a reasonably self-consistent model emerges when a 

suite of environmental tracer data are considered.  Dissolved 4He concentrations are more 

than two orders of magnitude larger than atmospheric solubility as little as 2 m below the 

Colorado River and delineate the effective boundary between a shallow, fresh 

groundwater system and underlying brine. The combination of tritium, stable isotope, 

dissolved gas, and salinity measurements allowed for clear determination of three distinct 

source waters and dynamics of their mixture.  Patterns of uranium distribution combined 

with oxygen isotope measurements and equivalent freshwater hydraulic head gradients 

indicate that groundwater underflows the Colorado River in a thick deposit of river 

gravels that lie beneath fine-grained overbank deposits.  Most fresh groundwater at the 

Scott M. Matheson Wetland Preserve has modest concentrations of tritium and a wide 

range of recharge temperatures determined from dissolved noble gas concentrations.  The 

tritium concentrations and recharge temperatures suggest that relatively young



groundwater is recharging a shallow water table that is affected by annual surface 

temperature fluctuations.  This is consistent with the hypothesis that irrigation return 

flows and local groundwater of the valley-fill aquifer are the major sources of shallow 

fresh groundwater to the wetland.  This study illustrates the utility of environmental 

tracers when conventional techniques fail to reveal the relevant intricacies of a hydrologic 

system. 
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INTRODUCTION 
 
 
 

 The Scott M. Matheson Wetlands Preserve (subsequently referred to as the 

wetland) is located along the southeastern bank of the Colorado River near Moab, Utah.  

It is a riparian ecosystem that provides unique habitat for hundreds of species of birds as 

well as for a diversity of flora and fauna not commonly found in the high desert of the 

Colorado Plateau.  Historically known as the Moab Sloughs, this dynamic floodplain is 

the only high-quality wetland along the Utah shores of the Colorado River.  Beginning in 

1990, the Nature Conservancy began to acquire land in the slough that today totals 875 

acres and is now jointly owned by The Nature Conservancy and the Utah Division of 

Wildlife Resources (UDWR). 

Water is what defines this system as a unique oasis in the desert.  Seasonal 

fluctuations in surface and groundwater levels are pronounced and dictate the type and 

locations of the plants and trees that comprise the collage of habitats protected on the 

wetland.  These fluctuations, which follow precipitation and temperature trends on an 

annual cycle, are enhanced by water use and diversion occurring in and around the city of 

Moab illustrating that the hydrology of the wetland is closely linked to groundwater and 

surface water discharges from nearby Spanish Valley.  Additionally, the wetland lies 

directly across the Colorado River from a large uranium tailings pile.  The subsurface 

connection to contaminated groundwater emanating from beneath the tailings pile is also 

a matter of hydrologic significance.
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Delineation of ground and surface water sources to the wetland can help The 

Nature Conservancy and UDWR to develop conservation strategies for the future.  This 

project was undertaken to investigate: (1) sources of water to the wetland, (2) seasonal 

changes in hydrologic patterns, and (3) the hydrologic connection between the wetland 

and the Moab Mill Tailings.   

Cooper and Severn (1994) monitored surface and groundwater hydrology as part 

of an investigation of the ecological characteristics of the wetland.  Their primary goals 

were to distinguish different water sources affecting the area and determine if any 

elements or compounds were present in concentrations that could be toxic to fish.  Much 

of the hydrologic study conducted by Cooper and Severn focused on Colorado River 

hydrographs and observations of water table fluctuation.  Water levels on the Colorado 

River and surface water ponds at the wetland were monitored at 12 staff gauges across 

the site and groundwater levels were monitored in 10 shallow hand augured wells from 

May to October 1993.  They determined that the Colorado River runs overbank at flows 

of approximately 40,000 cubic feet per second (cfs) in this area and that 5 days of 

flooding was enough to significantly affect the wetland.  Examination of historical 

hydrographs showed that the wetland flooded, on average, about once every 1.86 years 

prior to 1959 and that this frequency decreased to once every 8.5 years since then.   

Seasonal fluctuations in water table elevation varied across the site.  Time-series 

water level measurements in wells were interpreted in terms of their relation to the level 

of the Colorado River.  Water in wells with stable water levels were said to be sourced 

from springs near the northeast side of the valley.  It was inferred that wells on the 

western edge of the wetland, which showed a steady decline from May to October, were 
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closely connected to the river.  Wells with intermediate behavior were said to be 

influenced by a mixture of spring water and irrigation runoff occurring on the eastern 

edge of the wetland.   

Cooper and Severn also made broad interpretations of water quality analyses 

based primarily on major cation concentrations in shallow groundwater.  They indicated 

that two dominant groundwater types are present: calcium sulfate waters with generally 

low specific conductivity (SpC) and high SpC sodium chloride brines.  They mentioned 

that salts are the most problematic minerals in the study area and identified a sodium 

chloride plume extending from east to west across the wetland.   

Colorado River flows peaked at more than 45,000 cubic feet per second (cfs) and 

flooded the wetland for approximately 10 days in May of 1993 during their study.  

Despite the inundation of floodwater in May of 1993 from the Colorado River, water 

level and water quality monitoring in the shallow wells and at surface water sites led 

Cooper and Severn to conclude that mid to late summer water sources are independent of 

the Colorado River.  Rather, they put forth that stable sources of water to the wetland 

include irrigation return flows and springs that discharge on the east side of Spanish 

Valley near Moab.  In contrast, a groundwater model of the Spanish Valley alluvial 

aquifer by Downs and Kovacs (2000) agrees with the estimates of Sumsion (1971) that 

the largest component of water available to the wetland (approximately 44,900 m3/day or 

13,000 acre-feet per year) as being regional groundwater that is either consumed by 

evapotranspiration or is discharged into the Colorado River.  Despite the conclusions of 

Copper and Severn, sources of water to the wetland remained in question.  
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 Preliminary investigation had shown the hydrodynamics of the groundwater 

system beneath the wetland to be complicated, involving extreme fluctuations in 

hydraulic head and strong salinity gradients.  As a result, the methods of physical 

hydrogeology (e.g. the use of Darcy’s Law) were rendered insufficient and a suite of 

environmental tracers was employed to develop a reliable conceptual hydrologic model 

for the wetland.  Tritium, dissolved noble gas concentrations, and oxygen and deuterium 

isotope ratios were used to examine the sources and histories of waters present at the 

wetland. 

Stable isotopes of oxygen (18O and 16O) and hydrogen (2H or deuterium and 1H) 

are used as geochemical tools for determining sources of aquifer recharge and identifying 

waters that have undergone evaporation.  The ratios of these isotopes vary in precipitation 

primarily from changes in elevation, temperature, and relative humidity (Drever, 1997) 

and have been successfully used to distinguish different sources of recharge (e.g. 

Marechal and Etcheverry, 2003; Maloszewski et al., 2002).  Precipitation that falls at 

higher altitudes is more depleted in the heavy isotope since heavier isotopes condense 

first and fall out in lower altitude precipitation. 

Tritium (3H) is a radioactive isotope of hydrogen that decays with a half life of 

12.32 years.  Although tritium does occur naturally in precipitation at concentrations of 

around 2 to 8 tritium units (TU) [one TU = one 3H atom per 1018 H atoms], the most 

important source has come from above ground nuclear weapons testing that occurred 

between 1952 and 1969 (Drever, 1997).  During that time period, tritium levels in 

rainwater increased by more than three orders of magnitude.  By 1998 atmospheric levels 

of tritium had decreased to between 10 and 30 TU as result of radioactive decay and 
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widespread reduction of above ground weapons testing.  Today, the presence of 

groundwater 3H concentrations greater than about 5 TU is strong evidence for a 

component of water that entered an aquifer after about 1952 (Solomon and Cook, 2000).   

Dissolved noble gases in groundwater provide information used to evaluated the 

age and source of natural groundwaters.  Since the noble gases are generally not affected 

by chemical reactions, the temperature dependence of their solubilities in water can be 

used to deduce temperature at the time of recharge (Stute and Schlosser, 2000).  In situ 

dissolved helium-3 concentrations are required to date relatively young groundwaters by 

the 3H/3He method described by Solomon and Cook (2000) and dissolved helium-4 is 

useful as a tracer of much older water.  Despite the complexities involved in its use as a 

dating tool, researchers have successfully used elevated 4He concentrations of deep 

regional groundwater to quantify and locate deep groundwater discharge into lakes, bogs, 

and shallow aquifers. (Solomon, 2000). 

 

Hydrogeologic Setting 

The Scott M. Matheson Wetland Preserve is situated at the topographic low point 

of the northwest-trending valley formed by the collapse of the Moab salt-cored anticline 

(Figure 1.1).  Average annual precipitation in the region increases with increasing 

elevation and ranges from around 23 cm in Moab to more than 76 cm in the La Sal 

Mountains to the east (Blanchard, 1990).  While daytime summer temperatures in Moab 

commonly exceed 38 oC (100 oF), winter temperatures may not rise above freezing for as 
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Figure 1.1.  Location of the Scott M. Matheson Wetland Preserve and other relevant 
hydrogeologic features in Spanish Valley near Moab, Utah.
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long as a week or more at a time.  The mean annual temperature near Moab is 13.3 oC 

(55.9 oF) (Sumsion, 1971).  Average annual evaporation rates are 102 – 107 cm (Iorns et 

al., 1964). 

Near Moab, the valley is bounded on both sides by bedrock cliffs of the Wingate, 

Kayenta, and Navajo Formations (Figure 1.2). Together, these three formations are 

referred to as the Glen Canyon Group.  The saturated portion of the Glen Canyon Group 

is the major consolidated-rock aquifer in the Grand County area and supplies most of the 

water to the city of Moab (Blanchard, 1990).  Unconsolidated alluvium in Spanish Valley 

is another important source of groundwater.  Valley-fill is composed of predominately 

stream alluvium and alluvial-fan deposits and is more than 120 m thick in northwestern 

Spanish Valley (Doelling et al., 2002).  The average thickness of saturated sediments in 

Spanish Valley is about 21 m (Sumsion, 1971).  These valley-fill deposits supply water 

that is used mostly for irrigation in Spanish Valley with small amounts used for domestic 

water supply (Steiger and Susong, 1997). 

Pack Creek and Mill Creek are the two perennial streams in Spanish Valley 

(Figure 1.1).  The main channel of Pack creek is approximately 37 km long and enters the 

valley from the southeast.  In most of its upper reaches, Pack Creek is a gaining stream. 

All of the water from Pack Creek is diverted for irrigation up valley from Moab near the 

Grand County – San Juan County line where it is either consumed by evapotranspiration 

or infiltrates back into the permeable alluvium (Sumsion, 1971).  Mill Creek flows west 

from the La Sal Mountains and then northwest, paralleling the valley for nearly 14 km 

before it enters the valley and joins Pack creek.  The upper portion of Mill Creek 

consistently gains water from the bedrock of the Glen Canyon Group.  Approximately 2.5 



Figure 1.2.  Generalized geologic cross section showing bedrock and alluvial fill 
Moab, Utah.
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in northwestern Spanish Valley near 
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km southeast of the Grand County – San Juan County line, water from Mill Creek is 

transferred via the Sheley Diversion Tunnel to an off-stream earthen dam know as Ken’s 

Lake (Figure 1.1).  Throughout the 13.8 km stretch downstream of the diversion but 

before entering Spanish Valley, Mill Creek looses water to the Glen Canyon aquifer 

under baseflow conditions (Blanchard, 1990).  After its confluence with Pack creek in 

Moab, Mill Creek flows through the wetland and joins the Colorado River. 

Principal recharge to the Glen Canyon aquifer occurs where sedimentary strata of 

these formations are upturned and fractured along the flanks of the La Sal Mountains to 

the east (Blanchard, 1990) and among the high plateaus northeast of the valley where the 

formations are exposed or covered by shallow deposits of eolian sand or sandy soil 

(Steiger and Susong, 1997).   Recharge to the valley-fill aquifer occurs by direct 

precipitation and by infiltration of water from Pack Creek and Ken’s Lake in the 

southeast part of the valley (Steiger and Susong, 1997).  Blanchard (1990) notes that 

chemical characteristics suggest the valley-fill and Glen Canyon aquifer are hydraulically 

connected and that water from these two sources converges and mixes along the northeast 

canyon wall and west of the canyon wall.  Most of the known discharge from the Glen 

Canyon aquifer near Moab occurs from wells and springs owned by the city of Moab and 

the Grand County Water Conservancy District located along the northeast canyon wall of 

Spanish Valley (Blanchard, 1990).  In fact, the most recent groundwater model of the 

alluvial aquifer in Spanish Valley assumes 44,900 m3/day (13,300 acre-ft/yr) of water 

from the Glen Canyon aquifer enters the valley-fill aquifer along the northeast canyon 

wall (Downs and Kovacs, 2000).  Watercress and Skakel springs, located near the 

northeast portion of the Matheson Wetland Preserve (across highway 191) also discharge 
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approximately 1,520 m3/day (450 acre-ft/yr) groundwater from the Glen Canyon aquifer 

(Sumsion, 1971; Christie, personal comm., 2003).   



 

METHODS 
 
 
 

Water levels and basic field parameters (temperature and specific conductivity) 

were measured in wells as many as six times over a period of two years from as many as 

58 individual wells at 21 distinct locations (Figure 2.1).  Seventeen of these locations 

were well nests with wells or piezometers screened at two to four different depths.  

Groundwater and surface water samples were collected from these locations over the 

same time period: three times in order to measure concentrations of tritium, twice to 

measure dissolved noble gas concentrations and stable isotopes of oxygen and deuterium, 

and once to measure concentrations of dissolved ammonia and uranium. 

 

Drilling and Well Installation 

Groundwater sampling points on the wetland preserve include 37 drive-point 

piezometers (1.27 cm or 0.5 inches in diameter), 9 PVC monitoring wells (5.08 cm or 2 

inches in diameter), and 2 shallow augured wells.  Ten PVC monitoring wells (5.08 cm or 

2 inches in diameter) from the Moab mill tailings property were also sampled during the 

summer of 2003.  Table A.1 in Appendix A lists well locations and other pertinent well 

information.    

Drive-point piezometers were installed by vibrating them into the ground with an 

electric jackhammer that was suspended from an aluminum tripod.  Advantages of these
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Figure 2.1.  Map showing the location of surface water and groundwater sampling points 
at the Scott M. Matheson Wetland Preserve and the Moab mill tailings.  Note that at 
many of the well sites shown there are two to four individual wells or piezometers 
screened at different depths. 
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small-diameter piezometers are that they are relatively fast and inexpensive to install 

making it possible to achieve dense well coverage in shallow unconsolidated aquifers and 

that their small screened intervals allow for discrete depth sampling.  Disadvantages of 

these small-diameter piezometers are that it is not possible to get some useful equipment 

down into them and it is sometimes difficult to obtain adequate volumes of water for 

sample collection if they are screened in low-yield sediments. 

Of the 19 PVC monitoring wells sampled during the study, 9 of them were 

installed in three new boreholes that were drilled and logged on the wetland during the 

summer of 2003.  The drilling was performed by Boart Longyear Co. using a Gus Pech 

300 Rotosonic Drill Rig.  This drill rig excels at penetration of unconsolidated cobbley 

material and provided nearly 100 percent core recovery for each of the boreholes.  Each 

hole was drilled with 9-inch casing so that three 2-inch monitoring wells could be 

installed at different depths at each location. 

 

Water Level Measurements and Field Parameters 

Water levels were measured using a Slope Indicator Inc. electric water level tape 

with a sensitivity adjustment that facilitated measuring water levels in wells with highly 

saline waters.  Water temperature, specific conductivity, and dissolved oxygen 

measurements were made down-hole in the field using the Hydrolab Corporation 

Minisonde 4a Water Quality Multiprobe on all 5 cm (2 inch) monitoring wells.  On 

small-diameter piezometers, specific conductivity was measured using the Hydrolab 

Minisonde 4a on a sample of water after the well was purged of a minimum of 3 casing 
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volumes of water.  Temperature measurements in these small-diameter piezometers were 

made in-situ using a small-diameter thermister with an accuracy of 0.2 ± oC.   

 

Water Sample Collection, Preservation, and Analysis 

All ground water samples were collected after wells had been purged a minimum 

of 3 casing volumes of water or, in the case of very large volume wells, until field 

parameters (temperature, total dissolved gas pressure, and specific conductivity) had 

stabilized to within +/- 1%.  No groundwater samples were collected from BL3-S since 

the filter pack interval of the well was contaminated by bentonite slurry resulting from 

heaving sands during well construction.  However, well BL3-S was used to acquire water 

level and specific conductivity measurements.    

The same piezometers were not always sampled for the same set of constituents 

during different sampling periods even when repeat samples were collected at some 

locations.  The reason being that some of the wells, especially small-diameter 

piezometers screened in fine-grained material, did not yield ample volumes of water for 

clean and timely sampling during an earlier sampling period.  In other cases, decisions 

were made about where to focus data collection efforts as the study progressed.  

 

Ammonia and Uranium 

Ammonia samples were collected and analyzed from 40 monitoring wells and 3 

surface water locations during the summer of 2003.  Samples were collected in clean 250 

ml plastic bottles that had been triple rinsed with well water.  Analyses for ammonia on 

23 of the samples were conducted in the field using the Hach Company DR/890 
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Colorimeter with the Hach Method 10023 after field filtering the water (0.45 µm filter) in 

order to avoid turbidity.  Ammonia analyses on the remaining 20 samples were 

performed by Energy Laboratories Inc. using Standard Method 4500-NH3-G after being 

preserved in the field with sulfuric acid and stored and transported at below 4 oC. 

Samples for Uranium were collected and analyzed from 38 monitoring wells and 

3 surface water sites during the summer of 2003.  Samples were collected in clean 250 ml 

plastic bottles that had been triple rinsed with well water and then preserved with nitric 

acid.  Analyses were conducted by Energy Laboratories Inc. using Inductively Coupled 

Plasma – Mass Spectrometry consistent with the USEPA method E200.8. 

 

Oxygen-18 and Deuterium 

Samples for Oxygen-18 and Deuterium isotope analyses were collected during the 

spring and summer of 2003 from 47 monitoring wells and 4 surface water sites.  Samples 

were collected in clean 10 ml glass vials that had been triple rinsed with well water.  The 

threaded caps of the vials were wrapped with wax film and the bottles were kept cool to 

avoid any evaporative fractionation during storage. Samples were then analyzed with an 

isotope-ratio mass spectrometer at the University of Utah Stable Isotope Ratio Facility for 

Environmental Research.  The δ18O of water was determined by continuous flow isotope 

ratio mass spectrometry (CF-IRMS) (after Fessenden et al., 2002) and the δD of water 

was also measured via IRMS after 5 µl sub-samples were reduced to H2 using a zinc 

catalyst at 500oC (modified after Coleman et al., 1982). 

A laboratory test was performed to ensure that stable isotope analyses were not 

affected by high salinity since many of the samples were of NaCl brine.  Sodium 
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Chloride was added to tap water from the laboratory and these samples were analyzed as 

described above.  No noticeable affect was observed in either δ18O or δ D (Table 2.1). 

 
 
Table 2.1.  Results of laboratory experiment showing no salinity interference with the 
analyses of oxygen and deuterium isotopes. 
 

Sample ID 
SpC   

(µS/cm) 
NaCl added  

(g) 

Volume of 
tap water  

(ml) 

Final 
estimated 

TDS  
(mg/L) 

δ18O 
(permil) 

δD      
(permil) 

SS1 2865 0 200.03 2091.45 -13.1 -100 
SS2 34775 4 200.04 22087.451 -13.1 -100 
SS3 75350 10 200.04 52081.452 -13.0 -100 
SS4 148000 20 200.05 102066.46 -13.0 -99 

 
 

Tritium 

Tritium samples were collected during the fall of 2002, during the spring 2003, 

and during the summer of 2003.  Water samples for tritium analyses were collected from 

44 monitoring wells and 3 surface water sites.  Samples were collected in clean 1 L 

plastic bottles that had been triple rinsed with well water.  Tritium analyses were 

performed at the U of U Dissolved Gas Service Center by the helium in-growth method 

(Clark and others, 1976).  Samples were transferred to copper flasks, degassed and sealed 

for a minimum radioactive decay period of 5 weeks after which time tritiogenic helium-3 

was measured using a MAP 215 sector-field mass spectrometer and converted to tritium 

concentrations.  The uncertainty in tritium measurements for values greater than 1 TU is 

generally less than 5% but is dependent on the quality of the Cu-flask seal.  As such, 

individual uncertainty values are tabulated with the tritium results.    
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Dissolved Gasses 

Dissolved gas samples were collected during the spring and summer of 2003 from 

42 monitoring wells using passive submersible diffusion samplers that are conceptually 

similar to those shown in Sanford et al. (1996).  The analyses were performed at the U of 

U Dissolved Gas Service Center by mass spectrometry on a vacuum clean-up line used to 

separate gases during analysis (described by Sheldon, 2002). 

 Dissolved noble gas concentrations were used to calculate recharge temperatures 

and (combined with tritium concentrations) to calculate tritium-helium dates of waters 

from selected wells.  The diffusion samplers used are gas-filled copper tubes fixed to a 

piston-type closure device covered in gas-permeable silicon tubing that equilibrates with 

the gases dissolved in water.  Slight changes in the volume and gas pressure inside the 

sampler prohibit direct determination of dissolved gas concentrations.  Instead, the 

composition of the gas sample is determined by mass spectrometry and the dry mole 

fractions of the gases are then multiplied by the total dissolved gas pressure (TDGP) 

corrected for water vapor as follows, 

  
Ci = KiXi(PT - PW)                               (2.1) 

 

where 

 Ci = dissolved concentration, 

 Ki = Henry’s  Law coefficient 

 Xi = dry mole fraction,  

 PT = total dissolved gas pressure, and 

 PW = vapor pressure of water at the temperature and salinity in the well. 
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The uncertainty for dissolved gas measurements is approximately +/- 0.5% for He, 1% 

for 40Ar, and less than 3% for N2, 20Ne, and 84Kr. 

Total dissolved gas pressure measurements were made down hole on all 5 cm (2 

inch) monitoring wells in the field using the Hydrolab Corporation Minisonde 4a Water 

Quality Multiprobe fitted with an Alpha-Designs total dissolved gas probe (described by 

Manning, 2002).  Total dissolved gas pressure measurements in small diameter 

piezometers were made using advanced passive diffusion samplers with an air-activated 

piston closure that are designed to preserve the TDGP so that it can be determined by a 

Baritron pressure gauge on the vacuum line when the sample is inlet to the mass 

spectrometer for analysis.  A detailed description of this technique and the data used to 

correlate TDGP to the Baritron gauge pressure are included as Appendix C.  

 



 

RESULTS 
 
 
 

Subsurface Lithology 

 Lithologic composition of the subsurface beneath the wetland was investigated by 

logging core at three boreholes drilled during the summer of 2003.  The locations of the 

three drill sites (now well nests) are shown on Figure 2.1 as BL1, BL2, and BL3.  

Approximately 5.5 m of fine grained sand and silty overbank deposits were found at BL1 

and BL2 and about 8.5 m of these same deposits were found at BL3.  Large continuous 

sequences of gravels and cobbles were found in borings BL1 and BL2 (Figure 3.1).  Well 

rounded cobbles of pink granite, diorite porphyry, and mafic schist were found in a 

generally sandy matrix throughout the sequence.  Although the average clast size was 

found to be around 3 – 8 cm, cobbles larger than 20 cm were found that had been broken 

by the drill bit leaving the maximum clast size unknown.  The exotic clasts (granites and 

shists) are evidence that the deposits were laid down by the Colorado River.  The top of 

the gravels at BL1 is approximately 1202.5 m in elevation and the sequence continues as 

one hydrogeologic unit for a total thickness of more than 40.0 m at this borehole.  

Findings were similar in BL2 with the top of the gravels at 1202.8 m elevation and 

extending for more than 43.3 m, beyond the total depth of drilling.  Although core from 

BL3 lacked the distinct large sequence of river gravels found at depth in the other two 

holes, a few high permeability units in the form of small channel deposits with sub- 
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Figure 3.1.  Photograph of core recovered from borehole BL1.  Core on the right shows 
silty overbank deposits that cover the upper 5 – 8 m across the wetland and the core on 
the left is an example of the underlying gravel and cobble sequence.
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angular to well rounded gravels were found.  These small channel deposits are 

interbedded within finer grained material indicating that the location of BL3 was on the 

edge of the main Colorado River channel.  Lithologic and well completion logs for the 3 

boreholes and 9 monitoring wells are included as Appendix B.     

Three samples of organic material were collected during drilling and submitted 

for radiocarbon dating.  One sample was collected from BL2 at 12.5 m (41 ft) and two 

samples were collected from BL3 at 7.3 m (24 ft) and 9.1 m (30 ft) below land surface.  

Radiocarbon analyses were performed by Beta Analytic Inc. (BAI) in Miami, Florida and 

the results are listed in Table 3.1.   

 
Table 3.1.  Results of radiocarbon dating of three samples of organic material collected 
from core of the BL2 and BL3 boreholes drilled in August, 2003. 
 

Sample Material 
Depth 

Below Land 
Surface 

(m) 

13C/12C 
(permil)

Conventional 
Radiocarbon 

Age 
(years BP) 

2σ 
Calibrated 

Radiocarbon Age 
(years BP) 

BL2-41 wood 12.5 -27.2 5920 +/-40 6800 to 6660 
BL3-24 wood 7.3 -24.8 30 +/-60 Modern (ca. 1950) 
BL3-30 peat 9.1 -25 910 +/-50 935 to 715 
 

 

The “Conventional Radiocarbon Age” listed in Table 3.1 is the result after applying 

13C/12C corrections to the measured age (Talma and Vogel, 1993).  The 2-sigma 

calibrated radiocarbon age in Table 3.1 is the calendar age range (95% probability) of 

each sample based on the Intcal 98 database (Stuiver, 1998).  The sample BL3-24 is 

outside of the calibration range and can only be reported as modern and interpreted to be 

less than about 150 years old.   

Doelling (2002) describes the overbank deposits and underlying river gravels near 

the river as modern alluvium (Qa1) and Pleistocene basin fill deposits (Qabf), respectively 
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(Figure 1.2).  The sediments surrounding samples BL3-24 and BL3-30 match the 

description of Doelling’s (Qa1) and their relatively young ages support this.  However, 

BL2-41 was clearly deposited about 5 – 6 m below the top of the river gravels (Qabf) 

suggesting that deposition of this gravel unit has occurred following the Pleistocene.   

Boring logs from BL1, BL2, and BL3 were examined together with the logs of 14 

wells drilled by the U.S. Department of Energy in the summer of 2002 (U.S. DOE, 2002) 

and borehole data presented by Doelling (2002).  The overbank and gravel deposits are 

clearly correlated with the DOE logs showing the top of the gravel deposit to be between 

1200 and 1204 m in elevation across the site with a maximum thickness of more than 122 

m.  Attempts were made to acquire well logs from a reconnaissance of subsurface 

wetland lithology prior to the installation of a buried gas pipeline in order to expand the 

known extent of these channel gravels.  Evidence of the pipeline can be seen along a line 

roughly parallel to the CR1, BL1, N2, N4 transect (Figure 2.1).  Unfortunately these logs 

were never obtained.  Base on available well logs, the deposit of Colorado River gravels 

that underlies 5 to 9 m of silty overbank deposits across the site extends beneath the 

Colorado River and well beneath the mill tailings pile.  Figure 3.2 shows the site map 

with the minimum extent of the river gravel deposit shaded. 

While the BL3 borehole is located about 65 m from the present channel on the 

point-bar side of the river, the mill tailings pile is founded on top of the overbank 

deposits on the cut bank side of the river.  Radiocarbon ages of the two samples from the 

BL3 borehole clearly indicate that Colorado River floods have scoured away sediments to 

the depth of the channel gravels (7 and 9 meters below land surface, Table 3.1) two times 

in less than 1,000 years.  It must be noted that flood scour of this magnitude on the  
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Figure 3.2.  Map of the Moab mill tailings and Scott M. Matheson Wetland Preserve 
showing the minimum extent of the subsurface channel gravel deposit as reconstructed            
from well logs from both sides of the Colorado River.  Also shown are lines of cross-            
sections A-A’ and B-B’.   
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opposite side of the river has the potential to undermine the foundation of the tailings pile 

resulting in the destabilization of the pile and contaminated material spilling into the 

Colorado River.  Furthermore, the depth and timing of scour indicated by these 

radiocarbon data suggest that any measure taken to stabilize the tailings pile must 

consider the fine-grained overbank deposits on the channel side of the pile to be instable 

over time spans of less than 1,000 years.  

 

Salinity and Hydraulic Heads 

 Water level measurements, specific conductivity (SpC) and other parameters 

measured directly in the field (temperature and dissolved oxygen) are listed in Table A.2 

in Appendix A.  Water levels and SpC were measured in wells and piezometers on the 

wetland as many as six times between autumn 2002 and late spring 2004.  These 

measurements were made only once in wells at the Moab mill tailings property when 

access was granted in the summer of 2003. 

Specific conductivity measurements ranged from 389 µS/cm in shallow fresh 

groundwater and surface water to 169,000 µS/cm in deeper brine.  Nine groundwater 

samples and one surface water sample that spanned the range of SpC values measured 

were submitted to Energy Labs Inc. for laboratory analysis of total dissolved solids 

(TDS) concentration.  Specific conductivities were then correlated with TDS in order to 

develop the relationship used to estimate TDS values for the remaining waters sampled 

across the site (Table A.2).  The plot of TDS vs. SpC shown in Figure 3.3 yields the 

relationship: 
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7306.0)/()/( ×= cmSSpCLmgTDS µ .           (3.1) 

 

For the purposes of this study, brine is defined as water with higher than 35,000 

mg/L TDS (Drever, 1997).  There is a clear division between a shallow, relatively fresh 

groundwater system and an underlying brine system across the majority of the site.  Most 

wells that are less than about 14 m deep on the south and east portions of the wetland are 

screened in fresh groundwater with TDS concentrations between about 300 and  
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Figure 3.3. Plot of Total Dissolved Solids (mg/L) versus Specific Conductivity (µS/cm) 
for one surface water sample and nine ground water samples showing correlation used to 
estimate TDS values from SpC measurements throughout the study. 
 

3000 mg/L.  However, some shallow wells (CR1-3, CR1-5, N7-11, N11-6, N11-10, W1-

4, and W1-7) near the north and west boundaries of the wetland always yield brine of 

greater than 35,000 mg/L TDS.  These wells lie within the known lateral extent of the 
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high-permeability channel gravel deposit (Figure 3.2) and it is likely that they were 

installed close to (or within) the top of the gravels.  Doelling (2002) notes that Permian 

and Pennsylvanian strata below the level of the Colorado river are saturated with NaCl 

brines and that 64 to 477 m3/day of brine (310,000 mg/L NaCl) sourced from a 610 m 

(2,000 ft) deep well in Moab was delivered to the mill tailings and used by Atlas 

Corporation in their operation until they shut down. 

It appears that the fresh water – brine interface is at approximately the same depth 

as the contact between the overbank – channel gravel deposits.  Figure 3.4 displays the 

concentration of total dissolved solids in groundwater during summer of 2003 in the cross 

section of A-A’.  Seasonal variations in the TDS of wells M11-14, and N7-10 are on the 

order of 20,000 to 50,000 mg/L, indicating that they span the fresh water – brine interface 

and that this boundary is dynamic.  Notable seasonal variations in the salinity of shallow 

fresh groundwater on the preserve also occur (e.g. wells nests N4 and N5).  These shifts 

are attributed to the build up salts from agriculture and tamarisk leaf litter and subsequent 

dilution with seasonal water table fluctuations.  

Water level measurements alone cannot be used to examine directions of ground 

water flow when the groundwater salinities (thus water densities) vary as they do across 

this site.  Rather, one must compare equivalent freshwater hydraulic head (EFH) values.  

The EFH is defined as the elevation to which freshwater will rise in a tightly cased well.  

The EFH is computed by scaling the pressure head (the height of water in a well above 

the well screen) to what that height would be if the water were fresh.  The conversion to 

EFH can be made using the following equation (Langevin, 2001):   

 



Figure 3.4.  Cross section A-A’ showing TDS (g/L) values of groundwater 
during the summer of 2003 displayed at sampling points (well screens) in 
the subsurface.  Refer to figure 3.2 for location of cross section.
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f
f Zh

ρ
ρψ+= ,              (3.2) 

where 

 

hf = equivalent freshwater hydraulic head, 

Z = elevation head (taken to be the midpoint of the well screen), 

Ψ = pressure head,  

ρ = density of water in the well, and  

ρf = density of fresh water. 

 

Water density (ρ) was estimated for this purpose by adding the TDS value to the density 

of freshwater (assumed to be 1,000 g/L).  For example, water with a TDS value of 

100,000 mg/L (100 g/L) in Table A.2 has an estimated density of 1,100 g/L.  Thus, in the 

equivalent freshwater head calculation shown above, the pressure head (ψ) is scaled up 

by the specific gravity (ρ/ρf ) of 1,100/1000 or 1.1. 

Examination of Darcy’s Law illustrates that EFH hydraulic gradients can easily 

be used to estimate groundwater flow direction in the horizontal plane but that detailed 

knowledge of salinity gradients is required to do to the same in the vertical direction.   

Dracy’s law for groundwater of variable density is written as: 

 

( gPkq ρ
µ

−∇−= )             (3.3) 
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where g  is the gravity vector.  Flow in the horizontal and vertical planes (denoted by x 

and z) are simplified as: 
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where the gravity vector has been replaced by the scalar quantity –g in Equation 3.5 since 

there it is downwardly directed.  For aquifers with constant fluid density, head is used as 

the independent variable since it is easily measured.  However, in variable-density 

systems, the flow of groundwater cannot be described by head alone, thus equations are 

generally written in terms of pressure.  Rather than use pressure as the independent 

variable, one can use the EFH (Langevin, 2001).  The EFH from Equation 3.2 can also be 

expressed as: 

 

g
PZh
f

f ρ
+=                                                                                                                (3.6) 

 

By solving for P in Equation 3.6 and substituting for P in Equations 3.4 and 3.5 and 

simplifying, Dracy’s law (cast in terms of EFH) for horizontal and vertical flow becomes: 
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respectively, where 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
µ
ρ gk f  is referred to as the equivalent freshwater hydraulic 

conductivity (Langevin, 2001). 

Equation 3.7 illustrates that flow in the x-direction is given by the product of the 

equivalent freshwater hydraulic conductivity and the EFH gradient.  The complication 

arises from the second term in the parentheses of equation 3.8 where the vertical 

component of flow is proportional to sum of the EFH gradient and the normalized 

difference between the point water and freshwater densities.  Large uncertainty exists in 

the value for this additional term when the well screens used to map out the EFH gradient 

span non-linear vertical salinity gradients.  As result, it was not possible to estimate 

vertical flow directions at most of the well nests across the site.     

Horizontal hydraulic gradients in the shallow freshwater system were examined 

for six periods in time between 2002 and 2004.  Figures 3.5.a – 3.5.c show potentiometric 

surface contours compiled from equivalent fresh water hydraulic head values for shallow 

wells screened above the channel gravels.  The contours represent a hypothetical water 

table for a shallow system composed of all fresh water.  The EFH values along with the 

data used to calculate them are included in Appendix A (Table A.3.a – A.3.f).   



Figure 3.6.a and 3.6.b show potentiometric surface contours of brine at a common 

elevation (1190 m above sea level) below the top of the buried Colorado River gravels 

during the summer of 2003 and in March and May of 2004. These figures were compiled 

from equivalent fresh water hydraulic head values for deep wells with TDS values greater 

than 40,000 mg/L.  In order to create a potentiometric surface for the brine, it was 

necessary to use measurements from well nests with multiple wells screened in the brine 

so that the EFH values could be extrapolated back to a common elevation.  The elevation 

of 1190 m (3904 ft) was chosen since boring logs from both the wetland and Moab mill 

tailings confirm this elevation to be below the top of the river gravels and since ground 

The highest hydraulic heads in this freshwater system are always located on the 

eastern edge of the wetland preserve and the direction of groundwater flow is always to 

the west and south, generally toward the Colorado River.  The water table near the 

bedrock walls of the valley maintains relatively constant elevation throughout most parts 

of the year.  Well nests N6 and N3 are located along the northeast canyon wall where 

spring water of the Glen Canyon Group aquifer is known to discharge.  Although a water 

table rise of more than a meter was observed in the freshwater system near well nest N7 

between March and May of 2004, only a 0.2 m change was ever observed prior to this 

time.  The largest variation in water table elevation in the shallow system occurred at well 

nests located nearest to the irrigated fields on the eastern margin of the preserve.  

Between March and July of 2003, while head values remained fairly constant along the 

valley walls, the hydraulic head in well nest N5 and N4 dropped by 1.2 m.  By March of 

the following year, the water table had recovered to within 0.2 m of its elevation from the 

previous year. 
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32 Figure 3.5.a.  Potentiometric contours (m, AMSL) of the shallow, freshwater system in June and November, 2002.   



 

 

33  Figure 3.5.b.  Potentiometric contours (m, AMSL) of the shallow, freshwater system in March and July, 2003. 
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 Figure 3.5.c.  Potentiometric contours (m, AMSL) of the shallow, freshwater system in March and May, 2004. 

 



 35

water at this elevation is unvaryingly brine.  These restrictions leave few points of EFH 

available to contour and although it is difficult to present detailed lines of EFH, clear 

patterns emerge.  In the summer of 2003 (Figure 3.6.a), EFHs are higher toward the 

northwest and lower toward the southeast and appear to drop uniformly across the river.  

Although this gradient is not steep, the pattern shows that deep ground water in these 

river gravels has the potential to move beneath the river.  Figure 3.6.b illustrates the 

dynamic nature of this hydraulic potential by showing the reversal of brine EFH gradients 

the following spring.  Although it is possible that the shift in brine hydraulic gradient 

occurs periodically due to seasonally changing driving forces, there are three reasons to 

believe that the brine hydraulic gradient was more often from the northwest during the 

recent past. First, the saturated tailings pile provided 80 feet of head as a driving force in 

that direction for decades during uranium mill operation.  Second, the DOE may have 

induced the gradient reversal when 20 groundwater remediation wells between the pile 

and the river began pumping in the fall of 2003.  Third, stable isotope data indicate that 

brine beneath the wetland was derived from recharge occurring north of the river 

(discussed later in this thesis).  The stresses that influence the brine system and the time 

required for the system to respond are not well understood at this time.  

 

Ammonia and Uranium 

During the spring of 2003, the U.S. Department of Energy sampled selected wells at the 

wetland for ammonia (NH3) and uranium (U).  Both are known contaminants to ground 

water beneath the Moab mill tailings resulting from uranium milling operations from 

1956 to 1984.  Uranium concentrations ranged from 0.0159 to 0.007 mg/L while  



Figure 3.6.a.  Potentiometric surface contours (m, AMSL) of brine at a common elevation 
(1190 m) below the top of the buried Colorado River gravels in August, 2003.
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Figure 3.6.b.  Potentiometric surface contours (m, AMSL) of brine at a common elevation (1190 m) below the top of the 
buried Colorado River gravels in March and May, 2004
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ammonia as nitrogen ranged from 3 to 0.01 mg/L (DOE, 2003).  The highest 

concentrations found by the DOE in the wetland occur in piezometers that were driven 

into the top of channel gravels that underlie the site and that are located near the Colorado 

River and south of the Moab mill tailings.  Although the magnitude of these 

concentrations was not large enough to present a hazard, the location of the highest 

values of U and NH3-N did suggest that ground water from the mill tailings is flowing 

under the Colorado River and impacting groundwater beneath the wetland.  These 

preliminary findings prompted the detailed investigation of a hydrologic connection 

between the Moab mill tailings and the wetland.  During the summer of 2003, a set of 

groundwater samples was collected for ammonia and uranium at both the Moab mill 

tailings and the wetland. 

Results of the 43 ammonia samples are reported in Appendix A, Table A.4 as 

mg/L of NH3-N.   Ammonia as nitrogen concentrations were found to be below the 

detection limit of 0.1 mg/L in the shallow fresh water on the northern most portion of the 

Moab mill tailings site (wells 432 and 433) and in one shallow well on the northern most 

portion of the wetland (N6-6).  Both of these locations are likely fed by a considerable 

component of GCG aquifer water.   The highest concentrations of NH3-N were found in 

the group of highly contaminated wells on the Moab mill tailings property (SMI-PZ1S, 

SMI-PZ1M, SMI-PZ1D, and SMI-PZ3-D2 in Table A.4, also see location map of Figure 

2.1) with values ranging from 418 to 2100 mg/L.  Fresh water (< 20,000 mg/L TDS) 

NH3-N concentrations are all less than 1 mg/L.  Excluding the 4 highly contaminated 

DOE wells previously mentioned, the remaining brine (> 40,000 mg/L TDS) NH3-N 
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concentrations span a range from 0.11 to 5.06 mg/L with many samples in the 2 to 5 

mg/L range (Figure 3.7). 

Although the highest NH3-N concentrations in wells on the wetland were also 

seen near the Colorado River in the proximity of the high permeability channel gravels, 

the levels were relatively low.  Examination of these results led to the conclusion that 

NH3 is controlled by geochemical (and possibly biological) processes to the extent that 

this solute does not map out ground water flowpaths.   

Results of 41 samples submitted for uranium (U) analysis are reported in 

Appendix A, Table A.4 in units of µg/L.  Concentrations of uranium in all samples range 

from below detection (< 0.3 µg/L) to 3,940 µg/L.  The four highly contaminated wells 

previously mentioned (SMI-PZ1S, SMI-PZ1M, SMI-PZ1D, and SMI-PZ3-D2) contained 

the highest concentrations of U with values 1,430, 3,940, 1,280, and 3,170 µg/L 

respectively.  Uranium concentrations were found to be below the detection limit (0.3 

µg/L) in two distinctly different locations: in the brine of the two deepest wells at the 

ATP-1 nest on the DOE property (Figure 3.7, wells ATP-1-D and ATP-1-1D) and in the 

shallow fresh water of the N9 nest just down gradient of the surface ponds on the 

wetland.  Wells 432 and 433 are up gradient of any source from the  mill tailings and 

have low U concentrations of 1 to 2 µg/L (Figure 3.7).  Other samples collected during 

this study that may represent background of both deep brine and shallow fresh water have 

U concentrations between 0.4 and 3.1 µg/L. 

In an effort to better understand background concentrations of uranium, previous 

analyses of groundwater from other nearby wells in the valley that are not on the DOE 

property have been examined.  Oak Ridge National Laboratory sampled a well 
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(designated RW-01) located approximately 1,200 feet northwest of the northwest corner 

of the DOE property along highway 191 on December 1, 1997 and found a U 

concentration of 12.8 µg/L (Oak Ridge National Laboratory, 1998).  Well RW-01 was 

screened at a depth of 69 to 79 feet and, although it is located up gradient of the mill 

tailings with regard to groundwater flow, it is in an area where surface soils are known to 

have been contaminated by the mill tailings and is therefore not a reliable indicator of 

background uranium in groundwater.  Blanchard (1990) reports uranium concentrations 

of around 1 µg/L (0.7 and 0.6 pCi/L) in waters of two wells screened in bedrock of the 

GCG on the east side of the Colorado River in Moab.  Although these wells can 

confidently be considered unaffected by the Mill Tailings, the total number is not great 

enough for a strict statistical analysis of background concentrations.  Nevertheless, it 

seems likely that local background U is on the order of a couple of µg/L at most. 

The spatial distribution of U shown Figure 3.7 reveals a pattern of elevated U values in 

ground water beneath the wetland that are highest close to the river and decrease toward 

the southeast with the N3 local as the one exception.  There are anomalously high U 

concentrations (between 23 and 60 µg/L) in both shallow groundwater and the surface 

water pond located next to N3 (see location map of Figure2.1).  These high levels of U in 

the water are well above background and might be explained by contaminated material 

being transported to this area in a flood.  However, the cause of these high values remains 

unknown at this point in time. 

The elevated U concentrations, between 5.5 and 111 µg/L, in wells near the 

Colorado River on the wetland are all found in close proximity to the top of the river 

gravel contact and are in waters with TDS > 40,000 mg/L (Figures 3.8.a and 3.8.b).  



 

   
 
Figure 3.7.  Ammonia and Uranium concentrations in groundwater across the Moab mill site and the Scott M. Matheson   Wetland 
Preserve during the summer of 2003.  Values shown are the maximum concentration at each well nest. 41
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Figure 3.8.a.  Cross-section A-A’ showing uranium concentrations in groundwater beneath the Moab mill site and the Scott M. 
Matheson Wetland Preserve during the summer of 2003. 
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Figure 3.8.b.  Cross-section B-B’ showing uranium concentrations in groundwater 
beneath the Moab mill site and the Scott M. Matheson Wetland Preserve during the 
summer of 2003. 
 
 
When this pattern is examined together with the brine potentiometric surface from the 

summer of 2003 in Figure 3.9, it appears likely that uranium from the Mill Tailings has 

been transported below the river through the permeable channel gravel deposit.
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Figure 3.9.  Maximum uranium concentrations in groundwater and brine system 
potentiometric contours (from Figure 3.6) across the Moab mill site and the Scott M. 
Matheson Wetland Preserve during the summer of 2003. 
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Oxygen-18 and Deuterium 

Results of stable isotopes analyses from samples collected during the spring and 

summer of 2003 are reported in Appendix A, Table A.5.  Oxygen isotope ratios (18O/16O) 

and hydrogen isotope ratios (D/H) are reported in delta (δ) units permil (parts per 

thousand) deviation from a reference standard of Standard Mean Ocean Water (SMOW) 

(Craig, 1961).  Once the isotope ratio of sample has been measured via mass 

spectrometry, the delta value is determined from the following equation:       
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where 

δR = δ2H or δ18O in the water sample, 

Rsample = 18O/16O or D/H ratio in the water sample, and 

Rstd = 18O/16O or D/H ratio in the reference standard (SMOW). 

 

Waters of meteoric origin that have not undergone excessive evaporation will plot 

along a meteoric water line (Craig, 1961).  Values of δ18O versus δD are plotted against 

the Utah meteoric water line (UMWL) described by Kendall and Coplen (2001) and the 

global meteoric water line (GMWL) described by Craig (1961) in Figure 3.10.  Nearly all 

of the waters sampled plot near the UMWL suggesting that even the deep brine is of 

meteoric origin.
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Figure 3.10.  Stable isotope ratios of hydrogen versus oxygen in surface water and groundwater samples from the Moab mill 
tailings and the Scott M. Matheson Wetland Preserve compared to the global meteoric water line (Craig, 1961) and the Utah 
meteoric water line (Kendall and Coplen, 2001).
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Stable isotopic values of waters from the Moab mill mailings and the Matheson 

Wetland Preserve range from -15.8 to -7.7 permil for oxygen-18 and from -118.8 to -73.5 

permil for deuterium (Table A.5).  The large spread of values across the MWL indicates 

that ground water was sourced from precipitation that fell over a wide range of 

elevations.  Waters that plot near the negative end of the MWL (δ18O = -15 to -14) in 

Figure 3.10 probably fell as precipitation high in the La Sal Mountains to the east.  

Waters that plot near the MWL in the middle of the figure (δ18O = -13 to -12) likely 

originated as precipitation at lower elevations - not far above river.   

 Waters that have undergone evaporation tend to diverge from the MWL along a 

line with a shallower slope due to kinetic isotope effects during evaporation (Kendall and 

Coplen, 2001).  This evaporative fractionation is essentially due to the fact that H2
16O 

diffuses 5.4% faster in air out of the liquid phase than H2
18O whereas HD16O diffuses 

only 2.7% faster than H2
16O leading to a greater oxygen effect on the isotopic 

composition (Dawson, personal comm., 2003).   

The four highly contaminated SMI wells (SMI-PZ1S, SMI-PZ1M, SMI-PZ1D, 

and SMI-PZ3-D2) on the mill tailings property all appear to have undergone some degree 

of evaporation (Figure 3.10).  This is likely the result of recycling of process water at the 

mill when it was in operation exposing the waters to evaporation.  Waters from M11-7 

and all wells at the N8 nest on the wetland stand out as having undergone evaporative 

fractionation of these isotopes as well.  Groundwater at N8 is likely local recharge that 

seeps into the ground from the nearby surface water ponds, where it has ample time and 

exposure to undergo evaporative enrichment in the heavy isotopes.  The M11-7 samples 
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may well be enriched by the same process and then diluted slightly by a component of 

deeper water. 

Because oxygen and deuterium isotopic ratios are generally conservative 

(unaffected by chemical processes) in ground water systems, they are indicative of the 

relative elevation of source waters.  Shallow fresh waters and shallow brine beneath the 

wetland tend to have δ18O values around -15 to -14 permil indicating high elevation 

source waters.  Fresh waters and brines from the mill tailings side of the river tend to 

have δ18O values around -13 to -12 permil indicating source waters from a lower 

elevation which is expected based on local topography.  Figures 3.11.a and 3.11.b display 

δ18O values of waters sampled in the summer of 2003 in the cross sections A-A’ and B-

B’.  If the river were a ground water divide, the waters that recharged at the highest 

elevations would be the deepest in the aquifer and would be forced upward at the river.  

As a result, the δ18O values would become more negative with depth, especially in wells 

near the river.  Rather, water with oxygen isotope signatures of low elevation 

precipitation (δ18O = -13 to -12) sourced on the northwest side of the river is deeper than 

water with oxygen isotope signatures of high elevation precipitation (δ18O = -15 to -14) 

sourced from La Sal Mountains and high plateaus on the southeast side of the river 

(Figure 3.11.a and 3.11.b).  Thus, the stable isotope data indicate that the river is not a 

groundwater divide for the brine groundwater system.



49

 

Figure 3.11.a.  Cross section A-A’ showing δ18O values of surface water and groundwater displayed at sampling points in the 
subsurface during the summer of 2003.
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   Figure 3.11.b.  Cross section B-B’ showing δ18O values of surface water and groundwater 
   displayed at sampling points in the subsurface during the summer of 2003.
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Tritium 

 Tritium (3H) exists as part of the water molecule and is a conservative tracer that 

does not readily participate in chemical reactions other than radioactive decay (t1/2 = 

12.32 years).  As such, the concentration of tritium in a sample of groundwater yields a 

measure of its age (or the time that has passed since that water recharged the aquifer).  As 

mentioned, the tritium concentration in atmospheric precipitation spiked by more than 

three orders of magnitude between 1952 and 1969.  Figure 3.12 is shows the estimated 

tritium concentration in precipitation over southern Utah from 1950 to 2000.  These 

values are based on measurements made in Ottawa, Salt Lake City, Flagstaff, and 

Albuquerque.  The 3H concentration in precipitation in Utah prior to 1950 was less than 

about 5 TU.  Although the measurements were not directly made in southeastern Utah, 

peak concentrations were undoubtedly more than 2000 TU.  Therefore, precipitation that 

recharged an aquifer prior to 1950 will now have 3H concentrations less than 1 TU while 

precipitation that recharged an aquifer post 1950 will have 3H concentrations greater than 

about 3 TU.   

Results of tritium analyses performed on samples collected between the fall of 

2002 and the summer of 2003 are included in Appendix A, Table A.5.  Tritium 

concentrations ranged from below detection (< 0.1) to 17.6 TU with the highest values 

found in the contaminated SMI wells on the mill tailings site.  The lowest 3H values are 

generally in the deep brines with a few exceptions.  Wells 432 and 433 north of the mill 

site have concentrations of <0.1 and 0.6 TU dating these as pre-1950 waters.  Significant 

levels of tritium were found in the two wells of intermediate depth at the ATP-1 well nest 

below waters that were tritium free (Figure 3.13).  This is most likely the result of



 

 
 

Figure 3.12.  Estimated tritium concentration in precipitation over southern Utah from 1950 to 2000.  This curve was 
compiled based on International Atomic Energy Agency (IAEA) Global Network of Isotopes in Precipitation (GNIP) 
data for Ottawa, Canada, Salt Lake City, Utah, Flagstaff, Arizona, and Albuquerque, New Mexico.
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      Figure 3.13.  Cross section A-A’ showing tritium values of surface water and groundwater during the summer of 2003  
      displayed at sampling points in the subsurface.

 



 54

younger water traveling down through preferential flow paths.  Deep groundwater with 

tritium concentrations of around 0.5 TU has been explained as preferential flow paths 

along root-channels and fractures (Allison and Hughes, 1983; Fontes et al., 1979).  The 

subsurface at the northwest end of Spanish Valley is known to be structurally complex 

(Doelling, 2002) and fault splays may provide these conduits.  Samples of surface water 

from the Colorado River had 10 to 12 TU while pond water from next to the N3 well nest 

at the wetland preserve had only 1 TU.  The tritium concentration in the river is expected 

as the river contains a large fraction of modern water from stream input and surface 

runoff.  The low tritium found in N3-surface water reinforces the possibility that the 

greatest source of water to ponds on the north end of wetland preserve is spring discharge 

that is more than 50 years old.  

Figure 3.14 shows a compilation of the 3H concentrations for all groundwater 

samples collected.  When these waters are examined on the basis of tritium content and 

TDS they can be broken out into 4 general groups: freshwater with low 3H, freshwater 

with significant 3H, low 3H brine, and  brine with significant 3H.   

Solomon (2002) reports 3H values from water from 3 springs and 2 wells that 

discharge from the GCG aquifer.  Tritium concentrations in these samples were 0.3 to 0.7 

TU for spring waters and 1.2 to 1.7 TU for water from Moab city wells.  The slightly 

higher values in the wells is likely the result of dilution of low 3H GCG water with a 

component of modern water since production wells sample a large range of flowpaths 

across long well screens.  The five samples mentioned show that GCG is distinctly low in 

tritium.   
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Figure 3.14.  Tritium concentrations in selected wells from the Scott M. Matheson Wetland Preserve and the Moab mill tailings near 
Moab, Utah.  Note that N2-6 summer sample was actually collected from N9-6.  N9-6 was a replacement well installed in the same 
location and depth. 
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Freshwater with low 3H, is the group of 7 samples on the left of the Figure 3.14.  

Despite being located on both sides of the river, all of these wells are found in or near the 

bedrock on the north or northeast wall of the valley.  Groundwater in these wells is likely 

composed of a large component of GCG water.  The group of freshwater with significant 

3H is composed entirely of shallow wells spread across the wetland preserve and is 

distinguished from GCG water by its relatively high 3H concentration.  The brine groups 

in Figure 3.14 are somewhat less clearly defined.  The ATP wells from the mill tailing 

property as well as the BL1 and BL2 wells  in the third group are all known to be deeper 

than the top of the river gravel contact and expected to be quite old, thus low in 3H.  

Wells N7-10, N7-11, M11-14 and CR1-3 are all drive point piezometers installed 

somewhat shallower than the drilled monitoring wells.  Although the method of 

installation (vibrating with jackhammer) would prohibit driving these wells into the 

channel gravel deposit, the high TDS and low 3H in these wells are evidence that they are 

near the top of the gravel contact and that groundwater in these locations is near the brine 

- freshwater interface.  Only two of the four SMI wells are truly brine of > 35,000 mg/L 

TDS (SMI-PZ1M and SMI-PZ1D) and water in the other wells is saline enough to 

complicate calling them fresh (12,200 and 20,000 mg/L).  Based on their 3H 

concentrations, these highly contaminated waters are modern and likely to be between 30 

and 50 years old.  The 3H concentrations in waters of the SMI-PZ1 well nest decrease 

with depth and their distribution implies downward migration of ground water at this 

location (Figure 3.13).  All four wells remaining in the last group, BL3-M, N11-6, W1-4, 

and W1-7 contain around 3 – 5 TU and show TDS variations through time of 10,000 to 
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more than 20,000 mg/L.  These wells likely represent sampling points where the dynamic 

nature of the brine – fresh water interface is observable.  

 Groundwater that has become isolated from the atmosphere since the tritium spike 

of the 1950s should contain adequate concentrations of 3H and its radioactive decay 

product 3He to be accurately dated by the tritium – helium method.  If an independent 

measurement of in-situ 3He is made at the time of 3H sample collection, the 3H-3He age 

of the water may be calculated as: 
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where λ = the 3H decay constant, and 3He* is the tritogenic 3He concentration.  The 3He* 

concentration is determined by subtracting the non-tritiogenic components of the total 

measure 3He concentration (Solomon and Cook, 2000).   

 Complications in the 3H - 3He method arise when excess dissolved N2 and He are 

present in the water sample (Solomon and Cook, 2000).  This turns out to be the case for 

many of the samples collected in groundwater at this site.  Complications involving gas 

stripping during N2 bubble formation resulting from denitrification and extremely high 

He concentrations in brine are addressed in the following section, Dissolved Gases. 

Because of these complications, limited interpretations were made in terms of accurate   

3H-3He dates on groundwater samples in this study and a detailed description of the 

method is not included.  Further detail of the 3H-3He dating technique can be found in 

Solomon and Cook (2000). 
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Apparent 3H-3He ages were calculated for a total of 24 samples collected from 

shallow wells in the fresh water system on the wetland preserve with 3H concentrations 

greater than about 1 TU (Table A.6).  Calculated ages are from 0 to 33 years, and can be 

examined in terms of the groups described in Figure 3.14.  Low tritium freshwater in the 

N3 and N6 wells on the northeast edge of the wetland have apparent ages ranging from 

17 to 33.  Low tritium concentrations (< 2 TU) and depleted oxygen isotope signatures (-

14.7 to -15.2 permil) suggest that groundwater on the northeast edge of the wetland 

contains a large component of GCG water.  These relatively young ages indicate that 

water in these wells recharged as stream seepage from Mill Creek or as infiltration of 

precipitation that fell on the high plateaus northeast of Spanish Valley but closer than the 

La Sal Mountains.   

Apparent ages of the tritiated freshwater water range from 0 to about 32 years 

(with most less than 15 years) illustrating that shallow freshwater across the majority of 

the wetland preserve is clearly not GCG water.  The spread of young ages suggests that 

shallow fresh groundwater throughout the center of the preserve recharged locally in 

Spanish Valley.  Water at the N5 well nest (1 to 4 years old) appears to be infiltration 

water that irrigates field immediately east of the preserve.  Water in the N8 well nest (0 to 

5 years old) also had evaporatively enriched stable isotope values (δ18Oaverage = - 8.6 

permil) suggesting that this is recharge of water from the central pond. 

 

Dissolved Gases 

Measurements of dissolved gases from both atmospheric and non-atmospheric 

sources have proved useful in recording the histories and physical processes that natural 
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waters have undergone.  Measurements of solubility concentrations of three or more 

noble gases have successfully been used to calculate the recharge temperature and to 

deduce the recharge elevations of groundwaters (Aeschbach-Hertig, 1999; Manning and 

Solomon, 2003).  Mazor and Bosch (1992) and Solomon and Cook (2000) describe the 

use of dissolved 4He concentrations as an indicator of groundwater with ages from 103 to 

more than 106 years old. 

Results of dissolved gas measurements collected with diffusion samplers during 

the spring and summer of 2003 are included in Appendix A, Table A.7.  As previously 

mentioned (equation 2.1), obtaining absolute concentrations of gases collected with 

diffusion samplers requires a measurement of the total dissolved gas pressure (also listed 

in Table A.7).   

 Total dissolved gas pressures (TDGP) vary dramatically across the site with 

values ranging from 0.8 to > 2.40 atm.  The expected atmospheric pressure at the 

elevation of Moab is close to 0.860 atm.  Elevated pressures (0.9 to > 2.4 atm) were 

always found in brines sampled from wells that were screened below the top of the river 

gravel contact with the highest values in the contaminated SMI wells on the mill tailings 

property (Figure 3.15).  Since waters recharged at higher elevations are expected to have 

dissolved gas pressures in equilibrium with lower atmospheric pressures, one would 

anticipate finding TDGP values close to or less than 0.860.  The wide range of values 

seen at this site is uncommon and there are several explanations for this. 

 Water entering an aquifer will be in equilibrium with the atmospheric gases (thus 

pressure) according to their solubilities at the conditions (T,S) at the water table.  Gas 

solubilities are a strong function of salinity (Smith and Kennedy, 1983) and at this site,  
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Figure 3.15. Cross section A-A’ showing total dissolved gas pressures in groundwater measured during the summer of 2003. 
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salt is a likely contributor to these high pressures.  If for instance, freshwater recharged 

the aquifer and evolved into brine by acquiring salt in the subsurface, the solubility of 

dissolved atmospheric gases would be reduced and the TDGP would be increased.  

Laboratory experiments show that the addition of 40,000 mg/L TDS (in NaCl solution) 

will cause a TDGP increase of around 20 percent (Appendix C).  Increased dissolved gas 

pressures may also be attributed to nitrification of ammonia and subsequent 

denitrification producing excess N2 gas.  Although the reactivity of NH3 was not directly 

examined in this study, there are plausible chemical reactions (biologically mediated and 

otherwise) to explain this conversion (Drever, 1997; Dalsgaard et al., 2003).  Bates et al. 

(1998) note that the complete dissimilatory denitrification of 1 mg/L NO3-N will result in 

the production of 0.8 ml/L of N2 gas.  Therefore, assuming that 500 to 2,000 mg/L of 

NH3-N (the concentrations in SMI wells near the mill tailings) is converted first to NO3 

and then completely to N2 gas, the partial pressure of N2 would increase by 28 to 140 

times requiring roughly 280 to 1,410 m of hydrostatic head to keep the gas in solution.  

The conversion of even 5 mg/L NH3 to N2 would increase the TDGP enough to require 3 

to 7 m of additional head to prevent groundwater from degassing.  As a result, a clear 

correlation between excess N2 and high TDGP is not seen since the formation of N2 

bubbles removes the gas from the dissolved (measurable) phase. 

Measurements of dissolved helium-4 at the site are useful in illustrating areas of 

mixing between the shallow freshwater and deep brine systems.  Recharging water in 

equilibrium with the atmosphere at 10 oC will contain 4.8 X10– 8 cm3 of 4He per gram of 

water at standard temperature and pressure of 0 oC and 1atm (ccSTP/g).  Measured 

concentrations of dissolved 4He (Table A.7) at the site range over two orders of 
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magnitude; from less than 4x10-8 (ccSTP/g) in young, shallow freshwater (N5 well nest) 

to 7x10-6 (ccSTP/g) in brine (CR1-3) that is presumably quite old1.   

The 4He in excess of solubility (~ 4.8x10– 8 ccSTP/g) is the terrigenic component.  

Terrigenic 4He is derived from subsurface production, the largest source in most aquifers 

coming from the radioactive decay of 238U, 235U, and 232Th.  Atmospheric concentrations 

of 4He are extremely stable to an altitude of 100 km making it possible to subtract the 

atmospheric component from the bulk concentration measured so long as an independent 

measurement of Ne is made to calculate the fraction of 4He derived from excess air 

(Solomon, 2000).   

Concentrations of 4He will increase with age as the water acquires terrigenic 4He 

from the in-situ decay of these natural radioactive elements bound to the aquifer matrix.   

Solomon (2000) reports average 4He production rates in aquifer sediments from 0.28 to 

2.4 µccSTP m-3 yr-1.  At these rates groundwater will not acquire significant 

concentrations until the contact time has been more than about 1000 years.  The uranium 

mill can not have significantly contributed to the observed high 4He concentrations in its 

50 years of operation.  The amount of 4He that could have accumulated in waters in 

contact with mill tailings at the pile was calculated using the following equation given by 

Pearson et al. (1991) for 4He release into groundwater: 
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where G is the 4He release rate per unit volume of solids per unit time (atoms m-3 s-1), ρ is  
____________________ 

1The sector-field mass spectrometer used to measure He is calibrated for concentrations near atmospheric solubility and 
high He gas samples are split before being measured in order to maintain very low pressure around the filament.  As a result, the 
analytical precision suffers and may be as high as +/- 10% for sample with greater than 10-6 ccSTP/g.    
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the density of the solids (g m-3), NL is Avogadro’s number (6.022x1023 atoms mol-1), λ238, 

λ235, and λ232 are the decay constants for 238U, 235U, and 232Th (4.92x10-18 s-1, 3.12x10-17 

s-1, 1.57x10-18 s-1, respectively), M238, M235, and M232, are their respective molecular 

weights (g mol-1), [238U], [235U], and [232Th] are the decimal fractions of 238U, 235U, and 

232Th in solids (g g-1) (Solomon, 2000).  Assuming isotopic ratios of 238U, 235U, and 232Th 

in the mill tailings are similar to typical sedimentary rocks (a safe assumption since 

naturally occurring uranium is about 98% 238U and in mill tailings is generally 99% 238U), 

the 4He release rate from sediments in the tailings pile with approximately 100 mg/Kg U 

(DOE, 2003) is 55.5 µccSTP m-3 yr-1.  If the tailings material has a porosity of 0.3, 1 m3 

of tailings material will be in contact with and release 4He to 300,000 g of water. Thus, 

groundwater directly in contact with the tailings would acquire only about 9.3x10-9 

ccSTP/g of excess 4He in 50 years which is an order of magnitude lower than even 

atmospheric solubility concentrations and several orders of magnitude lower than 

observed.   

Total dissolved 4He values measured in the summer of 2003 are shown in cross 

section on Figures 3.16.a and 3.16.b.  Deep brines all contain concentrations that are far 

in excess of atmospheric solubility indicating that these waters are quite old.  The 

approximate location of the 1.0x10-6 ccSTP/g concentration line is shown in Figure 

3.16.a.  This line appears to mark a significant boundary in the aquifer below which 

waters are relatively stagnant and above which waters are accumulating 4He by upward 

diffusive transport.  This boundary has been depressed beneath the SMI wells on the mill 

tailings side of the river (Figure 3.16.a)  This observation is consistent with the high 
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tritium values (Figure 3.13) that indicate downward movement of contaminated water at 

the same location (SMI-PZ1 wells).   

Figure 3.16.b has fewer points but shows a similar depression of the 4He beneath 

the SMI-PZ3-D2 well.  The highest 4He concentration measured (7.4x10-6 ccSTP/g) was 

less than 2 m below the river bed on the wetland preserve in well CR1-3 (Figure 3.16.b).  

It is interesting to note that 4He more than doubled in water at this shallow location from 

March (3.1x10-6 ccSTP/g) to July 2003.  CR1-3 is also where the highest uranium 

concentration off of the mill tailings site was measured (111 µg/L). 

A simple one-dimensional model of helium transport was constructed to 

investigate whether or not upward groundwater flow was required to deliver these high 

helium concentrations to within 2 m of the river bed at CR1.  The model, included as 

Appendix D, reinforces the notion that movement of high 4He groundwater is seasonally 

transient.  The steady-state model also shows that after 1,000 years without upward 

advection, the 4He concentration will become more dilute than was ever observed during 

this study (Figure D.2) indicating that an upward of high 4He groundwater was required 

at some point in the past for the concentrations to be as high as they are today. 

Ground water dating using accumulation of 4He requires precise knowledge of the 

4He production rate which is site specific and depends on local geology and 

hydrodynamics.  However, the high concentration in deep brines implies that the bulk 

volume of these waters at depths greater than about 100 m is of similar age and that this 

brine is the source of 4He diffusing upward through shallower waters.  Assuming this is 

true of the deep brine, and employing average 4He release rates from aquifer sediments of 
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between 0.28 and 2.4 µcc STP m-3 yr-1 (Solomon, 2000), 105 to 106 years are needed to 

accumulate the observed concentrations. 

Noble gas thermometry relies on accurate measurements of 3 or more different 

gases.  Due to complications in sample collection arising from high dissolved gas 

pressures and water degassing in-situ, many of the noble gas data in Table A.7 do not 

reasonable fit a dissolved gas model for temperature, pressure and excess air.  However, 

it was possible to calculate maximum and minimum recharge temperatures for 28 

samples from 22 different wells in the shallow fresh water system.  Details of these 

calculations are included with explanation of the mechanics of the diffusion samplers in 

Appendix C.   

The large range of recharge temperatures listed in Table A.8, from 0.6 to 20 oC, 

reflect the fact that the wetland is an area of regional groundwater discharge.  Shallow 

wells screened in this broad lowland at the bottom of the Spanish Valley alluvial aquifer 

are expected to intercept a wide variety of different flowpaths.  It has been the practice of 

those that utilize noble gas thermometry techniques to assume that the temperature of the 

water table (thus the recharge temperature) is close to the mean annual air temperature in 

mountainous regions (Aeschbach-Hertig, 1999; Zuber et al., 1995).  The mean annual 

temperature in Moab is 13.3 oC and the atmospheric lapse rate is approximately  

-6.5 oC/km.  (data from Western Regional Climate Center, 2003).  An examination of 

tritium content and regional topography suggests that the waters listed in Table A.8 

recharged at elevations between the wetland preserve (~ 1205 m) and the high east end of 

the valley or on top of plateaus not far from the valley (~ 1710 m).  Assuming the water 

table temperature is close to the annual average, one would expect recharge temperatures 
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   Figure 3.16.a.  Cross section A-A’ showing total dissolved helium-4 concentrations in groundwater measured during the summer 
   of 2003.



 67

 
 
Figure 3.16.b.  Cross section B-B’ showing total dissolved helium-4 concentrations in 
groundwater measured during the summer of 2003. 
 
 

between about 10 and 13.3 oC and ten of the 22 wells do fall into this range.  Recharge 

temperatures of water from other wells, both warmer and colder, are not surprising 

considering that their recharge likely occurs very nearby where the water table is close to 

the surface.  Moderate 3H content and low TDS imply that well nests N4 and N5 intercept 

flowpaths of water recharged in locally irrigated fields.  Waters in well nests N8 and M11 

are enriched in heavy oxygen isotopes and have elevated TDS values suggesting recharge 

of evaporatively enriched water from the central pond on the preserve.  These are two 

examples of locations where the water table is at or near the surface and recharge 

temperatures would reflect more closely the variation in air temperature.  



 

DISCUSSION 

 

Sources of Groundwater to the Scott M. Matheson Wetland Preserve 

Aquifer dynamics at the Matheson Wetland Preserve are complicated by transient 

fluctuations in hydraulic heads and extreme salinity gradients.  This is illustrated in the 

time series plot of water level and SpC for selected wells from north to south in Figures 

4.1.a and 4.1.b.  Nonetheless, the suite of environmental tracers monitored in 

groundwater and surface water across the site have offered incomparable aid in the 

development of a conceptual model of the wetland hydrology.  In a system this dynamic, 

examination of any one tracer may be misleading.  Very shallow water table conditions 

may result in evaporative enrichment of the stable isotopes signatures of oxygen and 

hydrogen and dissolved gas exchange.  Mixing of variably dense waters is difficult to 

interpret physically and biological and chemical reactions in the wetland subsurface are 

certain to alter groundwater chemistry.  However, when considered together at this site, 

the geochemical labels of oxygen isotopes, tritium, helium isotopes and salinity illustrate 

that there are essentially 3 water types and various mixtures between them present at the 

wetland.   

Although δ18O and 2H data are useful to distinguish sources of aquifer recharge 

(specifically as labels of the elevation of precipitation), stable isotope ratios are incapable 

of distinguishing high elevation recharge from stream or reservoir seepage since both 

sources carry a high elevation, depleted signal (Manning, 2002).  For instance, water that 
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Figure 4.1.a.  Water level elevations in selected wells from autumn 2002 to spring 2004. 
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Figure 4.1.b.  Specific conductivity values in selected wells from autumn 2002 to spring 
2004. 
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originated in the La Sal Mountains and traveled to Spanish Valley by way of Mill Creek 

(Figure 1.1) and then infiltrated the valley fill deposits (as unconsumed irrigation water or 

seepage from Ken’s lake, etc.) would maintain a high elevation δ18O signal.  Indeed, all 

groundwater in the GCG and valley fill aquifers (where δ18O has been measured) that 

originates on the southeast side of the Colorado River carries this high elevation signal. 

Tritium and helium isotopes are useful tools to distinguish GCG from valley-fill 

aquifer water.  The helium isotope ratio of water samples is reported as R/Ra which is the 

3He/4He ratio of the sample (R) compared to the 3He/4He ratio of air (Ra).  This ratio is 

sensitive to the accumulation of tritiogenic 3He from the radioactive decay of 3H and the 

buildup of terrigenic 4He.  Relatively young waters that have recently been in equilibrium 

with the atmosphere will have R/Ra values close to 1. 

Isotopic values from three springs and two wells that discharge from the GCG 

aquifer were measured by Solomon (2002) and are listed in Table 4.1. 

 
 
Table 4.1.  Isotopic values measured in springs and wells of the Glen Canyon Group 
Aquifer near Moab, Utah. 
 

 
  

δ18O 
(permil) 3H (TU) R/Ra 

Pioneer Spring -14.3 0.3 0.985 
Moab City Spring 3 -14.6 0.72 0.811 
Lloyd Somerville Spring -14.3 0.4 0.68 
George White Well 4 -14.6 1.2 0.571 
George White Well 4 -14.5 1.7 0.656 

 

The isotopic geochemical signature of the GCG water is clear: δ18O is close to 14.5, 3H is 

always less than 2 TU, and R/Ra is always less than one.  These same isotopes along with 

TDS values are presented in Table 4.2 and Figure 4.2 for the three distinct water types 

found at the Matheson Preserve.  
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Table 4.2.  Isotopic and TDS values from wells that delineate three types of groundwater 
found on the Matheson Wetland Preserve.  Minimum and maximum values are reported 
for wells where multiple measurements were made over the two year period from autumn 
of 2002 to spring 2004. 
 

Group 1: Freshwater of the GCG aquifer 

  δ18O (permil) 3H (TU) R/Ra TDS (mg/L) 
  min max min max min max min max 

N3-4 -- -14.7 0.96 1.53 -- 0.49 3100 3870 
N3-8 -- -15.2 < 0.10 1.43 -- 0.93 2060 2440 
N6-A4 -- -- -- 0.88 -- 0.48 2370 3210 
N6-6 -- -14.9 0.88 1.38 0.39 0.40 2290 3170 
N6-9 -- -15.2 0.84 1.13 0.39 0.39 2810 3320 
         

Group 2: Freshwater of the valley-fill aquifer and irrigation return flows 

  δ18O (permil) 3H (TU) R/Ra TDS (mg/L) 
  min max min max min max min max 

N4-3 -- -14.1 -- 10.44 -- 1.67 284 730 
N4-6 -14.2 -14.7 6.47 17.54 0.93 1.32 421 718 
N4-12 -14.0 -14.5 10.46 13.29 1.01 1.79 334 636 
N5-4 -- -- -- -- -- 1.55 604 1022 
N5-7 -- -14.6 12.13 14.09 -- 1.15 636 1090 
N5-10 -- -14.5 9.16 11.69 -- 1.07 688 1140 
N5-14 -- -14.7 9.45 12.82 1.04 1.10 592 1030 
                  

Group 3: Deep brine 

  δ18O (permil) 3H (TU) R/Ra TDS (mg/L) 
  min max min max min max min max 

BL1-D -- -13.5 -- <0.1 -- 0.079 69400 104000 
BL2-M -- -13.5 -- <0.1 -- 0.074 92700 105000 
BL2-D -- -13.2 -- <0.1* -- 0.069 97100 109000 
BL3-D -- -13.1 -- <0.1* -- 0.065 107000 123000 

 
* Values estimated.  Attempts to analyze these water samples for 3H failed due an air leak in the Cu holding 
flask.  However, R/Ra values (from independent samplers) for both of these waters are < 0.1 suggesting 
that very little, if any, 3H is truly present.  As a result, the assumption is made that these waters are as low 
in 3H as other brines from this depth, i.e. < 0.1. 
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Figure 4.2.  Isotopic and TDS values from wells that delineate three types of groundwater 

found on the Scott M. Matheson Wetland Preserve. Group 1 (Blue) represents freshwater 

of the GCG aquifer.  Group 2 (Yellow) represents freshwater of the valley-fill aquifer and 

irrigation return flows.  Group 3 (Red), represents deep brine.  Minimum (light color) and 

maximum (dark color) values are reported for wells where multiple measurements were 

made over the two year period from autumn of 2002 to spring 2004. 



Figure 4.2 
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Group 1 water is found in wells closest to the northeast canyon wall (nests N3 and 

N6) of the valley where springs of the GCG aquifer are known to discharge.  Oxygen 

isotope values are in the range of -14.5 to -15 permil, slightly more enriched than those in 

GCG waters listed in Table 4.1.  Water in this group has 3H concentrations of less than 2 

TU, R/Ra values less than 1, and TDS values between about 2,000 and 4,000 mg/L.  This 

is somewhat saltier than expected for GCG water.  Steiger and Susong (1997) report 

specific conductivity values of less than 1,000 µS/cm for 28 wells and springs in the 

regional GCG aquifer.  However, highly fractured rock exists along the boundary of the 

salt collapse valley where the GCG and the valley-fill aquifers meet.  Glen Canyon 

Group water could acquire salt as it passes through isolated outcrops of the Paradox 

formation that exist along the northeast margin of the valley near Moab (Doelling, 2002).  

 Group 2 water has δ18O values in the range of -14 to -15 permil indicating high 

elevation precipitation.  It is also the freshest groundwater found on the preserve with 

about 200 to1200 mg/L TDS.  Water in this group contains substantial 3H (6.5 to 17.5 

TU) with corresponding helium isotope ratios, R/Ra > 1.   

Sumsion (1971) reports the valley-fill aquifer to have an average saturated 

thickness of 70 ft (b) and an average transmisivity (T) of 10,000 ft2/day based on 

hydraulic test data.  This makes it possible to calculate a rough hydraulic conductivity 

(K),  T = Kb, of about 143 ft/day.  Using a hydraulic gradient of 0.035 provided by the 

1986-87 potentiometric map in Blanchard (1990) and a porosity of 0.3, a simple Darcy 

calculation shows that groundwater moving with a velocity of 17 ft/d would take around 

9 years to reach the wetland from as far away as Ken’s Lake (Figure 1.1).  Calculated 3H-

3He ages of waters in Group 2 range from 0 to 17 years (Table A.6) and are in good 
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agreement with this estimate of the time required for groundwater recharged in Spanish 

Valley to reach the wetland.  The range of calculated recharge temperatures (Table A.8) 

and moderate to high 3H suggest that Group 2 is water sourced from within Spanish 

Valley; either as water from the valley-fill aquifer or as local irrigation return flows. 

Wells chosen to represent Group 3 water are all brine with at TDS values of more 

than 100,000 mg/L (at least in certain times of the year), very low 3H and R/Ra of less 

than 0.1.  Oxygen isotopes of these deep brines are more enriched (δ18O  = -13 to -13.5) 

than overlying freshwater and suggest low elevation recharge from the opposite side of 

the Colorado River (Figure 3.11). 

With these end-member water types defined, groundwater in all other wells across 

the wetland can be explained as mixtures of water from Group 1 – GCG water, Group 2 – 

valley-fill and irrigation return water, and Group 3 – deep brine.  Figures 4.3 through 4.6 

illustrate these mixtures by grouping waters together between a set of end-member 

groups to show the intermediate values of the four constituents considered (3H, δ18O, 

R/Ra, and TDS).  Refer to Figure 2.1 for well locations. 

 Water in the vicinity of the N2 and N9 well nests, near the northwest edge of the 

large pond, appears to be a mixture of Group 1 and Group 2 waters. Figure 4.3 shows 

minimum and maximum values of the four tracers for samples from these wells in green 

compared to Group 1 (blue) and Group 2 (yellow) waters.  Values of TDS, 3H, R/Ra, and 

δ18O are intermediate between the two Groups. 

 Samples of the four tracers collected throughout most of the central and southern 

portion of the wetland indicate that water above the brine in these areas is a mixture of 

Group 2 waters with brine of Group 3.  In the north-central section, near BL1, these two



 

 

Figure 4.3.   Values of 3H, δ18O, R/Ra, and TDS in water from the N2 and N9 well nests (green) compared to Group 1 (blue) and 
Group 2 (yellow) source waters.   76



 

 

Figure 4.4.  Values of 3H, δ18O, R/Ra, and TDS in water from the N7, N11, W1 well nests and shallow wells at BL1, BL2, and BL3 
(orange) compared to Group 2 (yellow) and Group 3 (red) source waters.   77



 

 

Figure 4.5.  Values of 3H, δ18O, R/Ra, and TDS in water from the N8 and M11 well nests (orange) compared to Group 2 (yellow) and 
Group 3 (red) source waters.   78
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Figure 4.6.  Values of 3H, δ18O, R/Ra, and TDS in water from the CR1-3 well (purple) compared to Group 1 (blue) and Group 3 (red) 
source waters.  
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waters appear to be mixed to a depth of more than 30 m (BL1-M).  Farther south and 

closer to the river this mixed water above the brine is found at shallower depths, from 

about 17 m near BL2 to around 10 m at N7.  Figure 4.4 shows minimum and maximum 

values of the four tracers for samples from wells at N7, N11, W1, and shallow wells from 

BL1,BL2, and BL3 in orange compared to Group 2 (yellow) and Group 3 (red) waters.   

Figure 4.5 is similar to 4.4 in that it displays mixtures of waters from Group 2 and 

Group 3 with the significant difference being the δ18O values.  Water from the N8 and 

M11 wells are down gradient of the central pond and an area of shallow marsh that is 

flooded and dries up seasonally.  Oxygen isotopes in these waters are the most enriched 

of any on the preserve.  In the N8 well nest, water has δ18O of around -8.5 that is very 

likely due to evaporation.  These samples plot below the meteoric water line in Figure 

3.10.  Furthermore, water here is just about 2 times higher in TDS on average than Group 

2 water.  Kendall and Caldwell (1998) show that if 50% of water is evaporated at 0 to 

25% humidity, an enrichment of approximately 8 permil will occur.  All of this suggests 

that water at N8 is essentially shallow Group 2 water that has spent enough time in the 

central pond to have undergone substantial evaporation.  Shallow water in the M11 nest, 

although less enriched, is similar in character to water from N8 but appears to be 

noticeably influenced by the underlying brine.  This well nest is close to the river on the 

southern half of the preserve where brine encroachment occurs at shallower depths.  As 

an example, water in well M11-14 is generally between 35,000 and 50,000 mg/L TDS. 

 Well nest CR1 is located directly on the east bank of the Colorado River in the 

only place where Group 1 (GCG ) and Group 3 (brine) waters are seen mixing.  Figure 

4.6 shows that samples collected from CR1-3 (only 2 m beneath the river bed) are similar 
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to the brine in their TDS and R/Ra values, but closer to Group 1 water in 3H and 

intermediate in δ18O.   It is clear that freshwater beneath the wetland exists as a shallow 

lens perched on top of old brine.  Figures 4.7 is a conceptual box model summarizing 

how different sources of water move and mix across the site.   

Water in wells near the Colorado River is high in TDS (> 50,000 mg/L) as 

shallow as 2 to 3 m below the water table suggesting that there is simply not space 

available for much fresh water to be discharging into the river.  Rush et al. (1982) 

estimate groundwater inflow to the Colorado River around Grand County to be between 

823 and 3,703 acre-ft/year per mile of river channel but note that groundwater outflow 

from populated areas of Grand County is probably minimal.  The river channel is about 

2.7 miles (4.4 km) long where it crosses Spanish Valley, leaving 2,240 to 10,072 acre-

ft/year of groundwater potentially discharging to the river according to this estimate.   

Groundwater discharge (of freshwater) along this stretch of river was estimated 

with the knowledge that dense brine exists only a couple of meters below the water table.  

The assumption was made that discharge occurs along a cross section that is the length of 

the shore between canyon walls (4.4 km) and the depth of saturated sediments 

(generously 10 m).  An average hydraulic conductivity of 4.5x10-5 m/s was determined 

from slug-tests on wells in the fine-grained overbank deposits (Appendix E).  The U.S. 

DOE (2002) performed pumping tests in the same sediment on the northwest side of the 

river and estimated that hydraulic conductivity ranged from 1.9x10-5 to 2.7x10-4 m/s.  

Using these values of conductivity and a hydraulic gradient of 0.005, measured (Figure 

3.5) in the vicinity of BL3, estimates of discharge are between 361 and 5,132 m3/day 
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Figure 4.7.  Conceptual summary of wetland hydrology.  Shallow fresh groundwater 

generally moves from east to west (perpendicular to potentiometric contours) toward the 

Colorado River.  Group 1 water enters the wetland from the northeast and mixes with 

Group 2 water in the northern portion of the preserve.  Shallow Group 2 water discharges 

into wetland ponds where it is evaporatively concentrated, re-enters the shallow aquifer, 

and moves toward the Colorado River.  Fresh groundwater from Group 1 and 2 mix with 

Group 3 brine near the river gravel contact and this mixing becomes shallower toward the 

river.  Brine movement is oblique to the figure and has been observed to change 

direction.
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which is equivalent to 106 to 1,512 acre-ft/yr.  Thus, the data collected in this study are 

not consistent with the estimates made by Rush et al. in 1982.  

 

Hydrologic Connection between the Scott M. Matheson Wetland Preserve and The Moab 

Mill Tailings 

 Under many common hydrologic conditions, a major river would act as a 

groundwater divide (i.e. flows from both sides would converge and discharge into the 

river).  However, the spatial distribution of uranium and ammonia found by the DOE 

(2003) in wells on the Matheson preserve suggest that a pathway exists for groundwater 

to pass beneath the Colorado River.  Furthermore, investigation of subsurface lithology 

and groundwater conditions across the Colorado River corroborate the evidence of this 

pathway. 

Borehole logs from the BL wells drilled during the summer of 2003 were used in 

conjunction with logs from boreholes at the mill site (DOE, 2002) to determine that a 

continuous deposit of high-permeability gravels exists beneath the entire area that is more 

than 1.5 km wide in the center of the valley (Figure 3.2) and reaches a maximum 

thickness of more than 122 m in the ATP-1 borehole on the mill tailings property 

(Doelling, 2002).  The top of the gravels is at 1200 to 1204 m elevation across the site, 

beneath an average of 5.5 m of silty, low-permeability overbank deposits.    

While shallow groundwater on both sides of the Colorado River is relatively fresh 

with TDS values around 1,000 to 3,000 mg/L, the gravel deposit is saturated with dense 

brine having TDS values as high as 110,000 mg/L.  High dissolved helium concentrations 

(2 orders of magnitude above atmospheric solubility) and essentially no tritium are found 
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throughout the deep brine suggesting it is from the same source.  Oxygen isotopes 

indicate that brine beneath the mill tailings and the wetland is meteoric in origin (Figure 

3.10).  Shallow fresh ground water and shallow brine on the Matheson preserve have 

δ18O values around -15 to -14 permil indicating high elevation source waters.  Fresh 

waters and brines from the mill tailings side of the river tend to have δ18O values around -

13 to -12 permil signifying source waters from a lower elevation.  Isotopic signatures of 

deep ground water flowing toward the river do not indicate that the river is a distinct 

hydrologic divide.  Rather, brine beneath the wetland is enriched in the heavy isotopes 

relative to the overlying fresh groundwater signifying that the source of the brine beneath 

the wetland is low elevation precipitation that recharged the aquifer on the northwest side 

of the river (Figure 3.11.a and 3.11.b). 

Equivalent freshwater hydraulic heads from both sides of the river show that the 

horizontal direction of shallow fresh groundwater is generally toward the river, but that 

movement of the brines within the channel gravels was more southeasterly during the 

summer of 2003.  Uranium concentrations in the highly contaminated SMI wells near the 

mill tailings ranged from 1,280 to 3,940 µg/L.  Elsewhere, levels spanned a range from < 

0.3 to 111 µg/L.    

Although its subsurface transport behavior is complex, uranium is generally insoluble at 

non-extreme pH values under reducing conditions (Drever, 1997).  Thus, higher 

concentrations are not expected beneath the wetland.  Despite levels of uranium that are 

orders of magnitude lower than in source waters beneath the mill tailings, the spatial 

distribution of elevated concentrations coupled with the EFH data suggests that uranium 

found in wells near the river on the wetland preserve (between 5.5 and 111 µg/L) are 
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derived from the Moab mill tailings site (Figure 3.9).  For contaminants to have traveled 

beneath the river in the high-permeability gravel deposit, contaminated uranium mill 

process waters, which are also high in TDS, would have to have penetrated the fresh 

water brine interface.  High tritium concentrations in waters of the SMI-PZ1 well nest 

decrease with depth and are evidence that this highly contaminated water  is relatively 

modern (< 50 years) and has penetrated the brine.   

  There exists a clear boundary below which brine has a relatively constant 4He 

concentration of around 4x10–6 to 5x10– 6 cc STP/g.  This line appears to mark a 

significant lower limit in the actively mixed portion of the aquifer below which waters 

are relatively homogeneous.  Beneath the mill tailings and extending beneath portions of 

the river, this boundary appears to have been depressed (Figure 3.16.a).  Aerial 

photographs of the mill site show that the 20 m high tailings pile, while in operation, was 

saturated much of the time.  It is possible that a high hydraulic head on the tailings pile 

forced downward advection that diluted the high 4He in this area.   

It remains uncertain whether the passage of fluids beneath the river through 

highly conductive channel deposits is ongoing or a response to discontinuous driving 

forces (seasonal or otherwise).  Regardless, the distribution of contaminants and 

geochemical tracers measured during this study indicate that fluids have, at some point, 

migrated from north to south beneath the Colorado River. 

Although it does appear that ground water passes beneath the Colorado River in 

the channel gravel deposits, there is no doubt that a substantial fraction of the 

groundwater does discharge directly into the river.  Lambs (2003) has utilized oxygen 

isotopes to demonstrate that discharge of groundwater into rivers is localized along the 
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banks at a few places and not diffuse on a large scale.  In all probability, areas where the 

silt layer is thick enough to isolate the river from the underlying channel gravels are the 

areas where ground water has the potential to pass beneath the river.  During annual peak 

flows and other flood events, the silt in the main channel could be scoured down to the 

top of the gravel deposit creating a conductive pathway for ground water to discharge 

directly into the river. 

 

Water Budget for the Scott M. Matheson Wetland Preserve  

With sources of wetland water defined, a budget of estimated gains and losses can 

assist the Nature Conservancy and UDWR with the planning of future water related 

management strategies.  This water budget has implications on a valley-wide scale as 

well since the wetland covers the downstream boundary of the valley-fill aquifer. 

Evapotranspiration rates for the entire area of the wetland were calculated by Erin 

Crowley (2004, Appendix D) to be about 3,200 acre-ft/yr by mapping vegetation types 

and using the Penman-Monteith equation with meteorological data for the entire year of 

2003.  These estimates were calibrated to specific transpiration measurements reported by 

Pataki et al. (2004) on cottonwoods.  Sumsion (1971) reports ET rates of about 3,000 

acre-ft/yr for the wetland area which is in good agreement with the more recent estimate. 

These high rates of ET are evident as the water table declines by more than a meter and a 

half in central portion of the wetland during late summer (Figure 4.8).  

Skakel and Watercress Springs emerge from the GCG aquifer across Highway 

191 from the wetland.  Presently, most of the water from these springs enters the wetland  
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Figure 4.8.  Elevation of water surface in the central pond on the Scott M. Matheson 
Wetland Preserve for periods of 2002, 2003, and 2004. 
  

in the surface water ponds north of well nest N5.  Sumsion (1971) and Christie (2003) 

report stable discharge flows of about 240 gallons per minute for Skakel Spring.  Christie 

(2003) has gauged the flow of water from Watercress Spring that enters these ponds 

through an 8-inch pipe and reports a discharge of about 30 gallons per minute.  Assuming 

all of the water from Skakel Spring feeds these surface water ponds or infiltrates as 

shallow groundwater, the combined contribution of these springs is about 1,490 m3/ day 

or 440 acre-ft/yr.  

Jim Walker (2004)  and George Roberts of the Moab Irrigation Company mapped 

out the Mill Creek irrigation diversion and explained that unused water in two of the 

three diversion pipelines enters the wetland as surface water.  Flow records (Utah 

Division of Water Resources, 2004) for the years 1983-1999 were used to determine that 

an average of 10,990 m3/ day or 3,240 acre-ft/yr of surface water is diverted from Mill 

Creek into these pipelines.  The area of land irrigated by these diversions was estimated 
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using aerial photographs with the help of Jim Walker (2004).  Annual ET was calculated 

to be 1,590 acre-ft/yr by multiplying the area of land irrigated by the reference crop ET 

(Appendix D) for each day in 2003 and summing these amounts for the year.  This 

difference leaves approximately 5,600 m3/ day or 1,650 acre-ft/yr of irrigation return 

water that enters the east-central portion of the wetland as surface water in ditches.   

Irrespective of the intermittent contribution of Colorado River floodwaters, the stable 

components of the wetland water budget are summarized in table 4.3.   

The groundwater model of Downs and Kovacs (2000) has 13,000 acre-ft/yr of 

water coming mostly from the GCG aquifer and moving across the wetland to be 

consumed by ET or discharged to the Colorado River.  Subtracting wetland ET and 

groundwater outflow from the known gains to the wetland (precipitation, springs, and 

irrigation return flows) yields an updated estimate for the groundwater entering the 

wetland of between 66 and 2,672 acre-ft/yr: that is only 1 and 20 percent of the predicted 

13,000 acre-ft/yr.  Although there is a modest amount of uncertainty in this estimate, 

increasing the outflows and reducing the spring discharge and irrigation inflows in Table 

4.3 by 50 percent only increases the wetland groundwater inflow to 6,320 acre-ft/yr.  

Even within the limits of uncertainty, it seems that no more than about 49 percent of 

predicted the 13,000 acre-ft/yr of fresh groundwater enters the wetland and very little of 

it has the geochemical signature of GCG water.  The majority of inflow in the Downs and 

Kovacs (2000) model (ca. 9,500 acre-ft/yr) is assumed to come from the GCG aquifer 

along the eastern margin of Spanish Valley.  Unless there is a considerable amount of 

GCG water that is discharging at an unknown location, it appears that the total flow from 

the GCG aquifer has been significantly overestimated.



 

 

Table 4.3.  Water budget for the Scott M. Matheson Wetland Preserve. 

INFLOW COMPONENTS  (acre-ft/year) Source Degree of Uncertainty 
Precipitation  450 Steiger and Susong, 1997 Low 
Major Spring Waters:    

   

 
Skakel   390 Christie, 2003; and Sumsion, 1971 

  
 Moderate 

Watercress 50 Christie, 2003;
Mill Creek Irrigation Returns  1,650 Jim Walker, 2003 (with this study)   Moderate 
Groundwater  66 – 2,672 Balance of outflows - inflows Moderate - High 
Total In  2,606 – 8,807   
 
 
   

    
  

OUTFLOW COMPONENTS 

Evapotranspiration  2,500 – 3,700 

Average from Crowley, 2004, App. E; and 
Sumsion, 1971,  

(3,100 acre-ft/yr, + or  – 20%) Moderate 
Groundwater  106 – 1,512 this study Moderate - High 
Total Out  2,606 – 8,807   
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SUMMARY 
 
 
 

 The groundwater system at the Scott M. Matheson Wetland Preserve was 

monitored for a two year period in order to define source waters and to develop a 

conceptual model that describes patterns of flow.  Total dissolved solids measurements 

show that shallow, fresh groundwater overlies deeper brine across the site.  

Concentrations of dissolved helium-4 are two orders of magnitude above atmospheric 

solubility in the deep brine and delineate the lower boundary of effective mixing between 

brine and fresh groundwater.     

 Measurements of groundwater salinity, when examined with tritium 

concentrations, oxygen isotopes, and helium isotopes demonstrate that there are three 

distinct groups of water present at the wetland: (1) freshwater from the Glen Canyon 

Group Aquifer, (2) freshwater from the valley-fill aquifer and irrigation return flows, and 

(3) deep brine.  This collection of environmental tracers is also used to determine where 

distinct source waters are mixing.  Additionally, tritium-helium ages and noble gas 

recharge temperatures support the conclusion that most fresh water on the wetland is 

sourced from within Spanish Valley. 

 Equivalent freshwater hydraulic heads are compared to examine horizontal 

hydraulic gradients in the shallow freshwater system and in the brine.  Shallow, fresh 

groundwater always moves in a general east to west direction toward the Colorado River.  

Water levels in areas of Group 1 water, near the northeast canyon wall of Spanish Valley,
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remain relatively stable throughout the year.  Water table declines always occur in the 

summer months across the central portion of the wetland and are evidence that a 

substantial amount of Group 2 water is seasonally intercepted by pumping and consumed 

by evapotranspiration. 

 Deep brines beneath the wetland and the Moab mill tailings have stable isotopic 

signatures of meteoric precipitation.  Oxygen isotopes in groundwater beneath the 

wetland become more enriched with depth and are strong evidence that brine sourced 

from the opposite side of the Colorado River has migrated beneath the river in the high-

permeability channel gravels.  Equivalent freshwater hydraulic head gradients in brine 

have shifted during this study and indicate that the potential exists for brine to underflow 

the Colorado River in channel gravel deposit.  Evidence of brine migration beneath the 

river is further substantiated by the uranium distribution that is coincident with equivalent 

freshwater head gradients in brine during the summer of 2003. 

 The Scott M. Matheson Wetland Preserve is located at the low end of the Spanish 

Valley alluvial aquifer and has been noted as the discharge point for a mixture of Glen 

Canyon Group and valley-fill aquifer water.  The conceptual model developed in this 

study makes it possible to look at groundwater discharge to the Colorado River.  The 

saturated thickness of the shallow freshwater system along the shore of the Colorado 

River is less than 10 m and revised estimates of groundwater discharge indicate that 

much less water is moving into the wetland than previously thought.  Furthermore, very 

little of the wetland groundwater has the geochemical signature of water from the Glen 

Canyon Group aquifer. 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX A 
 
 

  DATA TABLES



 

Table A.1.  Well information. 

Well ID Type of Installation 
Inner 

Diameter    
(cm) 

Easting (UTM) Northing 
(UTM) 

CR1-3 Drive pt. PZ 1.27 623247.68 4273179.69 
CR1-5 Drive pt. PZ 1.27 623247.68 4273179.69 
CR2-3 Drive pt. PZ 1.27 624030.74 4270345.90 
M11-4 Drive pt. PZ 1.27 623219.45 4271625.04 
M11-7 Drive pt. PZ 1.27 623219.45 4271625.04 

M11-12 Drive pt. PZ 1.27 623219.45 4271625.04 
M11-14 Drive pt. PZ 1.27 623219.45 4271625.04 
N2-1.5 Drive pt. PZ 1.27 623848.09 4272145.76 
N2-4 Drive pt. PZ 1.27 623848.09 4272145.76 
N2-6 Drive pt. PZ 1.27 623848.09 4272145.76 

N2-12 Drive pt. PZ 1.27 623848.09 4272145.76 
N3-4 Drive pt. PZ 1.27 624344.54 4272616.79 
N3-8 Drive pt. PZ 1.27 624344.54 4272616.79 
N4-3 Drive pt. PZ 1.27 624246.04 4271055.98 
N4-6 Drive pt. PZ 1.27 624246.04 4271055.98 

N4-12 Drive pt. PZ 1.27 624246.04 4271055.98 
N5-4 Drive pt. PZ 1.27 624559.89 4271661.70 
N5-7 Drive pt. PZ 1.27 624559.89 4271661.70 

N5-10 Drive pt. PZ 1.27 624559.89 4271661.70 
N5-14 Drive pt. PZ 1.27 624559.89 4271661.70 
N6A-4 Hand augured  2.54 623887.32 4273414.68 
N6-6 Drive pt. PZ 1.27 623887.32 4273414.68 
N6-9 Drive pt. PZ 1.27 623887.32 4273414.68 
N7-4 Drive pt. PZ 1.27 624031.26 4270346.59 
N7-7 Drive pt. PZ 1.27 624031.26 4270346.59 

N7-10 Drive pt. PZ 1.27 624031.26 4270346.59 
N7-11 Drive pt. PZ 1.27 624031.26 4270346.59 
N8-3 Drive pt. PZ 1.27 623525.90 4271614.88 
N8-6 Drive pt. PZ 1.27 623525.90 4271614.88 

N8-10 Drive pt. PZ 1.27 623525.90 4271614.88 
N8-14 Drive pt. PZ 1.27 623525.90 4271614.88 
TOC 
Elevation 

(m) 

Depth to 
Center of 
Screen 

Below MP 
(m)  

Screen 
Length 

(m)  

1206.50 3.37 0.15 
1206.45 4.93 0.15 
~1203 3.00 0.15 

1208.35 4.01 0.15 
1208.34 6.30 0.15 
1208.22 12.14 0.15 
1208.34 13.15 0.15 
1207.72 1.56 0.15 
1207.82 4.34 0.15 
1207.87 6.45 0.15 
1207.90 10.78 0.15 
1208.38 4.36 0.15 
1208.48 8.65 0.15 
1207.67 3.21 0.15 
1207.76 6.52 0.15 
1207.95 11.97 0.15 
1208.60 4.37 0.15 
1208.72 7.80 0.15 
1208.63 10.84 0.15 
1208.65 14.80 0.15 
1208.05 4.00 open pipe 
1207.77 6.15 0.15 
1210.93 8.50 0.15 
1208.27 4.56 0.15 
1208.28 6.55 0.15 
1208.29 10.12 0.15 
1208.12 10.85 0.15 
1208.48 2.95 0.15 
1208.41 6.57 0.15 
1208.45 10.80 0.15 
1208.45 13.90 0.15 
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Table A.1. cont.  Well information. 
 

Well ID Type of Installation 
Inner 

Diameter    
(cm) 

Easting (UTM) Northing 
(UTM) 

TOC 
Elevation 

(m) 

Depth to 
Center of 
Screen 

Below MP 
(m)  

Screen 
Length 

(m)  

N9-2 Drive pt. PZ 1.27 623860.24 4272127.88 1208.06 4.25 0.15 
N9-4 Drive pt. PZ 1.27 623860.24 4272127.88 1208.15 8.53 0.15 
N9-6 Drive pt. PZ 1.27 623860.24 4272127.88 1208.26 10.69 0.15 

N11-6 Drive pt. PZ 1.27 623112.80 4272097.67 1209.44 6.38 0.15 
N11-10 Drive pt. PZ 1.27 623112.80 4272097.67 1209.51 8.54 0.15 
W1-4 Machine augured  5.08 623206.25 4272714.14 1208.59 4.00 1.50 
W1-7 Drive pt. PZ 1.27 623206.25 4272714.14 1208.60 7.00 0.15 
BL1-S Drilled Sampling Well 5.08 623679.59 4272622.35 1209.03 16.64 0.61 
BL1-M Drilled Sampling Well 5.08 623679.59 4272622.35 1209.12 30.36 0.61 
BL1-D Drilled Sampling Well 5.08 623679.59 4272622.35 1209.16 42.89 0.61 
BL2-S Drilled Sampling Well 5.08 623148.95 4272089.96 1209.25 17.43 0.61 
BL2-M Drilled Sampling Well 5.08 623148.95 4272089.96 1209.29 31.46 0.61 
BL2-D Drilled Sampling Well 5.08 623148.95 4272089.96 1209.34 43.90 0.61 
BL3-S Drilled Sampling Well 5.08 623533.69 4271026.80 1208.41 10.22 0.61 

BL3-S2 Drive pt. PZ 1.27 623533.69 4271026.80 1208.54 9.15 0.31 
BL3-M Drilled Sampling Well 5.08 623533.69 4271026.80 1208.46 15.14 0.61 
BL3-D Drilled Sampling Well 5.08 623533.69 4271026.80 1208.49 31.15 0.61 

SMI-PZ1S Drilled Sampling Well 5.08 622805.66 4273086.46 1209.73 4.22 1.52 
SMI-PZ1M Drilled Sampling Well 5.08 622805.66 4273086.46 1209.48 16.92 1.52 
SMI-PZ1D Drilled Sampling Well 5.08 622805.66 4273086.46 1209.47 21.26 1.52 
ATP-1-S Drilled Sampling Well 5.08 622738.91 4273091.67 1210.34 44.19 3.05 

ATP-1-1S Drilled Sampling Well 5.08 622738.91 4273091.67 1210.30 65.53 1.52 
ATP-1-1D Drilled Sampling Well 5.08 622738.91 4273091.67 1210.26 89.91 1.52 
ATP-1-D Drilled Sampling Well 5.08 622738.91 4273091.67 1210.22 120.39 1.52 

SMI-PZ3-D2 Drilled Sampling Well 5.08 622822.37 4273587.05 1211.56 22.94 1.52 
433 Drilled Sampling Well 5.08 622402.29 4273783.53 1216.09 30.11 3.05 
432 Drilled Sampling Well 5.08 622386.26 4273865.06 1219.59 16.69 3.05 

 
TOC = Top of casing 
MP = measuring point
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Table A.2. cont.  Field measurements of depth to water, specific conductivity (SpC), 
water temperature, and dissolved oxygen (DO).  Total dissolved solids values are 
estimated from SpC. 

  

Well ID Date 
Depth to water 

below TOC        
(m) 

SpC 
(µS/cm) 

TDS      
(mg/L) 

Temp. 
(oC) 

DO 
(mg/L) 

CR1-3 Jun-02 1.48 64400 47000 -- -- 
  Nov-02 1.59 -- -- -- -- 
  Mar-03 1.58 73000 53300 9.6 -- 
  Jul-03 1.38 78000 56900 16.1 -- 
  Mar-04 1.59 71300 52000 -- -- 
  May-04 0.97 70600 51500 -- -- 

CR1-5 Jun-02 1.75 64900 47400 -- -- 
 Nov-02 1.56 -- -- -- -- 
 Mar-03 1.52 76500 55800 11.3 -- 
 Jul-03 1.32 78000 56900 15.7 -- 
 Mar-04 1.55 77170 56300 -- -- 
 May-04 0.96 76000 55500 -- -- 

CR2-3 Nov-02 0.03 -- -- -- -- 
  Mar-03 0.30 -- -- -- -- 

M11-4 Jun-02 3.23 8430 6150 -- -- 
 Nov-02 3.45 8270 6040 15.8 -- 
 Mar-03 3.12 8470 6180 13.1 -- 
 Jul-03 3.24 8180 5970 14.1 -- 
 Mar-04 3.20 7470 5450 -- -- 
 May-04 2.88 7180 5240 -- -- 

M11-7 Jun-02 3.14 5860 4280 -- -- 
  Nov-02 3.43 6430 4690 15.1 -- 
  Mar-03 3.10 6410 4680 13.9 -- 
  Jul-03 3.18 5420 3960 13.8 -- 
  Mar-04 3.16 4890 3570 -- -- 
  May-04 2.87 4690 3420 -- -- 

M11-12 Jun-02 2.94 11100 8100 -- -- 
 Nov-02 3.26 9610 7020 15.2 -- 
 Mar-03 2.89 8930 6520 14.2 -- 
 Jul-03 3.01 14400 10500 13.9 -- 
 Mar-04 2.99 13000 9490 -- -- 

M11-14 Jun-02 3.06 22600 16500 -- -- 
  Nov-02 3.39 71800 52400 14.9 -- 
  Mar-03 3.15 49200 35900 14.3 -- 
  Jul-03 3.19 60700 44300 14.1 -- 
  Mar-04 3.30 61700 45000 -- -- 
  May-04 2.82 48400 35300 -- -- 

N2-1.5 Jun-02 0.90 7010 5120 -- -- 
 Nov-02 1.41 -- -- -- -- 
 Mar-03 0.80 -- -- 6.3 -- 
 Jul-03 1.41 -- -- -- -- 

N2-6 Jun-02 1.18 4560 3330 -- -- 
  Nov-02 1.61 2210 1610 13.6 -- 
  Mar-03 0.93 2220 1620 11.1 -- 

  Jul-03 1.60 -- -- -- -- 
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Table A.2. cont.  Field measurements of depth to water, specific conductivity (SpC), 
water temperature, and dissolved oxygen (DO).  Total dissolved solids values are 
estimated from SpC. 
 

Well ID Date 
Depth to water 

below TOC        
(m) 

SpC 
(µS/cm) 

TDS      
(mg/L) 

Temp. 
(oC) 

DO 
(mg/L) 

N2-12 Jun-02 1.19 2950 2150 -- -- 
 Nov-02 1.64 2290 1670 13.7 -- 
 Mar-03 0.98 2400 1750 11.6 -- 
 Jul-03 1.61 -- -- -- -- 

N3-4 Jun-02 1.18 5220 3810 -- -- 
  Nov-02 1.19 5290 3860 15.7 -- 
  Mar-03 0.95 4780 3490 13.2 -- 
  Jul-03 1.39 5300 3870 14.2 -- 
  Mar-04 1.13 4250 3100 -- -- 
  May-04 0.97 -- -- -- -- 

N3-8 Jun-02 1.13 2820 2060 -- -- 
 Nov-02 1.28 3150 2300 15.7 -- 
 Mar-03 1.03 2980 2180 15.1 -- 
 Jul-03 1.48 3130 2290 14.9 -- 
 Mar-04 1.21 3340 2440 -- -- 
 May-04 1.03 -- -- -- -- 

N4-3 Jun-02 0.68 389 284 -- -- 
  Nov-02 0.86 575 420 12.5 -- 
  Mar-03 0.37 394 288 9.0 -- 
  Jul-03 1.53 1000 730 -- -- 
  Mar-04 0.48 411 300 -- -- 
  May-04 0.20 -- -- -- -- 

N4-6 Jun-02 0.47 582 425 -- -- 
 Nov-02 0.74 765 558 12.8 -- 
 Mar-03 0.29 820 599 12.5 -- 
 Jul-03 0.95 984 718 11.7 -- 
 Mar-04 0.37 577 421 -- -- 
 May-04 0.15 -- -- -- -- 

N4-12 Jun-02 0.60 521 380 -- -- 
  Nov-02 0.89 757 553 12.9 -- 
  Mar-03 0.42 763 557 12.6 -- 
  Jul-03 1.04 871 636 13.6 -- 
  Mar-04 0.47 458 334 -- -- 
  May-04 0.26 -- -- -- -- 

N5-4 Jun-02 2.21 915 668 -- -- 
 Nov-02 1.20 1000 730 14.1 -- 
 Mar-03 0.89 828 604 11.5 -- 
 Jul-03 2.15 1400 1022 -- -- 
 Mar-04 0.93 874 638 -- -- 
 May-04 1.51 -- -- -- -- 

N5-7 Jun-02 0.81 871 636 -- -- 
  Nov-02 0.68 1150 840 14.1 -- 
  Mar-03 0.34 1210 883 13.7 -- 
  Jul-03 0.87 1490 1090 13.2 -- 
  Mar-04 0.45 1040 759 -- -- 

  May-04 0.31 -- -- -- -- 
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Table A.2. cont.  Field measurements of depth to water, specific conductivity (SpC), 
water temperature, and dissolved oxygen (DO).  Total dissolved solids values are 
estimated from SpC. 
 

Well ID Date 
Depth to water 

below TOC        
(m) 

SpC 
(µS/cm) 

TDS      
(mg/L) 

Temp. 
(oC) 

DO 
(mg/L) 

N5-10 Jun-02 0.73 942 688 -- -- 
 Nov-02 0.59 1450 1060 14.1 -- 
 Mar-03 0.26 -- -- 13.9 -- 
 Jul-03 0.76 1560 1140 14.1 -- 
 May-04 0.21 -- -- -- -- 

N5-14 Jun-02 0.81 871 636 -- -- 
  Nov-02 0.70 901 658 14.2 -- 
  Mar-03 0.34 867 633 13.7 -- 
  Jul-03 0.84 1410 1030 14.3 -- 
  Mar-04 0.45 811 592 -- -- 
  May-04 0.29 -- -- -- -- 

N6-A4 Jun-02 1.96 3240 2370 -- -- 
 Nov-02 2.22 4150 3030 15.1 -- 
 Mar-03 2.02 4130 3020 11.7 -- 
 Jul-03 2.19 4400 3210 -- -- 
 Mar-04 2.08 3710 2710 -- -- 
 May-04 1.80 -- -- -- -- 

N6-6 Jun-02 1.93 3140 2290 -- -- 
  Nov-02 2.01 3760 2750 16.4 -- 
  Mar-03 1.80 3910 2850 13.6 -- 
  Jul-03 1.98 4340 3170 14.1 -- 
  Mar-04 1.86 3440 2510 -- -- 
  May-04 1.59 -- -- -- -- 

N6-9 Nov-02 5.19 4210 3070 15.7 -- 
 Mar-03 4.99 4300 3140 14.9 -- 
 Jul-03 5.15 4550 3320 14.3 -- 
 Mar-04 5.05 3850 2810 -- -- 
 May-04 4.81 -- -- -- -- 

N7-4 Nov-02 dry -- -- -- -- 
  Mar-03 dry -- -- -- -- 
  Jul-03 dry -- -- -- -- 
  Mar-04 dry -- -- -- -- 
  May-04 3.22 -- -- -- -- 

N7-7 Jun-02 4.42 2690 1960 -- -- 
 Nov-02 4.45 2080 1520 12.3 -- 
 Mar-03 4.53 3120 2280 11.7 -- 
 Jul-03 4.18 3090 2260 11.8 -- 
 Mar-04 4.48 3100 2260 -- -- 
 May-04 3.19 4120 3010 -- -- 

N7-10 Jun-02 4.36 29500 21500 -- -- 
  Nov-02 4.52 91200 66600 12.4 -- 
  Mar-03 4.60 91400 66700 11.8 -- 
  Jul-03 4.22 148000* 108000 12.0 -- 
  Mar-04 4.62 96800 70700 -- -- 

  May-04 3.36 78200 57100 -- -- 
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Table A.2. cont.  Field measurements of depth to water, specific conductivity (SpC), 
water temperature, and dissolved oxygen (DO).  Total dissolved solids values are 
estimated from SpC. 
 

Well ID Date 
Depth to water 

below TOC        
(m) 

SpC 
(µS/cm) 

TDS      
(mg/L) 

Temp. 
(oC) 

DO 
(mg/L) 

N7-11 Jun-02 4.45 87700 64000 -- -- 
 Nov-02 4.48 > 100000 > 73000 11.8 -- 
 Mar-03 4.54 > 100000 > 73000 12.2 -- 
 Jul-03 4.21  >150000 > 110000 12.1 -- 
 Mar-04 4.21 > 150000 > 110000 -- -- 
 May-04 3.46 -- -- -- -- 

N8-3 Jun-02 1.97 1370 1000 -- -- 
  Nov-02 2.67 -- -- -- -- 
  Mar-03 1.75 1040 759 8.2 -- 
  Jul-03 dry -- -- 11.2 -- 
  Mar-04 1.88 1560 1140 -- -- 
  May-04 1.55 -- -- -- -- 

N8-6 Jun-02 3.05 1370 1000 -- -- 
 Nov-02 2.55 2970 2170 11.5 -- 
 Mar-03 1.73 2730 1990 11.0 -- 
 Jul-03 2.27 3630 2650 10.7 -- 
 Mar-04 1.85 2270 1660 -- -- 
 May-04 1.51 -- -- -- -- 

N8-10 Jun-02 2.86 1400 1020 -- -- 
  Nov-02 2.52 1910 1390 11.5 -- 
  Mar-03 1.74 1940 1420 11.7 -- 
  Jul-03 2.24 2180 1590 11.0 -- 
  Mar-04 1.86 1660 1210 -- -- 
  May-04 1.53 -- -- -- -- 

N8-14 Jun-02 1.92 1450 1060 -- -- 
 Nov-02 2.55 2260 1650 11.5 -- 
 Mar-03 1.80 2150 1570 11.6 -- 
 Jul-03 2.27 2260 1650 11.0 -- 
 Mar-04 1.93 1810 1320 -- -- 
 May-04 1.59 -- -- -- -- 

N9-4 Jul-03 1.44 2780 2030 11.4 -- 
  Mar-04 1.26 2160 1580 -- -- 
  May-04 0.99 -- -- -- -- 

N9-6 Jul-03 1.57 2860 2090 11.6 -- 
 Mar-04 1.37 2390 1750 -- -- 
 May-04 1.11 -- -- -- -- 

N11-6 Jul-03 4.41 63400 46300 14.7 -- 
  Mar-04 4.61 52600 38400 -- -- 

N11-10 Jul-03 4.51 67900 49600 14.7 -- 
 Mar-04 4.68 59300 43300 -- -- 

W1-4 Jun-02 3.42 64400 47000 -- -- 
  Nov-02 3.71 -- -- -- -- 
  Mar-03 3.53 72600 53000 13.5 -- 
  Jul-03 3.37 84600 61800 14.9 -- 
  Mar-04 3.56 74500 54400 -- -- 

  May-04 3.25 73600 53700 -- -- 
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Table A.2. cont.  Field measurements of depth to water, specific conductivity (SpC), 
water temperature, and dissolved oxygen (DO).  Total dissolved solids values are 
estimated from SpC. 
 

Well ID Date 
Depth to water 

below TOC        
(m) 

SpC 
(µS/cm) 

TDS      
(mg/L) 

Temp. 
(oC) 

DO 
(mg/L) 

W1-7 Jun-02 3.44 62200 45400 -- -- 
 Nov-02 3.69 66000 48200 16.6 -- 
 Mar-03 3.51 70600 51500 14.6 -- 
 Jul-03 3.39 81400 59400 14.9 -- 
 Mar-04 3.56 71700 52300 -- -- 
 May-04 3.24 70200 51200 -- -- 

BL1-S Aug-03 3.97 49200 35900 13.5 0.10 
  Mar-04 3.34 46700 34100 -- -- 
  May-04 3.06 44000 32100 -- -- 

BL1-M Aug-03 4.45 96200 70200 13.8 0.12 
 Mar-04 3.84 91800 67000 -- -- 
 May-04 3.68 88400 64500 -- -- 

BL1-D Aug-03 4.95 143000* 104000 14.0 0.18 
  Mar-04 4.34 95000* 69400 -- -- 
  May-04 4.11 120000* 87600 -- -- 

BL2-S Aug-03 4.86 113000* 82500 14.9 0.13 
 Mar-04 4.49 98000 71500 -- -- 
 May-04 4.18 98100 71600 -- -- 

BL2-M Aug-03 5.13 144000* 105000 14.9 0.14 
  Mar-04 4.69 135000* 98600 -- -- 
  May-04 4.35 127000* 92700 -- -- 

BL2-D Aug-03 5.24 149000* 10900 15.2 0.14 
 Mar-04 4.79 139000* 101000 -- -- 
 May-04 4.45 133000* 97100 -- -- 

BL3-S Aug-03 4.18 39700 29000 -- -- 
  Mar-04 3.57 35300 25800   -- 

BL3-S2 Mar-04 3.59 3940 2880 -- -- 
 May-04 2.79 2770 2020 -- -- 

BL3-M Aug-03 4.36 90400 66000 11.5 0.00 
  Mar-04 4.01 75600 55200 -- -- 
  May-04 2.95 51400 37500 -- -- 

BL3-D Aug-03 4.80 169000* 123000 12.7 0.00 
 Mar-04 4.57 158000* 115000 -- -- 
 May-04 3.67 147000* 107000 -- -- 

SMI-PZ1S Aug-03 4.60 16700 12200 17.0 0.43 
SMI-PZ1M Aug-03 4.32 53400 39000 16.4 0.12 
SMI-PZ1D Aug-03 4.31 138000* 101000 16.5 0.18 
ATP-1-S Aug-03 5.90 146000* 107000 16.9 0.18 

ATP-1-1S Aug-03 6.13 162000* 118000 17.2 0.01 
ATP-1-1D Aug-03 6.25 164000* 120000 17.3 0.07 
ATP-1-D Aug-03 6.43 165000* 120000 16.8 0.11 

SMI-PZ3-D2 Aug-03 5.99 27600 20100 17.7 0.15 
432 Aug-03 12.78 2900 2120 19.2 4.38 
433 Aug-03 9.58 4390 3210 18.9 1.75 

 
* Based on a 1:1 dilution of sample water and deionized water made in field. 
-- Not Measured 
All TDS estimated, TDS (mg/L) =  0.73 * SpC (µS/cm)  



 

Table A.3.a.  Equivalent freshwater hydraulic head values (EFH) for June, 2002 and values used in their calculation. 
 

 
 

Well ID 

 
TOC 

elevation 
(m) 

  
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head / 
screen 

elevation 
(m)  

 
Depth to 

water     
(m) 

 
Total 

hydraulic 
head         
(m) 

 
Total 

pressure 
head    
(m) 

 
TDS   
(g/L) 

Adjusted 
pressure 

head       
(m) 

Equivalent 
Freshwater 
Hydraulic 

Head           
(m) 

CR1-3         1206.50 47.0 1.047 1203.127 1.479 1205.018 1.891 1.980 1205.11 
CR1-5         1206.45 47.4 1.047 1201.519 1.752 1204.697 3.178 3.329 1204.85 
M11-4         1208.35 6.15 1.006 1204.344 3.231 1205.123 0.779 0.784 1205.13 
M11-7         1208.34 4.3 1.004 1202.039 3.136 1205.203 3.164 3.178 1205.22 

M11-12         1208.22 8.1 1.008 1196.077 2.943 1205.274 9.197 9.271 1205.35 
M11-14         1208.34 16.5 1.017 1195.192 3.058 1205.284 10.092 10.259 1205.45 
N2-1.5         1207.72 5.12 1.005 1206.163 0.901 1206.822 0.659 0.662 1206.83 
N2-6         1207.87 3.33 1.003 1201.417 1.179 1206.688 5.271 5.289 1206.71 

N2-12         1207.90 2.15 1.002 1197.117 1.189 1206.708 9.591 9.612 1206.73 
N3-4         1208.38 3.81 1.004 1204.025 1.184 1207.201 3.176 3.188 1207.21 
N3-8         1208.48 2.06 1.002 1199.832 1.131 1207.351 7.519 7.534 1207.37 
N4-3         1207.67 0.28 1.000 1204.455 0.679 1206.986 2.531 2.532 1206.99 
N4-6         1207.76 0.43 1.000 1201.240 0.472 1207.288 6.048 6.051 1207.29 

N4-12         1207.95 0.38 1.000 1195.976 0.597 1207.349 11.373 11.377 1207.35 
N5-4         1208.60 0.67 1.001 1204.234 2.205 1206.399 2.165 2.166 1206.40 
N5-7         1208.72 0.64 1.001 1200.923 0.807 1207.916 6.993 6.997 1207.92 

N5-10         1208.63 0.69 1.001 1197.788 0.725 1207.903 10.115 10.122 1207.91 
N5-14         1208.65 0.64 1.001 1193.853 0.806 1207.847 13.994 14.003 1207.86 
N6-A4         1207.78 2.37 1.002 1203.434 1.958 1205.826 2.392 2.398 1205.83 
N6-6         1207.77 2.30 1.002 1201.619 1.933 1205.836 4.217 4.227 1205.85 
N7-7         1208.28 1.96 1.002 1201.731 4.415 1203.866 2.135 2.139 1203.87 

N7-10         1208.29 21.5 1.022 1198.173 4.363 1203.930 5.757 5.881 1204.05 
N7-11         1208.12 64.0 1.064 1197.269 4.453 1203.666 6.397 6.806 1204.08 
N8-3*         1208.48 1.00 1.001 1205.532 1.971 1206.511 0.979 0.980 1206.51 
N8-6*         1208.41 1.00 1.001 1201.839 3.046 1205.363 3.524 3.528 1205.37 
N8-10         1208.45 1.02 1.001 1197.655 2.862 1205.593 7.938 7.946 1205.60 
N8-14         1208.45 1.06 1.001 1194.546 1.916 1206.530 11.984 11.997 1206.54 
W1-4         1208.59 47.0 1.047 1204.592 3.418 1205.174 0.582 0.609 1205.20 
W1-7         1208.60 45.4 1.045 1201.604 3.439 1205.165 3.561 3.723 1205.33 101 



 

Table A.3.b.  Equivalent freshwater hydraulic head values (EFH) for November, 2002 and values used in their calculation. 
 

 
 

Well ID 

 
TOC 

elevation 
(m) 

 
TDS   
(g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head / 
screen 

elevation 
(m)  

 
Depth to 

water     
(m) 

 
Total 

hydraulic 
head         
(m) 

 
Total 

pressure 
head    
(m) 

 
Adjusted 
pressure 

head       
(m) 

Equivalent 
Freshwater 
Hydraulic 

Head           
(m) 

CR1-3*         1206.50 47.00 1.047 1203.13 1.595 1204.902 1.775 1.859 1204.99 
CR1-5*         1206.45 47.40 1.047 1201.52 1.558 1204.891 3.372 3.532 1205.05 
M11-4         1208.35 6.04 1.006 1204.34 3.451 1204.903 0.559 0.562 1204.91 
M11-7         1208.34 4.69 1.005 1202.04 3.427 1204.912 2.873 2.887 1204.93 

M11-12         1208.22 7.01 1.007 1196.08 3.262 1204.955 8.878 8.940 1205.02 
M11-14         1208.34 52.42 1.052 1195.19 3.390 1204.952 9.760 10.272 1205.46 
N2-1.5*         1207.72 1.40 1.001 1206.16 1.414 1206.309 0.146 0.146 1206.31 

N2-6         1207.87 1.61 1.002 1201.42 1.610 1206.257 4.840 4.848 1206.26 
N2-12         1207.90 1.67 1.002 1197.12 1.637 1206.260 9.143 9.158 1206.27 
N3-4         1208.38 3.86 1.004 1204.02 1.186 1207.198 3.174 3.186 1207.21 
N3-8         1208.48 2.30 1.002 1199.83 1.278 1207.204 7.372 7.389 1207.22 
N4-3         1207.67 0.42 1.000 1204.46 0.857 1206.808 2.353 2.354 1206.81 
N4-6         1207.76 0.56 1.001 1201.24 0.735 1207.025 5.785 5.788 1207.03 

N4-12         1207.95 0.55 1.001 1195.98 0.888 1207.058 11.082 11.089 1207.06 
N5-4*         1208.60 0.73 1.001 1204.23 1.205 1207.400 3.165 3.168 1207.40 
N5-7         1208.72 0.84 1.001 1200.92 0.677 1208.046 7.123 7.129 1208.05 

N5-10         1208.63 1.06 1.001 1197.79 0.595 1208.034 10.245 10.256 1208.04 
N5-14         1208.65 0.66 1.001 1193.85 0.702 1207.951 14.098 14.108 1207.96 
N6A-4         1208.05 3.03 1.003 1204.05 2.222 1205.828 1.778 1.783 1205.83 
N6-6         1207.77 2.74 1.003 1201.62 2.009 1205.760 4.141 4.152 1205.77 
N6-9         1210.93 3.08 1.003 1202.43 5.194 1205.733 3.306 3.316 1205.74 
N7-7         1208.28 1.52 1.002 1201.73 4.448 1203.833 2.102 2.106 1203.84 

N7-10         1208.29 66.58 1.067 1198.17 4.521 1203.772 5.599 5.972 1204.15 
N7-11*         1208.12 73.00 1.073 1197.27 4.481 1203.638 6.369 6.834 1204.10 
N8-3*         1208.48 1.90 1.002 1205.53 2.668 1205.815 0.282 0.283 1205.82 
N8-6         1208.41 2.17 1.002 1201.84 2.546 1205.863 4.024 4.033 1205.87 

N8-10         1208.45 1.39 1.001 1197.65 2.521 1205.933 8.279 8.290 1205.95 
N8-14         1208.45 1.65 1.002 1194.55 2.549 1205.897 11.351 11.370 1205.92 
W1-4*         1208.59 40.00 1.040 1204.59 3.709 1204.882 0.291 0.302 1204.89 

W1-7         1208.60 48.2 1.048 1201.60 3.689 1204.915 3.311 3.471 1205.07 
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Table A.3.c.  Equivalent freshwater hydraulic head values (EFH) for March, 2003 and values used in their calculation. 
 

 
 

Well ID 

 
TOC 

elevation 
(m) 

 
TDS   
(g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head / 
screen 

elevation 
(m)  

 
Depth to 

water     
(m) 

 
Total 

hydraulic 
head         
(m) 

 
Total 

pressure 
head    
(m) 

 
Adjusted 
pressure 

head       
(m) 

Equivalent 
Freshwater 
Hydraulic 

Head           
(m) 

CR1-3         1206.50 53.3 1.053 1203.127 1.576 1204.921 1.794 1.889 1205.02 
CR1-5         1206.45 55.9 1.056 1201.519 1.515 1204.934 3.415 3.605 1205.12 
M11-4         1208.35 6.19 1.006 1204.344 3.116 1205.239 0.894 0.900 1205.24 
M11-7         1208.34 4.68 1.005 1202.039 3.097 1205.242 3.203 3.218 1205.26 

M11-12         1208.22 6.52 1.007 1196.077 2.893 1205.324 9.247 9.307 1205.38 
M11-14         1208.34 35.9 1.036 1195.192 3.152 1205.190 9.998 10.357 1205.55 
N2-1.5         1207.72 1.40 1.001 1206.163 0.802 1206.922 0.758 0.758 1206.92 
N2-6         1207.87 1.62 1.002 1201.417 0.927 1206.939 5.523 5.532 1206.95 

N2-12         1207.90 1.75 1.002 1197.117 0.982 1206.915 9.798 9.815 1206.93 
N3-4         1208.38 3.49 1.003 1204.025 0.949 1207.436 3.411 3.423 1207.45 
N3-8         1208.48 2.17 1.002 1199.832 1.031 1207.451 7.619 7.636 1207.47 
N4-3         1207.67 0.29 1.000 1204.455 0.372 1207.293 2.838 2.838 1207.29 
N4-6         1207.76 0.60 1.001 1201.240 0.293 1207.467 6.227 6.231 1207.47 

N4-12         1207.95 0.56 1.001 1195.976 0.415 1207.531 11.555 11.561 1207.54 
N5-4         1208.63 0.60 1.001 1204.205 0.891 1207.744 3.539 3.542 1207.75 
N5-7         1208.72 0.88 1.001 1200.923 0.336 1208.387 7.464 7.471 1208.39 

N5-10*         1208.63 0.65 1.001 1197.788 0.257 1208.372 10.583 10.590 1208.38 
N5-14         1208.65 0.63 1.001 1193.853 0.342 1208.311 14.458 14.467 1208.32 
N6A-4         1208.05 3.01 1.003 1204.050 2.018 1206.032 1.982 1.988 1206.04 
N6-6         1207.77 2.85 1.003 1201.619 1.805 1205.964 4.345 4.357 1205.98 
N6-9         1210.93 3.14 1.003 1202.427 4.987 1205.940 3.513 3.524 1205.95 
N7-7         1208.28 2.27 1.002 1201.731 4.533 1203.748 2.017 2.022 1203.75 

N7-10         1208.29 66.7 1.067 1198.173 4.603 1203.690 5.517 5.885 1204.06 
N7-11*         1208.12 73.0 1.073 1197.269 4.536 1203.583 6.314 6.775 1204.04 
N8-3         1208.48 0.76 1.001 1205.532 1.750 1206.732 1.200 1.201 1206.73 
N8-6         1208.41 1.99 1.002 1201.839 1.726 1206.683 4.844 4.854 1206.69 

N8-10         1208.45 1.42 1.001 1197.655 1.741 1206.714 9.059 9.072 1206.73 
N8-14         1208.45 1.57 1.002 1194.546 1.805 1206.641 12.095 12.114 1206.66 
W1-4         1208.59 53.0 1.053 1204.592 3.527 1205.065 0.473 0.499 1205.09 

W1-7         1208.60 51.6 1.052 1201.604 3.512 1205.092 3.488 3.668 1205.27 
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Table A.3.d.  Equivalent freshwater hydraulic head values (EFH) for July & August, 2003 and values used in their calculation. 
 

 
 

Well ID 

 
TOC 

elevation 
 (m) 

 
TDS   
 (g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head / 
 screen 

elevation  
(m)  

 
Depth to 

water     
 (m) 

 
Total 

hydraulic 
head         
(m) 

 
Total 

pressure 
head    
(m) 

 
Adjusted 
pressure 

head      
 (m) 

Equivalent 
Freshwater 
Hydraulic  

Head           
 (m) 

CR1-3         1206.50 56.9 1.057 1203.127 1.375 1205.122 1.995 2.108 1205.24 
CR1-5         1206.45 56.9 1.057 1201.519 1.320 1205.129 3.610 3.815 1205.33 
M11-4         1208.35 5.97 1.006 1204.344 3.244 1205.111 0.766 0.771 1205.12 
M11-7         1208.34 3.96 1.004 1202.039 3.180 1205.159 3.120 3.133 1205.17 

M11-12         1208.22 10.5 1.010 1196.077 3.009 1205.208 9.131 9.227 1205.30 
M11-14         1208.34 44.3 1.044 1195.192 3.186 1205.156 9.964 10.405 1205.60 
N2-1.5         1207.72 1.50 1.002 1206.163 1.408 1206.315 0.152 0.152 1206.32 
N2-6         1207.87 2.00 1.002 1201.417 1.601 1206.266 4.849 4.859 1206.28 

N2-12         1207.90 2.00 1.002 1197.117 1.613 1206.284 9.167 9.185 1206.30 
N3-4         1208.38 3.87 1.004 1204.025 1.394 1206.991 2.966 2.978 1207.00 
N3-8         1208.48 2.29 1.002 1199.832 1.479 1207.003 7.171 7.188 1207.02 
N4-3         1207.67 0.73 1.001 1204.455 1.534 1206.132 1.676 1.677 1206.13 
N4-6         1207.76 0.72 1.001 1201.240 0.952 1206.808 5.568 5.572 1206.81 

N4-12         1207.95 0.64 1.001 1195.976 1.043 1206.903 10.927 10.934 1206.91 
N5-4         1208.60 1.02 1.001 1204.234 2.146 1206.458 2.224 2.226 1206.46 
N5-7         1208.72 1.09 1.001 1200.923 0.866 1207.857 6.934 6.941 1207.86 

N5-10         1208.63 1.14 1.001 1197.788 0.760 1207.869 10.080 10.092 1207.88 
N5-14         1208.65 1.03 1.001 1193.853 0.836 1207.817 13.964 13.979 1207.83 
N6A-4         1208.05 3.21 1.003 1204.050 2.192 1205.858 1.808 1.814 1205.86 
N6-6         1207.77 3.17 1.003 1201.619 1.976 1205.793 4.174 4.188 1205.81 
N6-9         1210.93 3.32 1.003 1202.427 5.155 1205.772 3.345 3.356 1205.78 
N7-7         1208.28 2.25 1.002 1201.731 4.179 1204.102 2.371 2.376 1204.11 

N7-10         1208.29 108 1.108 1198.173 4.219 1204.074 5.901 6.536 1204.71 
N7-11         1208.12 110 1.110 1197.269 4.210 1203.910 6.640 7.367 1204.64 
N8-6         1208.41 2.65 1.003 1201.839 2.268 1206.141 4.302 4.313 1206.15 

N8-10         1208.45 1.59 1.002 1197.655 2.241 1206.214 8.559 8.573 1206.23 

N8-14         1208.45 1.65 1.002 1194.546 2.265 1206.180 11.635 11.654 1206.20 
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Table A.3.d. cont.  Equivalent freshwater hydraulic head values (EFH) for July & August, 2003 and values used in their 
calculation. 
 

 
 

Well ID 

 
TOC 

elevation  
(m) 

 
TDS    
(g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head /  
screen 

elevation  
(m)  

 
Depth to 

water     
 (m) 

 
Total 

hydraulic 
head        
 (m) 

 
Total 

pressure 
head    
 (m) 

 
Adjusted 
pressure 

head      
 (m) 

Equivalent 
Freshwater 
Hydraulic  

Head           
 (m) 

W1-4         1208.59 61.7 1.062 1204.592 3.368 1205.224 0.632 0.671 1205.26 
W1-7         1208.60 59.4 1.059 1201.604 3.387 1205.217 3.613 3.828 1205.43 
N9-A4         1208.15 2.03 1.002 1199.623 1.442 1206.711 7.088 7.102 1206.73 
N9-6         1208.26 2.09 1.002 1197.567 1.567 1206.690 9.123 9.142 1206.71 

N11-6         1209.44 46.3 1.046 1203.064 4.411 1205.033 1.969 2.060 1205.12 
N11-10         1209.51 49.6 1.050 1200.975 4.509 1204.996 4.021 4.221 1205.20 

SMI-PZ1S         1209.73 12.8 1.013 1205.507 4.602 1205.129 -0.378 -0.383 1205.12 
SMI-PZ1M         1209.48 41.6 1.042 1192.551 4.322 1205.154 12.603 13.127 1205.68 
SMI-PZ1D         1209.47 78.7 1.079 1188.208 4.313 1205.154 16.946 18.279 1206.49 
ATP-1-S         1210.34 109 1.109 1166.151 5.901 1204.443 38.293 42.467 1208.62 

ATP-1-1S         1210.30 118 1.118 1144.773 6.130 1204.172 59.399 66.438 1211.21 
ATP-1-1D         1210.26 119 1.119 1120.351 6.245 1204.017 83.666 93.656 1214.01 
ATP-1-D         1210.22 121 1.121 1089.829 6.428 1203.791 113.962 127.722 1217.55 

SMI-PZ3-D2         1211.56 20.2 1.020 1188.616 5.989 1205.571 16.955 17.297 1205.91 
433 1216.09        2.53 1.003 1185.980 9.583 1206.507 20.527 20.579 1206.56 
432         1219.59 1.74 1.002 1202.895 12.783 1206.805 3.910 3.917 1206.81 

BL1-S         1209.03 40.5 1.041 1192.385 3.975 1205.051 12.666 13.179 1205.56 
BL1-M         1209.12 80.3 1.080 1178.768 4.447 1204.676 25.908 27.989 1206.76 
BL1-D         1209.16 95.1 1.095 1166.267 4.950 1204.210 37.943 41.552 1207.82 
BL2-S         1209.25 78.8 1.079 1191.816 4.859 1204.388 12.571 13.562 1205.38 
BL2-M         1209.29 105 1.105 1177.824 5.130 1204.156 26.332 29.097 1206.92 
BL2-D         1209.34 109 1.109 1165.441 5.243 1204.096 38.656 42.859 1208.30 
BL3-S         1208.41 29.0 1.029 1198.190 4.185 1204.225 6.035 6.210 1204.40 
BL3-M         1208.46 66.0 1.066 1193.318 4.356 1204.105 10.787 11.499 1204.82 
BL3-D         1208.49 124 1.124 1177.335 4.798 1203.688 26.354 29.612 1206.95 
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Table A.3.e.  Equivalent freshwater hydraulic head values (EFH) for March, 2004 and values used in their calculation. 
 

 
 

Well ID 

 
TOC 

elevation  
(m) 

 
TDS   
 (g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head /  
screen 

elevation 
 (m)  

 
Depth to 

water     
 (m) 

 
Total 

hydraulic 
head        
 (m) 

 
Total 

pressure 
head    
 (m) 

 
Adjusted  
pressure 

head      
(m) 

Equivalent 
Freshwater 

Hydraulic Head   
(m) 

CR1-3         1206.50 52.1 1.052 1203.127 1.589 1204.908 1.781 1.874 1205.00 
CR1-5         1206.45 56 1.056 1201.519 1.549 1204.900 3.381 3.571 1205.09 
M11-4         1208.35 5.46 1.005 1204.344 3.204 1205.150 0.806 0.810 1205.15 
M11-7         1208.34 3.57 1.004 1202.039 3.161 1205.178 3.139 3.150 1205.19 

M11-12         1208.22 9.51 1.010 1196.077 2.994 1205.223 9.146 9.233 1205.31 
M11-14         1208.34 45.0 1.045 1195.192 3.302 1205.040 9.848 10.292 1205.48 

N3-4         1208.38 3.10 1.003 1204.025 1.131 1207.253 3.229 3.239 1207.26 
N3-8         1208.48 2.44 1.002 1199.832 1.214 1207.268 7.436 7.454 1207.29 
N4-3         1207.67 0.30 1.000 1204.455 0.482 1207.183 2.728 2.729 1207.18 
N4-6         1207.76 0.42 1.000 1201.240 0.372 1207.387 6.148 6.150 1207.39 

N4-12         1207.95 0.33 1.000 1195.976 0.473 1207.473 11.497 11.501 1207.48 
N5-4         1208.63 0.64 1.001 1204.205 0.933 1207.701 3.497 3.499 1207.70 
N5-7         1208.72 0.76 1.001 1200.923 0.446 1208.277 7.354 7.360 1208.28 

N5-14         1208.65 0.59 1.001 1193.853 0.455 1208.198 14.345 14.354 1208.21 
N6A-4         1208.05 2.70 1.003 1204.050 2.076 1205.974 1.924 1.930 1205.98 
N6-6         1207.77 2.51 1.003 1201.619 1.863 1205.906 4.287 4.298 1205.92 
N6-9         1210.93 2.81 1.003 1202.427 5.048 1205.879 3.452 3.462 1205.89 
N7-7         1208.28 2.26 1.002 1201.731 4.481 1203.800 2.069 2.074 1203.80 

N7-10         1208.29 70.7 1.071 1198.173 4.621 1203.672 5.499 5.887 1204.06 
N7-11         1208.12 73.0 1.073 1197.269 4.210 1203.910 6.640 7.125 1204.39 
N8-3         1208.48 1.14 1.001 1205.532 1.878 1206.604 1.072 1.073 1206.61 
N8-6         1208.41 1.66 1.002 1201.839 1.851 1206.558 4.719 4.727 1206.57 

N8-10         1208.45 1.21 1.001 1197.655 1.863 1206.592 8.937 8.948 1206.60 
N8-14         1208.45 1.32 1.001 1194.546 1.927 1206.519 11.973 11.989 1206.53 
W1-4         1208.59 54.4 1.054 1204.592 3.563 1205.029 0.437 0.461 1205.05 
W1-7         1208.60 52.3 1.052 1201.604 3.561 1205.043 3.439 3.619 1205.22 
N9-4         1208.15 1.58 1.002 1199.623 1.256 1206.897 7.274 7.285 1206.91 
N9-6         1208.26 1.75 1.002 1197.567 1.372 1206.885 9.318 9.334 1206.90 

N11-6         1209.44 38.4 1.038 1203.064 4.609 1204.835 1.771 1.839 1204.90 
N11-10         1209.51 43.3 1.043 1200.975 4.682 1204.823 3.848 4.014 1204.99 
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Table A.3.e. cont.  Equivalent freshwater hydraulic head values (EFH) for March, 2004 and values used in their calculation. 
 

 
 

Well ID 

 
TOC 

elevation  
(m) 

 
TDS   
 (g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head /  
screen 

elevation  
(m)  

 
Depth to 

water     
(m) 

 
Total 

hydraulic 
head        
(m) 

 
Total 

pressure 
head    
(m) 

 
Adjusted 
pressure 

head       
(m) 

Equivalent 
Freshwater 
Hydraulic  

Head           
(m) 

BL1-S         1209.03 34.1 1.034 1192.385 3.341 1205.685 13.300 13.754 1206.14 
BL1-M         1209.12 67.0 1.067 1178.768 3.840 1205.283 26.515 28.292 1207.06 
BL1-D         1209.16 69.4 1.069 1166.267 4.337 1204.823 38.556 41.230 1207.50 
BL2-S         1209.25 71.6 1.072 1191.816 4.487 1204.759 12.943 13.869 1205.69 
BL2-M         1209.29 98.9 1.099 1177.824 4.694 1204.592 26.768 29.414 1207.24 
BL2-D         1209.34 102 1.102 1165.441 4.791 1204.548 39.107 43.086 1208.53 
BL3-S         1208.41 25.8 1.026 1198.190 3.572 1204.838 6.648 6.819 1205.01 

BL3-S2         1208.54 2.88 1.003 1199.390 3.594 1204.946 5.556 5.572 1204.96 
BL3-M         1208.46 55.2 1.055 1193.318 4.005 1204.455 11.137 11.752 1205.07 
BL3-D         1208.49 115 1.115 1177.335 4.569 1203.917 26.583 29.643 1206.98 
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Table A.3.f.  Equivalent freshwater hydraulic head values (EFH) for May, 2004 and values used in their calculation. 
 

 
 

Well ID 

 
TOC 

elevation  
(m) 

 
TDS   
 (g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head /  
screen 

elevation  
(m)  

 
Depth to 

water     
 (m) 

 
Total 

hydraulic 
head         
(m) 

 
Total 

pressure 
head    
 (m) 

 
Adjusted 
pressure 

head      
 (m) 

Equivalent 
Freshwater 
Hydraulic  

Head           
(m) 

CR1-river 1206.45 2.00 1.002  -- 0.668 1205.781  --  -- 1205.78 
CR1-3         1206.50 51.5 1.052 1203.127 0.970 1205.527 2.400 2.524 1205.65 
CR1-5         1206.45 55.5 1.055 1201.519 0.958 1205.491 3.972 4.193 1205.71 
M11-4         1208.35 5.24 1.005 1204.344 2.884 1205.470 1.126 1.132 1205.48 
M11-7         1208.34 3.42 1.003 1202.039 2.866 1205.473 3.434 3.446 1205.48 

M11-14         1208.34 35.3 1.035 1195.192 2.820 1205.522 10.330 10.695 1205.89 
N3-4*         1208.38 3.10 1.003 1204.025 0.973 1207.412 3.387 3.398 1207.42 
N3-8*         1208.48 2.44 1.002 1199.832 1.028 1207.454 7.622 7.641 1207.47 
N4-3*         1207.67 0.30 1.000 1204.455 0.205 1207.461 3.005 3.006 1207.46 
N4-6*         1207.76 0.42 1.000 1201.240 0.153 1207.607 6.367 6.370 1207.61 

N4-12*         1207.95 0.33 1.000 1195.976 0.263 1207.683 11.707 11.711 1207.69 
N5-4*         1208.63 0.64 1.001 1204.205 1.512 1207.122 2.918 2.919 1207.12 
N5-7*         1208.72 0.76 1.001 1200.923 0.311 1208.411 7.489 7.494 1208.42 

N5-10*         1208.63 0.58 1.001 1197.788 0.214 1208.415 10.626 10.632 1208.42 
N5-14*         1208.65 0.59 1.001 1193.853 0.287 1208.366 14.513 14.521 1208.37 
N6A-4*         1208.05 2.70 1.003 1204.050 1.795 1206.255 2.205 2.211 1206.26 
N6-6*         1207.77 2.51 1.003 1201.619 1.592 1206.177 4.558 4.570 1206.19 
N6-9*         1210.93 2.81 1.003 1202.427 4.813 1206.114 3.687 3.697 1206.12 
N7-4*         1208.27 2.92 1.003 1203.706 3.222 1205.043 1.338 1.342 1205.05 
N7-7         1208.28 3.01 1.003 1201.731 3.192 1205.089 3.358 3.368 1205.10 

N7-10         1208.29 57.1 1.057 1198.173 3.363 1204.931 6.757 7.143 1205.32 
N7-11*         1208.12 73.0 1.073 1197.269 3.463 1204.656 7.387 7.926 1205.20 
N8-3*         1208.48 1.14 1.001 1205.532 1.546 1206.936 1.404 1.406 1206.94 
N8-6*         1208.41 1.66 1.002 1201.839 1.509 1206.900 5.061 5.069 1206.91 

N8-10*         1208.45 1.21 1.001 1197.655 1.531 1206.924 9.269 9.281 1206.94 
N8-14*         1208.45 1.32 1.001 1194.546 1.586 1206.860 12.314 12.331 1206.88 
W1-4         1208.59 53.7 1.054 1204.592 3.252 1205.340 0.748 0.788 1205.38 
W1-7         1208.60 51.2 1.051 1201.604 3.244 1205.360 3.756 3.949 1205.55 
N9-4*         1208.15 1.58 1.002 1199.623 0.991 1207.162 7.539 7.551 1207.17 
N9-6*         1208.26 1.75 1.002 1197.567 1.107 1207.150 9.583 9.600 1207.17 
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Table A.3.f. cont.  Equivalent freshwater hydraulic head values (EFH) for May, 2004 and values used in their calculation. 

 

 
 
 

Well ID 

 
TOC 

elevation  
(m) 

 
TDS   
 (g/L) 

 
Specific 
Gravity  

(ρ/ρf) 

Total 
elevation 

head /  
screen 

elevation  
(m)  

 
Depth to 

water     
 (m) 

 
Total 

hydraulic 
head         
(m) 

 
Total 

pressure 
head    
 (m) 

 
Adjusted 
pressure 

head      
 (m) 

Equivalent 
Freshwater 
Hydraulic  

Head           
(m) 

BL1-S         1209.03 32.1 1.032 1192.385 3.063 1205.963 13.578 14.014 1206.40 
BL1-M         1209.12 64.5 1.064 1178.768 3.679 1205.444 26.677 28.397 1207.17 
BL1-D         1209.16 87.2 1.087 1166.267 4.115 1205.045 38.779 42.161 1208.43 
BL2-S         1209.25 71.6 1.072 1191.816 4.182 1205.064 13.248 14.197 1206.01 
BL2-M         1209.29 92.6 1.093 1177.824 4.353 1204.933 27.109 29.620 1207.44 
BL2-D         1209.34 97.4 1.097 1165.441 4.450 1204.889 39.448 43.291 1208.73 
BL3-S2         1208.54 2.02 1.002 1199.390 2.786 1205.754 6.364 6.376 1205.77 
BL3-M         1208.46 37.5 1.037 1193.318 2.954 1205.507 12.189 12.646 1205.96 
BL3-D         1208.49 107 1.107 1177.335 3.673 1204.813 27.479 30.424 1207.76 

 
TOC = Top of casing 
TDS = Total dissolved solids 
 
TDS estimated.  These are generally low yield wells and it was determined that a TDS estimates from prior sampling would  
not adversely affect results of EFH calculation. 
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Table A.4.  Ammonia as nitrogen (NH3-N), uranium (U) and total dissolved solids (TDS) 
values from selected wells sampled during summer of 2003. 

 

Well/Site ID Collection 
Date 

NH3 as N 
(mg/L) 

U      
(mg/L) 

TDS 
(mg/L) 

CR1-3 Jul-03 0.69 111* -- 
CR1-river water Jul-03 > 0.1 3.9* -- 
CR2-river water Aug-03 0.62* 5.9* 816* 

M11-7 Jul-03 0.28 5.5* -- 
M11-12 Jul-03 0.35 1.8* -- 
M11-14 Jul-03 1.13 2.3* -- 

N3-4 Jul-03 > 0.1 23* -- 
N3-8 Jul-03 0.30 59.2* -- 

N3-pond water Aug-03 0.19* 25.1* -- 
N4-6 Jul-03 > 0.1 2.4* -- 

N4-12 Jul-03 > 0.1 2.0* -- 
N5-7 Jul-03 0.27 -- -- 

N5-10 Jul-03 > 0.1 1.8* -- 
N5-14 Jul-03 > 0.1 3.1* -- 
N6-6 Jul-03 > 0.1 6.9* -- 
N6-9 Jul-03 > 0.1 4.5* -- 
N7-7 Jul-03 0.87 0.4* -- 

N7-10 Jul-03 1.44 7.9* -- 
N8-10 Jul-03 0.10 2.3* -- 
N8-14 Jul-03 > 0.1 0.8* -- 
W1-4 Jul-03 0.11 -- -- 
W1-7 Jul-03 0.25 35.3* -- 
N9-4 Jul-03 > 0.1 > 0.3* -- 
N9-6 Jul-03 > 0.1 > 0.3* -- 

N11-6 Jul-03 0.56 19.1* -- 
BL1-S Aug-03 1.53* 11.6* 40500* 
BL1-M Aug-03 1.71* 3.8* 80300* 
BL1-D Aug-03 3.72* 1.8* 95100* 
BL2-S Aug-03 4.3* 2.4* -- 
BL2-M Aug-03 4.4* 2.7* -- 
BL2-D Aug-03 4.3* 2.4* -- 
BL3-M Aug-03 2.55* 0.5* -- 
BL3-D Aug-03 4.6* > 0.3* -- 

SMI-PZ1S Aug-03 418* 1430* 12800* 
SMI-PZ1M Aug-03 1240* 3940* 41600* 
SMI-PZ1D Aug-03 2100* 1280* 78700* 
ATP-1-S Aug-03 4.53* 1.9* 109000* 
ATP-1-1S Aug-03 5.06* 0.8* -- 
ATP-1-1D Aug-03 4.76* > 0.3* -- 
ATP-1-D Aug-03 4.71* > 0.3* -- 

SMI-PZ3-D2 Aug-03 564* 3170* -- 
432 Aug-03 > 0.1* 2.0* 1740* 
433 Aug-03 > 0.1* 1.3* 2530* 

                       
                   * Measured by Energy Laboratories, Inc.  
                   -- Not Measured 
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Table A.5.  Deuterium and oxygen isotopes and tritium values from selected wells 
sampled during fall 2002, spring 2003, and summer 2003. 
 

Sample ID Sample 
Date 

D/H  
(permil) 

18O  
(permil) 

Tritium 
(TU) 

+/- 
(TU) 

central pond water (@ data logger) Apr-03 -94.5 -12.0 3.83 0.19 
CR1-river water Mar-03  --  -- 11.86 0.59 
CR1-river water Apr-03 -113.4 -15.4  --  -- 
CR1-river water Jul-03 -118.3 -15.8 12.02 0.60 

CR1-3 Mar-03  --  -- 1.38 0.46 
CR1-3 Apr-03 -107.9 -13.8  --  -- 
CR1-3 Jul-03 -111.4 -14.4 1.21 0.24 
CR2-3 Apr-03 -110.6 -14.8  --  -- 

CR2-river water Apr-03 -110.3 -15.1  --  -- 
CR2-river water (replicate) Apr-03 -110.7 -14.9  --  -- 

CR2-river water Aug-03 -111.6 -14.6 9.99 2.49 
M11-4 Nov-02  --  -- 4.67 0.23 
M11-4 Apr-03 -91.0 -11.7  --  -- 
M11-7 Nov-02  --  -- 5.76 0.29 
M11-7 Apr-03 -84.5 -10.0  --  -- 
M11-7 Jul-03 -82 -9.3 4.73 0.24 

M11-12 Nov-02  --  -- 3.05 0.15 
M11-12 Mar-03  --  -- 3.86 0.19 
M11-12 Apr-03 -91.4 -11.1  --  -- 
M11-12 Jul-03 -93.4 -11.5 3.51 0.18 
M11-14 Nov-02  --  -- 1.59 0.67 
M11-14 Apr-03 -99.7 -13.0  --  -- 
M11-14 Jul-03 -103.3 -13.7 0.96 0.05 

N2-6 Nov-02  --  -- 7.19 0.36 
N2-6 Mar-03  --  -- 6.61 0.33 
N2-6 Apr-03 -108.5 -14.5  --  -- 

N2-12 Nov-02  --  -- 6.20 0.31 
N2-12 Mar-03  --  -- 6.87 0.34 
N2-12 Apr-03 -109.0 -14.9  --  -- 

N3-pond water Mar-03  --  -- 1.3 0.06 
N3-pond water Aug-03 -78.8 -7.7 1.07 0.05 

N3-4 Nov-02 --  -- 0.96 0.22 
N3-4 Jul-03 -109.2 -14.7 1.53 0.08 
N3-8 Nov-02  --  -- 1.43 0.38 
N3-8 Jul-03 -109.6 -15.2 < 0.1 0.02 
N4-3 Mar-03  --  -- 10.44 0.52 
N4-3 Apr-03 -105.8 -14.1  --  -- 
N4-6 Nov-02  --  -- 17.54 4.25 
N4-6 Mar-03  --  -- 6.47 0.32 
N4-6 Apr-03 -104.3 -14.2  --  -- 
N4-6 Jul-03 -104.1 -14.7 8.95 0.45 

N4-12 Nov-02  --  -- 13.29 0.66 
N4-12 Mar-03  --  -- 11.35 0.57 
N4-12 Apr-03 -106.3 -14.0  --  -- 
N4-12 Jul-03 -118.8 -14.5 10.46 0.52 
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Table A.5. cont.  Deuterium and oxygen isotopes and tritium values from selected wells 
sampled during fall 2002, spring 2003, and summer 2003. 
 

Sample ID Sample 
Date 

D/H  
(permil) 

18O  
(permil) 

Tritium 
(TU) 

+/- 
(TU) 

N5-7 Nov-02  --  -- 14.09 0.70 
N5-7 Mar-03  --  -- 13.11 0.66 
N5-7 Jul-03 -108.4 -14.6 12.13 0.61 

N5-10 Nov-02  --  -- 11.69 0.58 
N5-10 Jul-03 -106.2 -14.5 9.16 0.46 
N5-14 Nov-02  --  -- 11.47 0.57 
N5-14 Mar-03  --  -- 12.82 0.64 
N5-14 Jul-03 -106.2 -14.7 9.45 0.45 
N6A-4 Nov-02  --  -- 0.88 0.04 
N6-6 Nov-02  --  -- 1.26 0.22 
N6-6 Mar-03  --  -- 0.88 0.04 
N6-6 Jul-03 -108 -14.9 1.38 0.07 
N6-9 Nov-02  --  -- 1.13 0.15 
N6-9 Mar-03  --  -- 0.84 0.04 
N6-9 Jul-03 -108.9 -15.2 -- -- 
N7-7 Nov-02  --  -- 3.80 0.19 
N7-7 Mar-03  --  -- 3.76 0.19 
N7-7 Apr-03 -107.3 -14.3  --  -- 
N7-7 Jul-03 -108.4 -14.9 1.29 0.06 

N7-10 Nov-02  --  -- 0.61 0.10 
N7-10 Mar-03  --  -- 0.36 0.04 
N7-10 Apr-03 -107.8 -14.4  --  -- 
N7-10 Jul-03 -108.3 -14 < 0.1 0.06 
N7-11 Nov-02  --  -- 0.50 0.10 
N7-11 Apr-03 -106.4 -13.2  --  -- 
N8-6 Apr-03 -77.2 -8.7  --  -- 

N8-10 Nov-02  --  -- 5.16 0.26 
N8-10 Apr-03 -73.5 -8.2  --  -- 
N8-10 Jul-03 -79.2 -8.8 6.09 0.30 
N8-14 Mar-03  --  -- 4.63 0.23 
N8-14 Apr-03 -76.3 -8.6  --  -- 
N8-14 Jul-03 -77.8 -8.7 5.02 0.25 
N9-4 Jul-03 -109.4 -15  --  -- 
N9-6 Jul-03 -107.5 -15 8.01 0.44 

N11-6 Jul-03 -105.4 -13.8 4.30 0.21 
W1-4 Mar-03  --  -- 5.52 0.28 
W1-4 Apr-03 -105.8 -14.3  --  -- 
W1-4 Jul-03 -108.5 -14.2  --  -- 
W1-7 Nov-02  --  -- 4.99 0.25 
W1-7 Mar-03  --  -- 4.93 0.25 
W1-7 Apr-03 -97.1 -14.2  --  -- 
W1-7 Jul-03 -108.9 -14.2 4.26 0.21 
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Table A.5. cont.  Deuterium and oxygen isotopes and tritium values from selected wells 
sampled during fall 2002, spring 2003, and summer 2003. 
 

Sample ID Sample 
Date 

D/H  
(permil) 

18O  
(permil) 

Tritium 
(TU) 

+/- 
(TU) 

BL1-S Aug-03 -108.3 -14.4 0.91 0.05 
BL1-M Aug-03 -109.3 -14.2 < 0.1 0.04 
BL1-D Aug-03 -105.9 -13.5 < 0.1 0.23 
BL2-S Aug-03 -106.8 -13.7 < 0.1 0.02 
BL2-M Aug-03 -105.4 -13.5 < 0.1 0.15 
BL2-D* Aug-03 -103.5 -13.2 -- -- 
BL3-M Aug-03 -101.5 -12.9 2.89 0.14 
BL3-D* Aug-03 107.9 -13.1 -- -- 

SMI-PZ1S Aug-03 -103.3 -12.5 17.57 0.88 
SMI-PZ1M Aug-03 -108.9 -12 14.54 0.73 
SMI-PZ1D Aug-03 -109.7 -12.9 5.60 0.28 
ATP-1-S Aug-03 -104 -13.1 < 0.1 0.04 

ATP-1-1S Aug-03 -103 -13 0.22 0.01 
ATP-1-1D Aug-03 -103.2 -13.2 0.52 0.03 
ATP-1-D Aug-03 -103 -13.2 0.15 0.02 

SMI-PZ3-D2 Aug-03 -101 -12.1 8.69 0.43 
433 Aug-03 -98 -12.6 < 0.1 0.00 
432 Aug-03 -97.5 -13.1 0.60 0.03 

 
* 3H values estimated.  Attempts to analyze these water samples for 3H failed due an air leak in  
    the Cu holding flask.   
-- Not Measured 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
Table A.6. Apparent tritium
summer 2003 and values used in their calculation. 
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-helium ages from selected wells measured during spring and 

Sample 
ID 

Sample 
Date 

Tritium 
(TU) 

4Heterr 
(ccSTP/g)

3Hetrit  
(TU) 

Apparent    
Age          
(yr) 

M11-7 7/7/2003 4.7 3.9E-09 1.4 4.6 
M11-12 7/7/2003 3.5 1.6E-07 1.3 5.7 

N2-6 3/7/2003 6.6 2.6E-08 33.7 32.4 
N2-12 3/7/2003 6.9 2.3E-08 16.3 21.8 
N3-4 7/9/2003 1.5 5.3E-08 2.4 17.0 
N3-8 7/9/2003 1.0 6.9E-09 2.0 19.9 
N4-3 3/7/2003 10.4 -3.5E-09 16.2 16.8 
N4-6 3/7/2003 6.5 -3.3E-10 8.0 14.4 
N4-6 7/9/2003 9.0 2.9E-08 12.9 16.0 
N4-12 3/7/2003 11.4 -5.7E-10 -0.1 -0.2 
N4-12 7/9/2003 10.5 -5.2E-12 20.5 19.4 
N5-7 7/9/2003 12.1 -2.9E-09 1.6 2.3 
N5-10 7/9/2003 9.2 2.8E-10 1.6 2.6 
N5-14 3/9/2003 12.8 -1.0E-10 0.9 1.2 
N5-14 7/9/2003 9.5 6.6E-11 2.4 4.1 
N6-6 3/7/2003 0.9 8.9E-08 3.3 28.1 
N6-6 7/7/2003 1.4 8.1E-08 2.6 18.9 
N6-9 3/7/2003 0.8 9.2E-08 4.5 33.2 
N6-9 7/7/2003 1.1 1.0E-07 5.9 32.9 
N7-7 3/9/2003 3.8 -4.3E-10 -0.5 -2.3 
N8-10 7/7/2003 6.1 1.0E-09 0.1 0.4 
N8-14 3/7/2003 4.6 8.4E-09 -0.9 -4.0 
N8-14 7/7/2003 5.0 4.4E-09 1.6 4.8 
N9-6 7/7/2003 8.0 5.9E-09 7.9 12.3 

              
            Rterr assumed = 1.18E-08 
 *Negative 3H-3He ages are taken to be modern. 
 



 

Table A.7. Dissolved gas data from selected wells sampled during spring and summer 2003. 
 

Sample ID Collection 
Date 

PT     
(atm) 

N2 
(ccSTP/g)

40Ar 
(ccSTP/g)

84Kr 
(ccSTP/g) 

20Ne 
(ccSTP/g)

4He 
(ccSTP/g) R/Ra  

CR1-3 3/7/2003 0.878 0.0100 2.42E-04 3.20E-08 7.39E-08 3.08E-06 0.104 
CR1-3 7/5/2003 0.839 0.0084 1.82E-04 2.36E-08 9.84E-08 7.37E-06 0.105 
CR1-5 3/7/2003 0.887 0.0098 2.38E-04 3.15E-08 7.85E-08 1.16E-06 0.114 
M11-4 3/7/2003 0.822 0.0132 3.27E-04 4.25E-08 1.59E-07 4.06E-08 0.956 
M11-7 3/7/2003 0.816 0.0134 3.38E-04 4.59E-08 1.62E-07 5.22E-08 0.771 
M11-7 7/7/2003 0.843 0.0137 2.88E-04 3.62E-08 1.56E-07 4.47E-08 0.969 

M11-12 3/7/2003 0.857 0.0137 3.43E-04 4.83E-08 1.67E-07 6.76E-08 0.608 
M11-12 7/7/2003 0.842 0.0120 3.23E-04 4.37E-08 1.59E-07 2.00E-07 0.221 
M11-14 3/7/2003 0.900 0.0112 2.98E-04 4.21E-08 1.61E-07 2.73E-07 0.210 
M11-14 7/7/2003 0.869 0.0100 2.40E-04 3.23E-08 1.29E-07 1.38E-06 0.127 
N2-1.5 3/7/2003 0.874 0.0159 4.01E-04 5.70E-08 1.83E-07 4.43E-08 1.011 
N2-6 3/7/2003 0.888 0.0156 3.73E-04 4.79E-08 2.01E-07 7.92E-08 1.435 
N2-12 3/7/2003 0.863 0.0138 3.49E-04 4.59E-08 1.76E-07 6.87E-08 1.087 
N3-4 7/9/2003 0.853 0.0139 2.80E-04 3.32E-08 1.53E-07 9.31E-08 0.486 
N3-8 7/9/2003 0.862 0.0112 2.64E-04 3.39E-08 1.39E-07 4.34E-08 0.926 
N4-3 3/7/2003 0.848 0.0154 3.83E-04 4.84E-08 2.00E-07 4.88E-08 1.666 
N4-6 3/7/2003 0.859 0.0147 3.60E-04 4.78E-08 1.82E-07 4.62E-08 1.318 
N4-6 7/9/2003 0.840 0.0147 3.64E-04 4.68E-08 1.86E-07 7.68E-08 0.932 
N4-12 3/7/2003 0.860 0.0125 3.40E-04 4.22E-08 1.60E-07 4.03E-08 1.008 
N4-12 7/9/2003 0.855 0.0139 3.39E-04 4.17E-08 1.79E-07 4.69E-08 1.785 
N5-4 3/9/2003 0.820 0.0142 3.41E-04 4.29E-08 1.73E-07 4.17E-08 1.557 
N5-7 7/9/2003 0.881 0.0144 3.23E-04 3.85E-08 1.65E-07 3.99E-08 1.146 
N5-10 7/9/2003 0.810 0.0109 2.80E-04 3.55E-08 1.43E-07 3.75E-08 1.071 
N5-14 3/9/2003 0.822 0.0139 3.56E-04 4.81E-08 1.73E-07 4.38E-08 1.037 
N5-14 7/9/2003 0.842 0.0134 3.33E-04 4.50E-08 1.63E-07 4.14E-08 1.102 
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Table A.7. cont. Dissolved gas data from selected wells sampled during spring and summer 2003. 
 

Sample ID Collection 
Date 

PT     
(atm) 

N2 
(ccSTP/g)

40Ar 
(ccSTP/g)

84Kr 
(ccSTP/g) 

20Ne 
(ccSTP/g)

4He 
(ccSTP/g) R/Ra  

N6-4A 3/7/2003 0.811 0.0138 3.02E-04 3.70E-08 1.61E-07 9.53E-08 0.477 
N6-6 3/7/2003 0.795 0.0131 3.02E-04 3.80E-08 1.70E-07 1.34E-07 0.386 
N6-6 7/7/2003 0.824 0.0135 3.14E-04 3.82E-08 1.69E-07 1.26E-07 0.397 
N6-9 3/7/2003 0.820 0.0132 3.04E-04 3.83E-08 1.67E-07 1.37E-07 0.389 
N6-9 7/7/2003 0.845 0.0138 2.82E-04 3.44E-08 1.65E-07 1.45E-07 0.385 
N7-7 3/9/2003 0.800 0.0138 3.49E-04 4.76E-08 1.79E-07 4.56E-08 0.991 
N7-7 7/9/2003 0.820 0.0137 3.34E-04 4.42E-08 1.67E-07 5.07E-08 0.803 
N7-10 3/9/2003 0.880 0.0087 1.96E-04 2.56E-08 1.01E-07 1.08E-07 0.267 
N7-10 7/9/2003 0.858 0.0057 1.55E-04 2.07E-08 7.98E-08 2.52E-07 0.141 
N7-11 3/9/2003 0.814 0.0082 2.50E-04 3.26E-08 9.38E-09 1.51E-06 0.081 
N7-11 7/9/2003 0.926 0.0065 1.69E-04 2.51E-08 9.69E-08 3.19E-06 0.071 
N8-6 3/7/2003 0.675 0.0118 3.08E-04 4.17E-08 1.51E-07 3.83E-08 0.995 
N8-10 3/7/2003 0.824 0.0139 2.98E-04 3.64E-08 1.56E-07 4.68E-08 0.844 
N8-10 7/7/2003 0.829 0.0135 3.46E-04 4.96E-08 1.62E-07 4.13E-08 0.981 
N8-14 3/7/2003 0.809 0.0137 3.34E-04 4.37E-08 1.74E-07 5.35E-08 0.814 
N8-14 7/7/2003 0.832 0.0140 3.33E-04 4.17E-08 1.54E-07 4.32E-08 0.965 
N9-6 7/7/2003 0.805 0.0124 3.20E-04 4.08E-08 1.59E-07 4.68E-08 1.180 
N11-6 7/7/2003 0.819 0.0085 2.26E-04 2.91E-08 1.17E-07 6.40E-08 0.490 

N11-10 7/7/2003 0.845 0.0092 2.12E-04 2.58E-08 1.23E-07 1.15E-06 0.103 
W1-4 3/7/2003 0.823 0.0083 2.21E-04 2.73E-08 1.23E-07 5.83E-08 0.595 
W1-4 7/7/2003 0.843 0.0080 2.12E-04 2.80E-08 1.21E-07 8.58E-08 0.398 
W1-7 3/7/2003 0.832 0.0090 1.91E-04 2.39E-08 8.21E-08 2.72E-07 0.194 
W1-7 7/7/2003 0.849 0.0084 1.86E-04 2.38E-08 1.01E-07 1.14E-07 0.038 
BL1-S 8/2/2003 1.10 0.0133 2.59E-04 3.23E-08 1.45E-07 2.18E-07 0.127 
BL1-M 8/2/2003 1.31 0.0113 2.25E-04 2.82E-08 8.50E-08 3.99E-06 0.091 
BL1-D 8/2/2003 1.67 0.0128 2.83E-04 3.85E-08 1.17E-07 6.38E-06 0.079 
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Table A.7. cont. Dissolved gas data from selected wells sampled during spring and summer 2003. 
 

Sample ID Collection 
Date 

PT     
(atm) 

N2 
(ccSTP/g)

40Ar 
(ccSTP/g)

84Kr 
(ccSTP/g) 

20Ne 
(ccSTP/g)

4He 
(ccSTP/g) R/Ra  

BL2-S 8/3/2003 1.38 0.0118 2.55E-04 3.33E-08 1.11E-07 2.30E-06 0.079 
BL2-M 8/3/2003 1.59 0.0110 2.76E-04 3.94E-08 1.17E-07 2.16E-06 0.074 
BL2-D 8/3/2003 1.53 0.0102 2.61E-04 3.66E-08 1.15E-07 4.30E-06 0.069 
BL3-M  8/4/2003 1.27 0.0122 3.50E-04 4.75E-08 1.82E-07 1.51E-06 0.085 
BL3-D 8/4/2003 1.75 0.0108 3.14E-04 4.45E-08 1.36E-07 2.62E-06 0.065 

432 8/1/2003 0.882 0.0133 3.41E-04 4.18E-08 1.84E-07 4.55E-08 1.088 
433 8/1/2003 0.853 0.0121 3.11E-04 3.78E-08 1.70E-07 5.82E-07 0.142 

ATP-1-S 7/31/2003 0.846 0.0054 1.74E-04 2.27E-08 1.15E-07 1.34E-06 0.071 
ATP-1-1S 7/31/2003 1.65 0.0096 3.06E-04 4.26E-08 1.15E-07 5.76E-06 0.065 
ATP-1-1D 7/31/2003 1.54 0.0090 2.88E-04 4.16E-08 1.27E-07 5.59E-06 0.062 
ATP-1-D 7/31/2003 1.50 0.0088 2.93E-04 4.57E-08 1.18E-07 3.87E-06 0.062 

SMI-PZ1S 7/30/2003 0.997 0.0140 9.61E-05 1.65E-08 5.29E-08 5.48E-08 0.418 
SMI-PZ1M 7/30/2003 1.67 0.0191 6.38E-05 1.26E-08 2.52E-08 1.23E-07 0.190 
SMI PZ1D 7/30/2003 1.70 0.0141 9.99E-05 1.63E-08 6.21E-08 1.36E-07 0.169 

SMI-PZ3-D2 7/31/2003 > 2.40 0.0323 1.97E-04 2.91E-08 6.90E-08 5.11E-07 0.114 
 
PT = Total dissolved gas pressure 
R/Ra is 3He/4He ratio expressed as (3He/4He)sample/(3He/4He)air.  
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Table A.8.  Maximum and minimum calculated recharge temperatures for waters from selected wells sampled during spring and 
summer 2003 and data used in their calculation.  Range is based on probable minimum and maximum recharge elevations.  
 

Sample 
ID 

Sample 
Date 

Well 
Temp. 

(oC) 
PT    

(atm) 
N2 

(ccSTP/g) 
40Ar 

(ccSTP/g) 
84Kr 

(ccSTP/g) 
20Ne 

(ccSTP/g) 
Tmax       
(oC) 

Amin 
(ccSTP/g) 

Sum 
Norm.  
Res2

Tmin     
(oC) 

Amax 
(ccSTP/g) 

Sum 
Norm.  
Res2

M11-4 3/7/2003 13.1 0.822 0.0132 3.27E-04 4.25E-08 1.59E-07 10.7 1.19E-04 3.51E-03 8.8 5.03E-04 3.17E-03 
M11-7 3/7/2003 13.9 0.816 0.0134 3.38E-04 4.59E-08 1.62E-07 8.9 1.11E-04 1.08E-03 7.0 4.97E-04 8.33E-04 

M11-12 3/7/2003 14.2 0.857 0.0137 3.43E-04 4.83E-08 1.67E-07 7.7 2.35E-04 9.51E-04 5.9 6.23E-04 6.30E-04 
M11-12 7/7/2003 13.9 0.842 0.0120 3.23E-04 4.37E-08 1.59E-07 11.1 5.32E-05 2.13E-04 9.2 4.35E-04 3.60E-04 
N2-1.5 3/7/2003 6.3 0.874 0.0159 4.01E-04 5.70E-08 1.83E-07 2.3 6.01E-04 1.31E-03 0.6 1.00E-03 1.00E-03 
N2-6 3/7/2003 11.1 0.888 0.0156 3.73E-04 4.79E-08 2.01E-07 7.9 2.38E-03 2.49E-03 6.0 2.78E-03 2.30E-03 

N2-12 3/7/2003 11.6 0.863 0.0138 3.49E-04 4.59E-08 1.76E-07 9.0 9.33E-04 5.16E-04 7.2 1.32E-03 4.94E-04 
N3-8 7/9/2003 14.9 0.862 0.0112 2.64E-04 3.39E-08 1.39E-07 20.0 2.84E-06 7.15E-03 16.6 0.00E+00 4.43E-03 
N4-3 3/7/2003 9.0 0.848 0.0154 3.83E-04 4.84E-08 2.00E-07 7.3 2.24E-03 2.05E-03 5.5 2.63E-03 2.15E-03 
N4-6 3/7/2003 12.5 0.859 0.0147 3.60E-04 4.78E-08 1.82E-07 7.6 1.17E-03 2.11E-03 5.7 1.56E-03 1.86E-03 
N4-6 7/9/2003 11.7 0.840 0.0147 3.64E-04 4.68E-08 1.86E-07 8.2 1.51E-03 2.02E-03 6.4 1.90E-03 1.94E-03 

N4-12 3/7/2003 12.6 0.860 0.0125 3.40E-04 4.22E-08 1.60E-07 10.9 1.49E-04 2.23E-03 9.0 5.33E-04 2.56E-03 
N4-12 7/9/2003 13.6 0.855 0.0139 3.39E-04 4.17E-08 1.79E-07 11.6 1.42E-03 3.99E-03 9.6 1.80E-03 3.81E-03 
N5-4 3/9/2003 11.5 0.820 0.0142 3.41E-04 4.29E-08 1.73E-07 10.2 9.74E-04 5.77E-03 8.4 1.36E-03 3.44E-04 

N5-10 7/9/2003 14.1 0.810 0.0109 2.80E-04 3.55E-08 1.43E-07 18.5 0.00E+00 2.03E-03 15.3 6.36E-05 6.00E-04 
N5-14 3/9/2003 13.7 0.822 0.0139 3.56E-04 4.81E-08 1.73E-07 7.5 6.00E-04 3.51E-04 5.7 9.89E-04 2.72E-04 
N5-14 7/9/2003 14.3 0.842 0.0134 3.33E-04 4.50E-08 1.63E-07 9.4 2.34E-04 1.79E-03 7.6 6.19E-04 1.46E-03 
N6-6 3/7/2003 13.6 0.795 0.0131 3.02E-04 3.80E-08 1.70E-07 15.2 1.20E-03 4.61E-03 13.2 1.58E-03 4.08E-03 
N6-6 7/7/2003 14.1 0.824 0.0135 3.14E-04 3.82E-08 1.69E-07 14.1 1.10E-03 7.30E-03 12.1 1.48E-03 6.81E-03 
N6-9 3/7/2003 14.9 0.820 0.0132 3.04E-04 3.83E-08 1.67E-07 14.7 1.03E-03 5.83E-03 12.7 1.41E-03 5.23E-03 
N7-7 3/9/2003 11.9 0.800 0.0138 3.49E-04 4.76E-08 1.79E-07 8.5 1.03E-03 8.64E-05 6.7 1.42E-03 1.28E-05 
N7-7 7/9/2003 11.8 0.820 0.0137 3.34E-04 4.42E-08 1.67E-07 9.8 5.21E-04 3.07E-03 7.9 9.06E-04 2.67E-03 
N8-6 3/7/2003 11.0 0.675 0.0118 3.08E-04 4.17E-08 1.51E-07 13.1 0.00E+00 1.24E-03 10.4 9.61E-05 5.22E-05 

N8-10 7/7/2003 11.0 0.829 0.0135 3.46E-04 4.96E-08 1.62E-07 7.1 0.00E+00 1.08E-03 5.0 2.26E-04 4.52E-04 
N8-14 3/7/2003 11.6 0.809 0.0137 3.34E-04 4.37E-08 1.74E-07 10.7 1.01E-03 1.83E-03 8.8 1.40E-03 1.55E-03 
N9-4 7/7/2003 11.4 0.805 0.0124 3.20E-04 4.08E-08 1.59E-07 12.4 2.45E-04 1.18E-03 10.4 6.27E-04 1.14E-03 

Atlas 432 8/1/2003 18.9 0.882* 0.0133 3.41E-04 4.18E-08 1.84E-07 12.3 1.72E-03 1.42E-03 10.3 2.10E-03 1.65E-03 
Atlas 433 8/1/2003 19.2 0.853* 0.0121 3.11E-04 3.78E-08 1.70E-07 15.8 1.19E-03 1.01E-03 13.8 1.57E-03 1.15E-03 

PT = Total dissolved gas pressure.  Hmin = 1220 m, Hmax = 1710 m, are the minimum and maximum assumed recharge elevations. 
Tmax and  Amin are the maximum calculated recharge temperature and corresponding minimum excess air concentration based on the minimum assumed recharge elevation. 
Tmin and  Amax are the minimum calculated recharge temperature and corresponding maximum excess air concentration based on the maximum assumed recharge elevation. 
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Sum Norm Res^2 is the criteria chosen to determine the best fit between modeled and measured data.  In this case, it is the sum after taking the difference between the modeled and 
measured dissolved gas concentrations, normalizing by the gas’s solubility concentration at 10OC and 1 atm. and squaring the result. 



 

APPENDIX B 
 
 
 

BORING LOGS FROM SUMMER 2003 DRILLING 
 

 

Three new boreholes were drilled and logged on the Matheson Wetland Preserve 

between July 28 and August 4, 2003.  The drilling was performed by Boart Longyear 

Company using a Gus Pech 300 Rotosonic Rig.  Three wells of schedule 40 PVC casing 

were installed in each borehole.  Each well consists of 2” solid PVC casing with a 2’ long 

0.020” slotted PVC screen at the end.  Drilling of each borehole began with 9” diameter 

drill casing to allow room for three PCV pipes.  Below the depth of the first well screen, 

drilling continued with 8” drill pipe.  The holes are designated as BL1, BL2, and BL3 

with the individual wells designated as S, M, and D (e.g. the three wells completed in the 

first borehole are referred to as BL1-S, BL1-M, and BL1-D).  Well installation and 

development information for the 9 monitoring wells in 3 boreholes is included below. 

 

BL1 

Well BL1-S was screened from 51.6' to 53.6' with a silica sand pack surrounding 

the screen from 49.9' to 56.5' and a thin layer of bentonite chips emplaced below 56.5'.  

Well BL1-M was screened from 96.5' to 98.5' with a silica sand pack surrounding the
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 screen from 94.3' to 100.7' and bentonite chips used from 100.7' to 110'.  Well BL1-D 

was screened from 137.6' to 139.6' with a silica sand pack surrounding the screen from 

136.2' to 140.1'.  Bentonite slurry (with the small intervals of bentonite chips) was used to 

completely seal the area between well screens.  Well development of the new wells began 

by using a waterra hand-pump to remove the first 25 gallons (at least) of very silty water.  

After the water began to clear, well development was continued using a Whale® 

submersible pump in each well until field parameters (temperature, total dissolved gas 

pressure, and specific conductance) had stabilized to within +/- 5%.  The total volume of 

ground water purged from BL1-S, BL1-M , and BL1-D was 105, 150, 190 gallons 

respectively.  

 

BL2 

Well BL2-S was screened from 54' to 56' with a silica sand pack surrounding the 

screen from 49.5' to 58' and a 0.4' layer of bentonite chips was emplaced beneath 58'.  

Well BL2-M was screened from 100' to 102' with a silica sand pack surrounding the 

screen from 97.7' to 104.2' and a 0.4' layer of bentonite chips used below 104.2'.  Well 

BL2-D was screened from 140.8' to 142.8' with silica sand pack surrounding the screen 

from 138.5' to 147.3'.  Bentonite slurry (with the small intervals of bentonite chips) was 

used to completely seal the area between well screens.  Well development of the new 

wells began by using a waterra hand-pump to remove the first 25 gallons (at least) of very 

silty water.  After the water began to clear, well development was continued using a
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Whale submersible pump in each well until field parameters (temperature, total dissolved 

gas pressure, and specific conductance) had stabilized to within +/- 5%.  The total volume 

of ground water purged from BL2-S, BL2-M, and BL2-D was 120, 135, 195 gallons 

respectively.  

 

BL3 

Well BL3-S was screened from 30' to 32' with a silica sand pack surrounding the 

screen from 27.9' to 32.5'.  Well BL3-M was screened from 46.1' to 48.1' with a silica 

sand pack surrounding the screen from 44' to 50' and a layer of bentonite chips was 

emplaced down to 63.2'.  Well BL3-D was screened from 98.6' to 100.6' with a silica 

sand pack surrounding the screen from 96.3' to 101.1'.  Bentonite slurry (with the small 

intervals of bentonite chips) was used to completely seal the area between well screens.  

Well development of these new wells began by using a waterra hand-pump to remove the 

first 25 gallons (at least) of very silty water.  After the water began to clear, well 

development was continued using a Whale® submersible pump in each well until field 

parameters (temperature, total dissolved gas pressure, and specific conductance) had 

stabilized to within +/- 5%.  The total volume of ground water purged from BL3-S, BL3-

M, and BL3-D was >200, 135, >110 gallons respectively.  

Heaving sands are believed to be the cause of the borehole collapse that forced the 

silica pack and bentonite slurry up into to the screen of BL3-S.  As a result, BL3-S 

yielded nothing but bentonite slurry upon development (after purging >200 gallons over 

two days).  Water level measurements were made from BL3-S but ground water pumped 
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from this well never cleared enough to collect samples for the constituents included in 

this report. 

The BL3 borehole was stopped approximately 50’ shallower that the BL1 and 

BL2 boreholes.  The reason for this is that the drill met refusal at ~100’ below ground 

surface when what is believed to be caprock of the Paradox Formation was encountered.  

Drilling was continued for one hour during which time only one additional foot of 

progress was made.
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APPENDIX C 

 
 
 

DISSOLVED GAS SAMPLING DETAILS 
 
 

 
Use of Advanced Diffusion Samplers to Obtain Total Dissolved Gas Pressure 

 Diffusion samplers used to collect dissolved gas samples in this study are similar 

in design and nearly identical in operation to those described by Sheldon (2002).  

Dissolved gas concentrations (Ci) were determined using measured mole fractions (Xi) 

and total dissolved gas pressures (PT) as follows: 

 

 Ci = KiXiPT            (C.1) 

 

where Ki is the Henry’s Law coefficient for the particular gas.  The majority of wells 

used in this study are too small in diameter to accept a Total Dissolved Gas Pressure 

Probe.  Rather, an advanced diffusion sampler design was employed that was able to 

adequately maintain the in-situ dissolved gas pressure for measurement in the laboratory.   

Old-style diffusion samplers consisted of a copper tube attached to an open segment of 

gas-permeable silicon tubing.  Because of the open design of these samplers, re-

equilibration with the atmosphere through the silicon tubing began to affect the sample 

soon after removal from the well water and it was important to seal them with the cold-
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weld crimp immediately.  Another problem was that the pressure sealed inside of the 

copper sampler was not representative of in-situ dissolved gas pressure since variable 

volume changes in the flexible silicon tubing occurred when these open-style samplers 

were crimped. 

 The advanced design allows the new samplers to be closed with an air-activated 

piston closure in the well prior to bringing the sampler out and sealing it with the cold-

weld crimp.  The components that make up this sampler are illustrated in (Figure C.1).  

The brass outer cylinder (1) is covered with silicon tubing (2) that stretched over it and 

held in place by stainless steel collars (3) at either end.  The brass piston (4) slides inside 

the cylinder (2), is free to move in and out with 3 mm of travel, and is held in place by 

the piston screw (8). A copper diffusion sampler (7) with an inner volume of 

approximately 0.3 cc is screwed onto the piston at the threaded end (6) until it is tight 

against the rubber o-ring (5) which provides seal that prevents water from entering the 

sampler.  Finally, a 0.25 in, thick-walled polyurethane hose with sufficient length to 

extend from the sampling depth to land surface is attached to the top of the whole device 

by another threaded connection (9).  With the piston in the “open” position, hole (10) is 

aligned with hole (12) so that gas diffusing anywhere through the membrane is free to 

migrate along the nurled grooves and into the hollow piston through holes (10), (12), and 

finally into the copper sampler through hole (13).  With the piston in this position the 

entire sampling device is inserted into the well to the sampling depth.  A minimum of 24 

hours is allowed for equilibration (Sheldon, 2002) at which time the piston is moved to 

the closed position by pumping air (to approximately 10 psi) through the air-hose leading 

to the surface.  The sampler is isolated by a double o-ring seal to prevent the air delivered



 

 
 
Figure C.1.  Detail of construction and use of advanced, piston-type diffusion samplers.
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for closure from affecting the gas in the sampler.   

With the piston in the closed position the equilibrium pressure between dissolved 

gases and the sampler (i.e. the total dissolved gas pressure that would normally be 

measured with the TGDP probe) is preserved until the sampling device is lifted from the 

well and the copper sampler is permanently sealed with a crimping device that creates an 

impermeable cold-weld.  The copper sampler now contains a sample of the gases 

dissolved in the well water at the pressure of dissolved gases in the well.  Upon cracking 

open the sampler and inletting the gas into the first chamber of the mass spectrometer 

vacuum line, the gas pressure that is preserved in the sampler is read on a Baritron 

pressure gauge.  Although the Baritron pressure reading is affected by volume and 

temperature differences according to the ideal gas law, it is an indirect measure of the 

TGDP.     

 Laboratory tests were performed in order to develop a relationship between the 

gas pressure in the sampler (essentially TDGP) and the inlet pressure measured by the 

Baritron gauge.  The experiment consisted of allowing a set of 4 diffusion samplers to 

equilibrate with atmospheric gases dissolved in air-equilibrated water in a bell jar at a 

controlled water temperature (12, 15.8, 19.8, and 24.6 oC).  Upon inletting gas from a 

copper sampler into the vacuum line, water vapor is immediately frozen down on a liquid 

nitrogen trap reducing the sampler pressure by the partial pressure of water (PW).  

Therefore, the Baritron gauge reading is plotted against to the temperature-adjusted dry 

gas pressure in the sampler (Figure C.2).   
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Figure C.2.  Correlation between the temperature-adjusted dry gas pressure in the 
diffusion sampler and the Baritron gauge pressure on the mass spectrometer vacuum line. 
 

Using this correlation, the TDGP that would have been measured in the wells (Table A.7) 

was calculated according to the following equation: 

 

PT,in atm = 0.6124 * PB, in torr x (TF, in Kelvin/TL,in  Kelvin) + PH2O, at well temp                     (C.2) 

 

where, PT = TDGP in units of atm., 

 PB = Baritron gauge pressure in units of torr,  

 TF = temperature of well water in the field in units of Kelvin, 

 TL = temperature of vacuum line in lab in units of Kelvin, and 

 PW = partial pressure of water at the well water temperature and 100% humidity. 
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The correlation is not perfect (R2 = 0.82), and this is attributed to slight variations 

in the internal volume of the 14 machined sampling devices.  For instance, the two upper 

left points in the Figure C.2 have lower than expected Baritron likely resulting from 

slightly smaller volume of gas in the sampler being inlet to the same volume on the 

vacuum line.  Eliminating those points lowers the slope from 0.6124 to 0.6101 and 

improves the correlation coefficient to R2 = 0.96.  This suspected cause has not been 

tested at this time, thus all points from the laboratory experiment were used.  Use of 

equation C.2 to calculate TDGP values for field conditions results in an uncertainty 

(statistical standard error) of +/- 2% which in turn leads to an additional uncertainty 

superimposed on modeled recharge temperatures of less than +/- 1oC.  It is likely TDGP 

values recovered from these piston-type diffusion samplers could be improved by having 

them machined to more precise dimensional tolerances.   

 

Modeled Recharge Temperatures and Complications from In-Stiu Degassing 

Dissolved gas data from diffusion samplers was used to model recharge 

temperatures for 28 samples from 22 different wells in the shallow fresh water system at 

the Matheson Wetland Preserve (Table A.8).  Minimum and maximum recharge 

temperatures were calculated by assuming upper and lower bounds on recharge 

elevations and simultaneously solving an over-determined set of solubility equations for 

the concentrations of four measured gases; N2, Ar, Kr, and Ne as described by Manning 

(2002).  The system of equations was solved using the “Solver” routine in Microsoft 

Excel and the quality of the fit was gauged by minimizing the sum of the square of the 
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difference between the modeled and measured gas concentration normalized by the gas 

solubility at 0oC (Sum Norm. Res2 in Table A.8). 

Many of the dissolved gas samples that were collected did not fit a reasonable 

model of recharge temperature and excess air.  Unusually high dissolved gas pressures 

are ubiquitous across much of the site, especially in high TDS waters.  Two mechanisms 

that are likely responsible for these elevated dissolve gas pressures are proposed: forced 

increases in TDGP by salinizing originally meteoric fresh water, and the in-situ 

production of excess N2 gas attributed to nitrification of ammonia and subsequent 

denitrification of nitrate and nitrite discussed in Results section. 

Oxygen and deuterium isotopes suggest that briney waters everywhere on the site 

are of meteoric origin.  These waters, although old, likely recharged the aquifer as fresh 

water and acquired salt through upward diffusion from the underlying Permian 

Formations.  Noble gases solubilities generally decrease with increasing salinity and 

become sensitive to this parameter at concentrations above 10,000 mg/L (Weiss, 1970; 

Smith and Kennedy, 1983).  A simple laboratory experiment was conducted to 

investigate TDGP increases from salinity induced solubility decreases under enough 

hydrostatic pressure to prevent degassing.   

The experiment consisted of adding sodium chloride to air-equilibrated water in a 

2 m tall PCV test well.  Dissolved oxygen was removed from the water by addition of 5.0 

g of Na2SO3 to insure that measured changes in TDGP were not the result of biologically 

related gas consumption or production.  Figure C.3 shows the measured and predicted 

TDGP increases with salinity.  Predicted increases are calculated using the empirical 
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solubilities of Weiss (1970, 1971, and 1978) with the salting coefficients from Masterson 

(1975) for N2 and from Smith and Kennedy (1983) for the remaining noble gases. 
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Figure C.3.  Results of laboratory experiment showing predicted and measured increases 
in total dissolved gas pressure with increased salinity. 
 
 

Total dissolved gas pressures were seen to increase by about 20% with an 

increase in SpC of about 40,000 µS/cm (equivalent to about 30,000 mg/L NaCl).  

Pressures at higher salinities were not measured because bubbles indicating that 

degassing was occurring began to form in the upper half of the well and this degassed 

water started to become mixed with water at the bottom of the well as more NaCl was 

added.  Based on this experiment, one would expect to see an increase of 0.12 to 0.5 atm 

in TDGP in water that began as freshwater recharge and later acquired 30,000 to 120,000 

mg/L NaCl. A TDGP increase of this amount would require the hydrostatic pressure of 
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approximately 1.2 to 5 m of hydraulic head to prevent water from degassing, thus, 

complicating the collection of dissolved gas samples in brines from shallow wells.    



 

APPENDIX D 
 
 
 

HELIUM TRANSPORT MODEL  
 
 

 

A one-dimensional numerical model of helium transport in saturated sediments 

was created to investigate likely scenarios leading to extremely elevated dissolved He 

concentrations approximately 2 m beneath the bed of the Colorado River near well nest 

CR1.  The finite difference model MODFLOW 2000 (Harbaugh et al., 2000) was used to 

simulate groundwater flow in a vertical one-dimensional grid that was 1 x 1 x 10 m 

(Figure D.1).  In order to adequately model high-resolution He concentrations in the 

vertical dimension, 40 cells (0.25 m each) were used in the z-direction.  MT3DMS was 

then used to simulate transport of dissolved He in conjunction with the flow-field output 

of MODFLOW.  MT3DMS is the most recent version of a modular three-dimensional 

transport model for simulating advection, dispersion, and chemical reactions of dissolved 

species in groundwater developed by the U.S. Army Corps of Engineers (Zheng and 

Wang, 1998). 

Model runs were designed to examine the influence of advective versus diffusive 

transport of He under conditions determined from field measurements of hydraulic 

gradients.  Four of the most significant runs are described: (1) with a maximum effective 

diffusion coefficient (De) and average upward groundwater flow, (2) with a minimum De 

and average upward groundwater flow, (3) with a minimum De and highest plausible
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upward groundwater flow, and (4) with a maximum De and highest plausible downward 

groundwater flow. 

 Table D.1 summarizes the parameters that were used in the four 

simulations.  The chosen Darcy Velocity of 0.00015 m/s used in simulations 1 and 2 

comes from the average of four observed upward hydraulic gradients at CR1 of 0.05 m/m 

multiplied by an average value for hydraulic conductivity (K) in gravel of 0.003 m/s 

(Domenico and Schwartz, 1998).  Likewise, the maximum plausible upward and 

downward Darcy Velocities of 0.0003 and -0.00024 m/s used in simulations 3 and 4 

come from the maximum observed upward and downward gradients at CR1.   

The saturated sedimentary material through which He would be diffusing below 

CR1 is thought to make the transition from very fine-grained overbank deposits to coarse 

cobbles and gravels between 2 and 10 m depth beneath the river bed.  The choice of 

maximum and minimum values used for De was meant to reflect this variation in 

lithology.  Jahne et al. (1987) reports a value of D = 6.34 x 10-5 cm2/s for helium 

diffusion in open water. The maximum value of De = 5.00 x 10-2 m2/yr (1.58 x 10-5 cm2/s) 

was chosen for simulations in MT3DMS based scaling down the open water value by a 

factor of approximately 0.25 after considering the effects of tortuosity and porosity on the 

effective diffusion coefficient.  The minimum value used in these simulations was 

2.00x10-2 m2/yr based on the De value reported by Sheldon (2002) for He diffusion in 

clay-rich tills.  
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Figure D.1.  Geometry of the MODFLOW 2000 finite difference model grid used to 
simulate helium transport.  The grid represents a 1 x 1 x 10 meter column of the 
subsurface near CR1.
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Table D.1.  Constant parameters and values that were varied in each of the four numerical 
simulations.  
 

MODFLOW 2000 Constant Parameters 
        

Units: Length = m, Time = s, Mass = mg, Force = N.   
        
  x y z    

Grid: 1 1 10    
No. of Cells: 1 1 40 (each vertical cell is 0.25m) 

        
LPF pkg. Confined      

Global Options: Forward Run, Steady State     
MODFLOW 2000 Variables 

  Simulation 1 Simulation 2 Simulation 3 Simulation 4   
Ibound: Cell 1 Active (1) Active (1) SpecHead (-1) SpecHead (-1)   

Ibound: Cells 2-39 Active (1) Active (1) Active (1) Active (1)   
Ibound: Cell 40 Active (1) Active (1) SpecHead (-1) SpecHead (-1)   

K (m/s): 0 0 0.0015 0.0015   
dh/dl: 1 1 1 1   

Darcy Velocity: 
 q = -K(dh/dl) 

(Upward) 
0.000150 

(Upward) 
0.000150 

(Upward) 
0.0003 

(Downward ) 
-0.00024   

      
MT3DMS Constant Parameters 

        
Units: Length = m, Time = yr, Mass = mg, Force = N, Conc. = ppm.

Stress Periods: 1      
Length : 1000      

# Time Steps: 50      
Soln. Scheme: Method of Characteristics     

Tracking Algorithm: Runge-Kutta      
Long Dispersivity: 0.1      

Cell 1: specified concentration = 0.045    
Cells 2-40:  initial concentration = 7.5    

MT3DMS Variables 

  Simulation 1 
Simulation 

2 Simulation 3 Simulation 4   

Deff (m2/yr): 5.00E-02 2.00E-02 2.00E-02 5.00E-02   

Deff (cm2/s): 1.00E-05 6.34E-06 6.34E-06 1.00E-05   
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Model Results 

Groundwater at CR1 has 4He concentrations that are 2 orders of magnitude above 

atmospheric solubility at a depth of only 2 m below the bed of the Colorado River.  A 

one-dimensional stead-state numerical model of helium transport was created to 

investigate whether an upward advection of brine is required to maintain the sharp 4He 

gradient at this location.  Helium is scarcely soluble with a high diffusion coefficient, 

thus water in the river should maintain a 4He concentration in equilibrium with the 

atmosphere of approximately 4.5x10-8 ccSTP/g.  Dissolved 4He in water in the CR1-3 

well has been measured at  3.1x10-6 in March of 2003 and 7.4x10-6 ccSTP/g in July of 

2003.  Similar 4He increases are seen in other wells near the freshwater/brine interface 

over the same period of time (e.g M11-14, N7-10 and N7-11, Table A.7).  During six 

periods over the course of 2 years that measurements of hydraulic head (EFH) were 

made, twice the hydraulic gradient was downward and four times upward.  The strongest 

upward gradient occurred during late summer of 2003 when the Colorado River was at a 

very low stage of approximately 2000 cfs.  The strongest downward gradient was seen in 

the late spring of 2004 when the river was flowing at a high stage during peak runoff, 

approximately 10,000 cfs. 

The model was designed with river water fixed at the atmospheric solubility 4He 

concentration of  4.5x10-8 ccSTP/g and saturated sediments directly below had an initial 

concentration of 7.5x10-8 ccSTP/g (slightly above the highest measured value).  Results 

of the end member modeled scenarios are presented as Figure 3.17.  The curves shown 

represent relative concentrations after 100 and 1000 years resulting from the two end- 
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  Figure D.2.  Summary of results from MT3DMS 1-dimensional model of helium 
  transport.  Refer to Table D.1 for conditions of model simulations represented (e.g. the 
  line labeled Sim.3, 100 yrs represents that relative 4He concentration at after 100 years 
  at depth).     
    
 
member scenarios, (i.e. the ones showing the maximum and minimum reduction of 4He in 

groundwater below the river bed).  Although model results are not surprising, they do 

suggest that more pronounced transient conditions occur than were ever observed.  Recall 

that the upward and downward advections modeled are based on observed hydraulic 

gradients between wells CR1-3 and CR1-5 in brine with approximately the same TDS 

concentrations.  Under neither of the end-member scenarios (maximum upward 

advection, minimum Deff and maximum downward advection, maximum Deff) would the 

4He concentration be reduced to the lower of the two measured concentrations at CR1-3 

(3.1x10-6 ccSTP/g) after even 100 years.  This implies upwelling brine is seasonally 
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responsible for raising the 4He concentration and that these concentrations are 

periodically diluted by river water or fresh groundwater.  It is also worth noting that after 

1000 years, under all modeled scenarios, the 4He concentration in groundwater here will 

become more dilute than any of the measured concentrations at this location.  This 

confirms that an upwelling of the high 4He brine in the last 100 years is required to for 

concentrations to be what they are today.  

 



 

APPENDIX E 
 
 
 

ADDITIONAL DATA COLLECTED DURING A STUDY OF WETLAND 
EVAPOTRANSPIRATION  

 
 
 

 Appendix E contains unpublished data collected and described by Erin 

Crowley for her final project report as part of the requirements of the Masters of 

Engineering degree in Environmental Engineering. 

 

Aquifer Properties 

 In June 2002, a 24-hour aquifer test was conducted on NC-1, a pumping well 

located on the perimeter road at the northern part of the preserve.  Data collected from 

three nearby piezometers were analyzed using AQTESOLV Software to obtain hydraulic 

conductivity.  Individual piezometer slug tests, involving the instantaneous removal of a 

known volume of water and a record of time to recovery, were also conducted throughout 

the preserve.  This data was also analyzed using AQTESOLV Software, yielding local 

hydraulic conductivity values.  Table E.1 is a list of these hydraulic conductivity values. 
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Table E.1.   Results of Hydraulic Tests 
 

Well Hydraulic Conductivity (m/s) Type of test 
N6-6 4.50E-05 Pumping 
N6-4 4.50E-06 Pumping 

N6B-9 2.50E-05 Pumping 
N3-8 1.40E-06 Slug 

M11-10 3.90E-05 Slug 
N7-7 6.60E-08 Slug 
N7-10 1.70E-07 Slug 
N4-3 1.80E-06 Slug 
N4-6 1.20E-05 Slug 

Average 1.43E-05  

 

 

Calculating Evapotranspiration 

 Meteorological data were obtained from the closest operating weather station to 

the wetlands, the Canyonlands Airport station (with call letters “CNY” on 

www.mesowest.net), located about 15 miles north of the wetlands on State Route 191. 

The following daily weather data were collected and used in calculations over the year 

2002: 

1. Maximum and minimum daily temperature 

2. Maximum and minimum relative humidity 

3. Average wind speed over the course of the day 

4. Total daily rainfall (if applicable) 

The methods used for using this data for calculating evapotranspiration using the FAO 

version of the Penmann-Monteith equation are outlined by Allen et al. (1998).  The total 

resulting ET0 for the year 2002 was 1.66 meters, or 65.4 inches.  Computed values of ETo 

for each day in 2002 are shown in Figure E.1.   
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Due to the variability of salt content and availability of water, the native 

vegetation and the tamarix vary regionally in their states of health and subsequent water 

usage, or transpiration.  The wetland is thus divided spatially into five zones, each having 

a unique evapotranspiration potential (ki): 

Zone 1: Healthy native vegetation, k1 = 0.94 

Zone 2: Unhealthy native vegetation, k2 = 0.41 

Zone 3: Healthy tamarisk, k3 = 0.76 

Zone 4: Unhealthy tamarisk, k4 = 0.38 

Zone 5: Open water and associated plants, k5 = 1.0 

 

Figure 4:
Reference Crop Evapotranspiration
in the Matheson Wetland Preserve 
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Figure E.1.  Reference crop evapotranspiration for each day of 2002. 

 

The five vegetation zones were delineated in map form (Figure E.2) based on direct 

observation and several recent photographs of the wetlands.  The primary aerial 
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photograph used was the 1997 black and white aerial photograph obtained from the U.S. 

Department of Agriculture-Forest Services.  Finally, the evapotranspiration rate and 

equivalent water loss would be given by the following equations: 

 

0ETkETi i ⋅=              (E.1) 

AiETkV ii ⋅⋅= 0             (E.2) 

 

where: 

 ETi is the evapotranspiration rate in Zone i in feet per year,  

 ki is the average crop factor for Zone i, 

 Ai is the total area of Zone i in acres, and 

Vi is the total volume of water loss in Zone i, given in acre-feet per year. 
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Zone 3: 
Healthy Tamarix 

Zone 4: 
Unhealthy 
Tamarix 

Zone 2: 
Unhealthy Native 
Vegetation 

North 

Zone 5: 
Open Water and Water 
Vegetation  

Zone 1: 
Healthy Native 
Vegetation 

 

Figure E.2.  Map showing five vegetation zones used in calculating evapotranspiration on 
the wetland preserve.  
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