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ABSTRACT

This preliminary study evaluated a relatively inex-
pensive and low-maintenance method for measuring 
transpiration in an area impacted by Salt Cedar and 
Russian Olive trees. Additionally, soil salinity in an 
area surrounding a large Salt Cedar tree was evalu-
ated and the salt composition analyzed. Salt Cedar 
(genus Tamarix) stands have the potential to signifi -
cantly impact watersheds throughout Montana due to 
the reported high transpiration rates of the plants and 
their tendency to concentrate soluble salts near the 
soil surface. Impacts to riparian areas from increased 
groundwater salinity and lowered groundwater fl ow 
rates include: lower in-stream fl ow rates, higher 
surface-water temperatures, and higher surface- and 
groundwater salinity. Higher soil salinity can hin-
der native plant growth and reduce important plant 
diversity in the riparian zone.

Three wells were installed in and near a stand of 
Russian Olive and Salt Cedar trees near the town of 
Hysham in Treasure County, Montana. These wells 
were used to monitor the water level of the near-
surface alluvial aquifer. Water levels were monitored 
with dataloggers every hour for approximately 11 
months to establish natural water-level variation 
when all trees are present. After that initial period, 
the Russian Olives were cut; 1 month later the Salt 
Cedar trees were cut. 

Numerous previous studies have looked at the water 
consumption of Salt Cedar and other phreatophytes; 
however, almost all have concentrated on Salt Cedar 
in desert ecosystems. The method used in this study 
involved closely monitoring the groundwater level 
on an hourly basis. Using the rate of recovery from 
diurnal oscillations and the difference between daily 
readings, it is possible to calculate how much water 
has been used by the plant. A 10-day period with 
minimal precipitation was selected for each of the 
three variables: all trees present, only Salt Cedar, 
and no trees. In the situations where all the trees 
were present and only Salt Cedar were present, the 
two wells in the stand of trees had a higher evapo-
transpiration (ET) rate than the baseline well, which 
was surrounded only by grasses and small shrubs. 
Cutting the Salt Cedar (no trees present) resulted in 
all wells having very similar ET rates.

The difference in ET between the wells near the Salt 
Cedar and Russian Olive trees and the baseline well 
gives a rough approximation of the ET that is attribut-
able to the trees as opposed to the surrounding veg-
etation. The calculated ET values of approximately 
1 mm/day are consistent with previous studies that 
found ET rates for Salt Cedar range from about 1 mm/
day to as much as 15 mm/day (annual rates of 70 to 
140 cm/year). Desert ecosystems have both higher 
temperatures and lower humidity than the studied 
watershed: both factors contribute to higher rates of 
transpiration in the desert. As all previously identi-
fi ed studies took place in desert ecosystems, it is not 
unusual that the rates estimated here are on the low 
end of that range.

Samples collected for saturated paste (soil) analysis 
show different distributions of cations and anions in 
peak (high) salinity samples and background (low) 
salinity samples, not simply higher concentrations. In 
milliequivalents per liter, a unit that takes into ac-
count the charge and mass of the ion, the two back-
ground samples have balanced cations; that is, the 
calcium, magnesium, and sodium concentrations are 
approximately equal. However, in the peak samples, 
the amount of sodium in the sample increased substan-
tially—to over twice the amount of the other cations. 
This is particularly important because sodium can 
cause soil to lose structure and fertility. The anions in 
the background samples were dominated by sulfate, 
which is also true in the peak samples but to a much 
greater extent. This study supports other research that 
has shown Salt Cedar concentrates salts on the soil 
surface. The work done for this project has shown that 
much of that salt is present as highly soluble sodium 
sulfate (such as thenardite).
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INTRODUCTION

Background

Salt Cedar (genus Tamarix) stands have the po-
tential to signifi cantly impact watersheds throughout 
Montana due to the reported high transpiration rates 
of the plants and their tendency to concentrate soluble 
salts near the soil surface. Impacts to riparian areas 
from increased groundwater salinity and lowered 
groundwater fl ow rate include: lower in-stream fl ow 
rates, higher surface-water temperatures, and higher 
surface- and groundwater salinity. Higher soil salinity 
can hinder native plant growth and reduce important 
plant diversity in the riparian zone.

Phreatophytes such as Salt Cedar increase ground-
water salinity levels by transpiring salt-free groundwa-
ter, which elevates the salt concentration of the re-
maining water. Surface water that is in communication 
with the higher salinity groundwater is also affected 
by the increased salt levels. Capillary action can bring 
this higher-salinity groundwater near the surface, po-
tentially impacting the soil quality. Additionally, Salt 
Cedar is known to concentrate salts in its leaves that, 
when shed in the fall, increase the salinity of the soil 
beneath and surrounding the Salt Cedar stand. This 
makes the environment hostile to all but halophytes; 
in Montana these are generally non-native plants. 
The type of salt concentrated in the soil by Salt Cedar 
needs to be understood in order to evaluate potential 
changes in soil structure that could lead to reduced fer-
tility and higher erosion rates. Sodium ions, in particu-
lar, can cause soil to de-fl occulate, thereby reducing 
soil pore space and fi eld capacity. Soluble salts in the 
shallow soil can be carried to surface-water bodies by 
overland fl ow during rainstorms or fl ooding events.

Salt Cedar and other deep-rooted plants, such as 
Russian Olive, have the potential to transpire a great 
deal of water because their roots can penetrate the 
saturated zone in the aquifer known as the water table. 
In contrast, transpiration from shallow-rooted plants is 
limited by the amount of water in the soil pore space. 
Transpiration rates from Salt Cedar have been reported 
[in terms of evapotranspiration (ET)] to range from 
less than 1 mm/day to more than 15 mm/day in desert 
ecosystems in Arizona and New Mexico (Cleverly, 
2002; Dahm, 2002; Robinson, 1965; Wyman, 2007). 

The transpiration rate for Salt Cedar in a semi-arid 
zone such as is found in eastern Montana will be 
somewhat less than the extreme transpiration rate 
measured in the desert. Accurately determining the 
water consumption of Salt Cedar in Montana water-
sheds is important to fully understand the extent of the 
potential impact Salt Cedar may have upon the water-
shed.  

Damage to riparian environments in eastern Mon-
tana can be particularly severe given the relatively 
limited water resources. A mixed Salt Cedar and Rus-
sian Olive stand near the Yellowstone River just east 
of Hysham, in eastern Montana, was selected for this 
study; however, the methods used in this project will 
be applicable to other watersheds. Non-native phre-
atophyte species present in this area include two Salt 
Cedar species: Tamarix ramosissima and T. chinensis, 
and hybrids of these two, and Russian Olive: Elaeag-
nus augustifolia.

Project Overview

This study was a collaborative effort between the 
Treasure County Weed District (TCWD) and the Mon-
tana Bureau of Mines and Geology (MBMG). Fund-
ing for this project was through the State of Montana, 
Department of Environmental Quality 319 program. 
The effort and cost of controlling Salt Cedar needs to 
be evaluated in the context of the potential damage 
to a water system. The results from this study will be 
used to make decisions on controlling the spread of 
Salt Cedar, to develop watershed restoration plans, and 
to educate landowners on the impacts of Salt Cedar. 

Purpose

Determining the water consumption of Salt Cedar 
in Montana watersheds will help determine the poten-
tial impact of the species on riparian areas. However, 
transpiration studies are generally extremely time-
intensive and costly. This preliminary study evaluated 
a relatively inexpensive and low-maintenance method 
of measuring transpiration in an area impacted by Salt 
Cedar and Russian Olive trees. Additionally, soil salin-
ity in an area surrounding a large Salt Cedar tree was 
evaluated and the salt composition analyzed to deter-
mine the potential for soil degradation. 
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Study Design

Three wells were installed in and near a stand of 
Russian Olive and Salt Cedar trees; two within the 
stand of trees and one outside the stand surrounded by 
only grasses and small shrubs. These wells were used 
to monitor the water level of the near-surface alluvial 
aquifer. A meteorological station was also installed 
near the stand. Water levels were monitored with 
dataloggers every hour for approximately 11 months 
to establish natural water-level variation when all trees 
are present. After that initial period, the Russian Olive 
trees were cut and the stumps treated with RemedyTM 

from Dow Agro Sciences. One month later, the Salt 
Cedar trees were cut and the stumps also treated with 
RemedyTM. During this time, aquifer water levels 
continued to be monitored every hour by dataloggers. 
Drawdown in aquifers can be correlated to the tran-
spiration rate of the ecosystem using a method fi rst 
outlined by White (1932). By removing the trees one 
species at a time, we attempted to differentiate, in rela-
tive and absolute terms, between the water use of the 
two species and the surrounding vegetation. 

To investigate the nature and extent of Salt Cedar’s 
accumulation of salt near the surface, two salinity 
transects were measured around a large Salt Cedar 
tree. Samples from the locations of the peak salinity 
and background salinity were collected and analyzed 
for soluble salts. 
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LITERATURE REVIEW RESULTS

Numerous previous studies have looked at the 
water consumption of Salt Cedar and other phreato-
phytes. An extensive bibliography of these studies has 
been compiled as a part of this report (appendix 1). A 
chart summarizing the fi ndings of a selection of these 
reports is presented in appendix 2. Irrespective of the 
method used to measure transpiration, the units are 
generally in mm/day or a similar unit. This unit is used 
because it normalizes differences between plant size 
and leaf area. The length/time unit can refer to leaf 
area or affected groundwater area depending upon the 
transpiration/ evapotranspiration measurement method 
used. 

Evapotranspiration Measurement Methods

Water Level
The method used in this study involves closely 

monitoring the water level on an hourly basis for 
several days to weeks. Using the rate of recovery from 
diurnal oscillations and the difference between daily 
readings, it is possible to calculate how much water 
has been used by the plant (Butler and others, 2007). 
The original method was published by White (1932) 
and was found to be accurate to within 20% for sands 
and gravels by Loheide and others (2005).

Bowen Ratio Methodology
The Bowen ratio–energy balance (BREB) method 

is based on the fl ux-profi le relationships for energy 
and mass exchange, and is used to estimate ET over 
vegetated or bare soil (Perez and others, 1999). The 
Bowen ratio is generated by dividing the sensible 
heat fl ux by the latent heat fl ux. This method for ET 
estimation has been found to be very accurate during 
daylight hours, with less than a 5% margin of error 
(Fritschen, 1965). The equations for this method mea-
sure short-term fl ux; these short-term results can then 
be summed to produce long-term data. This method is 
reliant on accurate data, therefore accurate and precise 
instruments and measurements must be used. When 
fl ux measurements approach the minimum resolution 
of the instruments, the data may provide fl awed ET 
estimates and therefore be unusable.
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Blaney–Criddle Method
The Blaney–Criddle method for estimating water 

consumption (U) uses evaporation, rain, effl uent fl ow, 
and pond leakage for its basic model. Of interest for 
transpiration calculations are the plant water consump-
tion equations. These equations use a seasonal coef-
fi cient (K) times a monthly consumptive use factor 
(F). The monthly consumptive use factor is derived 
from the mean monthly temperature in Fahrenheit (t) 
times the mean monthly percent of daytime hours (p), 
divided by 100: 

U = K * F
F = t * p / 100

The seasonal coeffi cient is obtained from known 
water use for specifi c species (Arizona Department of 
Envrionmental Quality, 1998). 

Lysimeters
Lysimeters extract or measure water in the soil. 

Several types of lysimeters can be used in ET studies 
(Lister, 2003): 

• A pan lysimeter is an open container buried 
with its top lip even with the ground surface. The 
water that percolates through the soil to the bottom 
of the lysimeter is collected and compared with the 
known rainfall/watering event to calculate ET. 

• A gravimetric lysimeter weighs the soil and 
calculates evaporative loss through changes in total 
weight. 

• A suction lysimeter uses a vacuum to pull 
water from the soil through a porous material for 
collection and comparison to the water added to the 
system to determine ET. 

Eddy Covariance
The eddy covariance method of calculating ET 

measures the latent heat, sensible heat, and water 
vapor content of the small, circularly moving eddies 
that form when wind moves over a rough surface, such 
as tree canopies and ground clutter. By observing the 
heat and moisture content of an eddy rotating toward 
the object being studied and comparing it to the eddy 
heat and moisture when it is rotating away, the net 
change can be determined. The vapor fl uctuation 
measurements are used to calculate latent energy and 
the temperature fl uctuation measurements are used to 

calculate sensible heat (Dahm and others, 2002).

Remote Sensing
The remote sensing method uses ground measure-

ments of ET, meteorological variables, and vegetation 
indices (VI) determined by satellite sensors to project 
plant water use. Vegetation indices were created by 
correlating data on foliage density and transpira-
tion. The formula to calculate crop transpiration on a 
ground area basis (EG) using this method is:

EG = ETo * k * VI

ETo is the daily potential or reference crop ET, VI 
is one of several possible VIs scaled between 0 (no 
vegetation) and 1 (full cover vegetation), and k is a 
constant determined by linear regression of measured 
EG with VI. In communities of phreatophytes in arid 
regions, precipitation is low, and the top meter of soil 
is often dry; therefore, accurate calculation of soil 
evaporation is often a negligible component of the ET 
equation (Nagler and others, 2009).

Xylem Sap Flux
The xylem sap fl ux method of determining tran-

spiration utilizes a heating element to send a pulse of 
heat into the sap. Temperature probes are placed above 
and below the point of heating; the lower probe is 
commonly placed 0.5 cm below the heat source, and 
the upper probe 1 cm above the heat source. When the 
temperature at both probes equalizes, the heat pulse 
has moved 0.25 cm, and the time elapsed is used to 
calculate sap fl ow rate. Total sap fl ow can then be 
calculated by the product of sap velocity and cross 
sectional area of conducting sapwood (Stephen and 
others, 2000). 

Water Budget
A water budget uses known values such as amount 

of irrigation, runoff, capillary rise from the water table, 
precipitation, evapotranspiration, and deep percolation 
to groundwater to account for the total water cycle 
(California Irrigation Management Information Sys-
tem, 2009). If one of these values is unknown, it can 
be obtained with the consideration of the other vari-
ables. Transpiration can then be estimated by subtract-
ing known evaporation for the given surface from the 
evapotranspiration total.
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Penman-Monteith Equation
The Penman-Monteith equation estimates ET us-

ing the equation:

where Rn is the net radiation, G is the soil heat 
fl ux, (es - ea) is the vapor pressure defi cit of air, ρa is 
the mean air density at constant pressure, cp is the 
specifi c heat of the air, Δ represents the slope of the 
saturation vapor pressure temperature relationship, 
γ is the psychrometric constant, and rs and ra are the 
(bulk) surface and aerodynamic resistances (AgSys-
tems, 2007).

LOCATION

Geologic Description

The study site is on modern (Holocene) alluvium 
of the Yellowstone River watershed to the east of the 
town of Hysham in Treasure County, Montana (fi g. 1). 
It is near bluffs composed of Judith River sandstone 
(Upper Cretaceous) and hills capped by alluvial ter-
race deposits (Holocene and Pleistocene). The Bear-
paw shale (Upper Cretaceous and stratigraphically 
above the Judith River formation) is exposed where 
modern fl uvial erosion has excavated through the ter-
race deposit (Vuke, 2002). 

The alluvium is composed of well-rounded grav-
els, sand, siltm and clay derived from local Cretaceous 
sandstone and shale bedrock (Lopez, 2000). The 
Judith River Formation is a fi ne- to medium-grained 
sandstone interbedded with silty shale. The Bear-
paw Formation is a dark gray shale interbedded with 
siltstone and fi ne-grained sandstone (Vuke and others, 
2000).

_̂

Yellowstone River

Yellowstone Irrig
ation Ditch

Kb
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Qat
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Kjr

Qat
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Qat
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Qat

Qal

Qat

§̈¦94

Qal

Kjr

Kb

Qat

Alluvium of modern channels 
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Ü

_̂ Study Location

Legend
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Figure 1. The study site location is approximately 9 miles east of the town of Hysham in Treasure County, 
Montana. The alluvial valley is fl anked by Judith River sandstone and Bearpaw shale. The Yellowstone Irrigation 
Ditch is 80 meters upgradient of the study site.
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The lithologic logs constructed from the well 
cuttings give specifi c information to the nature of the 
aquifer at this particular point in the valley (see appen-
dix 3). At each of the three well sites, there is approxi-
mately 2 inches of soil and clay/clay loam. The next 
8 to 10 inches is fi ne-grained, well-sorted, unconsoli-
dated sand. There is a sharp contact between the sand 
and the underlying well sorted gravels. The gravel 
aquifer is composed of small, well-rounded cobbles 
(approximately 2 cm in diameter), with few fi nes pres-
ent. These gravels are continuous to at least 13.8 ft, the 
depth of the deepest monitoring well.

The geologic structure of the Yellowstone River 
valley near Hysham, Montana is dominated by shal-
low anticlines and synclines. Overall, the sedimen-
tary beds dip downward to the west-
southwest; however, the shallow alluvial 
groundwater system is dominated by the 
surfi cial topography.

Hydrogeologic Description

Modern alluvial deposits along rivers 
are good aquifers in this area, generally 
providing abundant, good quality water. 
Terrace deposits can serve as aquifers; 
however, because their recharge source 
is usually very local, terrace aquifers can 
be sensitive to drought. Additionally, 
water quality can be low because the 
water in terrace aquifers can have a long 
residence time. The Bearpaw shale is a 
poor aquifer in the area, producing small 
amounts of poor quality water, whereas 
the Judith River sandstone is a good pro-
ducing aquifer, where present (fi g. 1).

Groundwater in the alluvial aqui-
fer of the Yellowstone River generally 
fl ows parallel to, and slightly toward, the 
river. The Yellowstone River alluvium is 
typically very wide, 1 to 4 miles across. 
The Yellowstone River valley is about 
3.5 miles wide just upstream (west) 
of the study site and narrows to about 
0.75 miles at the study site; the alluvial 
aquifer becomes thinner as bedrock also 

becomes shallower at the study site. The horizontal 
and vertical valley constriction at the study site causes 
an increased hydraulic gradient and hence a much 
greater amount of groundwater discharges to the river 
in this area. 

Another factor controlling the movement of 
groundwater at the study site is the presence of the 
Yellowstone Irrigation Ditch (YID) approximately 80 
m (260 ft) upgradient from the wells (fi g. 1). The ditch 
is constructed in the Judith River outcrop and sand-
stone can be seen exposed in the ditch (fi g. 2). The 
trees lining the bank below the ditch and the stand-
ing water below the ditch suggest that the ditch leaks 
water while in operation and provides recharge to the 
shallow alluvium and bedrock aquifers in this area. 

Figure 2. Yellowstone Irrigation Ditch with exposed sandstone.
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METHODS

Groundwater Investigation

Well Installation
Three monitoring wells were installed in a pasture 

that had a distinct stand of Russian Olive and Salt 
Cedar trees. This allowed all wells to be in the same 
aquifer, while still placing one well outside the stand 
of trees and two wells in the midst of several Russian 
Olive trees and several Salt Cedar trees. A schematic 
illustrating the spatial relationships between the wells 
and trees is shown in fi gure 3. Wells were installed 
with a portable Winkey Drill using a rotary auger (fi g. 
4). Wells are constructed with 1.25 inch schedule-40 
PVC. Information specifi c to each well can be found 
in appendix 3. 

Water-Level Measurements
Water levels in monitoring wells were 

measured using a hand-held electronic tape 
(sounder) approximately monthly, when 
personnel were available. In addition to 
these sounder measurements, each well was 
equipped with a real-time, groundwater-level 
datalogger. These loggers collect water-
level data measured to the 0.01 ft and have 
factory-reported errors less than 0.3%. Water 
levels collected by loggers are corrected for 
barometric changes using a nearby barometer 
running concurrently with the water-level 
loggers. Detailed water-level data were col-
lected every hour for 1 year. 

Tree Removal
To isolate the effect of the individual tree species 

(Salt Cedar and Russian Olive) on the aquifer, each 
species was removed in turn. After monitoring aquifer 
water levels for 11 months, all Russian Olive trees in 
the study area were removed on July 30, 2009. Ap-
proximately 30 trees were cut and placed in a slash 
pile as per the landowner’s direction (fi g. 5). The Salt 
Cedar trees, about 5 trees, were cut on September 3, 
2009. Both Russian Olive and Salt Cedar tree stumps 
were treated with RemedyTM from Dow Agro Sciences 
immediately upon being cut to prevent regrowth.

Figure 5. Russian Olive slash pile.

Figure 3. A schematic of the study site including the three monitoring wells (not to scale), the met 
station, and the placement of the trees relative to the wells.

Figure 4. Drilling monitoring wells with a portable Winkey Drill.
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Soil Salinity Investigation

Soil Salinity Transect
Soil salinity was measured along two transects 

away from the largest Salt Cedar tree near well H-1: 
to the north and east. Soil salinity was measured every 
2 ft for the fi rst 10 ft, then every 5 ft until consistently 
low salinity levels were measured (interpreted to be 
background salinity). Sample salinity was measured 
by collecting soil samples from the fi rst 3 inches of 
soil, placing approximately 200 to 300 grams of soil in 
a clean plastic container, and adding an equal amount 
by volume of distilled water. The soil and water were 
mixed and allowed to sit for 30 minutes prior to mea-
surement with a specifi c conductance meter. 

Soil Sample Collection
Based on the results from the salinity transects de-

scribed above, 3.5-liter samples for soluble salt analy-
ses were collected from the fi rst salinity peak nearest 
the tree trunk and from the lowest salinity level that 
was interpreted to represent background salinity lev-
els, for a total of four samples. Collection techniques 
conformed to EPA publication EPA/600/R-92/128 

(Mason, 1992), but did not include the statistical 
requirements for this preliminary study. The four 
samples collected serve as an example of soluble salts 
present rather than a statistically signifi cant survey. 
Samples were collected using a clean hand trowel 
from the fi rst 3 inches of soil, taking care to avoid 
including surface vegetation. Samples were stored in 
clean, resealable, 1-gallon, plastic, food storage bags. 
Soil samples were kept sealed and cool until they were 
delivered for analysis the following day. Saturated 
paste extraction analyses were done by Energy Labs of 
Billings, Montana. Energy Labs follows the Saturated 
Paste extraction method ASA Mono. #9, Part 2, Meth-
od 10-2.3.1 (Rhoades, 1982). Performing a saturated 
paste extraction includes drying and passing the soil 
through a sieve before adding deionized water to just 
reach fi eld capacity. The wetted soil sits overnight at 
25oC, after which the water is extracted from the soil 
under vacuum. The extracted water is then analyzed 
for pH, conductivity, alkalinity, and calcium, mag-
nesium, sodium, bicarbonate, carbonate, sulfate, and 
chloride concentrations.

Figure 5. Russian Olive slash pile.



Meredith and Wheaton

10

STUDY RESULTS AND DISCUSSION

Groundwater Investigation

Water levels in the alluvial aquifer strongly refl ect 
the infl uences of transpiration and precipitation (fi g. 
6). Even small precipitation events of a few tenths 
of an inch result in almost immediate and measure-
able increases in groundwater level. The sensitivity 
of the aquifer to precipitation means that the effects 

of transpiration are often overwhelmed by the aquifer 
response to precipitation. The large rain event in May 
2009 had a much greater impact on the water level 
than did the larger rain event in August 2009 because 
the greater biomass present in late summer mitigated 
the effect of the precipitation on the water table (fi g. 
6). Additionally, the nearby irrigation ditch, the YID, 
started carrying water in late May. The rising aquifer 
water level in June is probably related to leaking from 
the ditch.

Figure 6. Hourly water levels for wells H1, H2, and H3 (orange, dark blue, and green lines), electronic tape measurements 
of water level (squares), precipitation events (separated by more than 3 hours), and average daily temperature at the Salt 
Cedar study site. Note that the water level drops in December 2008 are most likely caused by the extreme cold tempera-
tures introducing error to the loggers.
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Figure 7. Depiction of White’s equation variables r and s.

Diurnal fl uctuations of water level result from 
plants transpiring water during daylight hours (water-
level drawdown) and shutting down transpiration at 
night (water-level recovery). The magnitude of these 
fl uctuations is greatest during the summer months, 
when transpiration is at its peak, and minimal during 
the winter, when plants are mostly dormant. Diurnal 
fl uctuations reach their minimum immediately af-
ter the fi rst killing freeze of the season. The shallow 
nature of the water table (between 2 and 4 ft below 
ground) likely allows for direct evaporation from the 
water table as well. The small diurnal fl uctuations that 
persist after the killing frost may be caused by this 
direct evaporation. Therefore all calculations present-
ed here represent a combination of evaporation and 
transpiration (evapotranspiration or ET). The overall 
drawdown that occurs between rain events is caused 
by the aquifer’s inability to recover the transpired wa-
ter fully before transpiration begins again the next day. 
It is this overall drawdown that can be used to estimate 
the transpiration rate of the plants using the aquifer.

The method to estimate water use through diurnal 
fl uctuations proposed by White (1932) states:

ET = SY (r ± s)

Where ET is the evapotranspiration consumption 
of groundwater expressed as a daily rate, SY is the spe-
cifi c yield of the aquifer, r is the water-level recovery 
rate, and s is the net change in water table elevation 
over 1 day where positive values represent drawdown 
(fi g. 7). Specifi c yields for well-sorted fi ne gravels 

such as those that compose the alluvial aquifer of the 
study site range from 0.13 to 0.40 (arithmetic mean 
0.28; Weight and Sonderegger, 2001). 

A 10-day period with minimal precipitation was 
selected for each of the three variables: all trees pres-
ent, only Salt Cedar (Russian Olive cut), and no trees 
(Russian Olive and Salt Cedar cut; table 1 and fi g. 8). 
The water level at 23:00 each day was used to fi t a line 
to estimate overall aquifer drawdown (variable s in 
the above equation). The slopes of the best-fi t lines are 
the change in water table over 24 hours (Δh/24 hours). 
The best-fi t line averages the drawdown per day, 
giving less weight to the outliers (fi g. 8; note that the 
drawdown per day on the fi gure is in feet/day). Table 1 
summarizes the slopes (the s variable) and r (recovery 
rate) for each of the wells for each time period (wells 
H1 and H2 are amid Russian Olive and Salt Cedar 
trees; well H3 is the baseline well).

The variable r is diffi cult to measure because there 
can be quite a bit of human-introduced interpretation 
and error. To minimize this, 15 measurements were 
made for r for each time period; fi ve measurements for 
each of the three wells. The average r for each time 
frame is presented in table 1. The recovery rate is re-
lated to upgradient infl uences and the amount of recent 
precipitation.  

The ET consumption of the study area was cal-
culated using the White equation. The range of ET 
values is presented in table 2, assuming the maximum 
range of SY (0.13 to 0.40) and the mean SY (0.28). In all 
situations, except after all trees had been cut, the two 
wells in the stand of trees (H1 and H2) had a higher 
ET rate than the baseline well (H3). During the period 
when all trees were in place and in good health, the 
highest rate of ET was near well H1, followed by H2, 
and the lowest rate of ET was near the baseline well 
H3. After the Russian Olive trees were cut, the highest 
rate of ET was still near well H1; however, the rates of 

Table 1. Variables in White's equations in mm/day. 

r s 
  H1 H2 H3 
All trees present 105 8.50 7.62 5.49 
Salt Cedar only 78 9.70 5.52 4.91 
No trees 63 9.36 8.69 8.84 
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ET near wells H2 and H3 were very similar. Ground-
water consumption near well H2 may have been 
primarily controlled by the large Russian Olive trees 
nearby, rather than the smaller Salt Cedar trees, caus-
ing the ET rate to be similar to the baseline well once 
the Russian Olive trees were removed. Cutting the Salt 
Cedar (no trees present) resulted in all wells having 
very similar ET rates.

The difference in ET between the wells near the 
trees and the baseline well (table 3) gives a rough ap-
proximation of the ET that is attributable to the trees 
as opposed to the surrounding vegetation (for this 
exercise the ET values at SY = 0.28 were used). As 
applied here, this method is only an approximation be-
cause the vegetation surrounding the baseline well is 
not a perfect representation of the vegetation surround-
ing the trees. Tall grasses, wild asparagus, and a few 
shrubs surrounded the baseline well. For most of the 
year, especially a wet year like 2009, these plants were 
healthy and green. Salt Cedar and Russian Olive trees 
(and all trees to some extent) suppress other vegetation 
such as grasses and shrubs. Therefore, subtracting the 
baseline well ET provides a minimum ET value for the 
trees studied. The actual ET for the trees would likely 
be higher than calculated here. The relative ET rate 
may have increased in well H1 because the surround-
ing vegetation was using less water. For example, if 
the grasses had been grazed recently the relative con-
tribution of the grasses to ET would be less. 

The calculated ET values ranging from 0.17 to 
1.34 mm/day (table 3) are consistent with previous 
studies that found ET rates for Salt Cedar ranging 

from about 1 mm/day to 5 mm/day, up to as much as 
15 mm/day (0.003 to 0.016 ft/day, up to 0.049 ft/day; 
appendix 2). As all previously identifi ed studies took 
place in desert ecosystems with much higher evapora-
tion rates, it would be expected that the rates estimated 
here are on the extreme low end of that range. Annual 
ET rates published in previous studies, which account 
for the lower transpiration rate in the winter, vary from 
approximately 70 cm/year to over 140 cm/year (2.3 to 
4.6 ft/year). We would expect that ET rates of Salt Ce-
dar in Montana would be on the low end of this range. 

Given the approximate water consumption calcu-
lated here of 1 mm/day, 1 acre of Salt Cedar canopy in 
eastern Montana will use approximately 0.003 acre-ft 
of water per day or 0.6 acre-ft of water in a 6-month 
growing season.

Soil Salinity Investigation

The results from the soil salinity transect are pre-
sented in fi gure 9. For each transect, a dual peak was 
present. Samples for saturated paste analyses were 
collected from the location of the fi rst salinity peak, 
as that was taken to represent the soil salinity directly 
related to the presence of the Salt Cedar tree. The fi rst 
peak on each transect occurred just at and just out-
side the outer range of the Salt Cedar canopy, which 
corresponds to salinity levels on the transects of 1.6 
millisiemens per centimeter (mS/cm; or 1606 micro-
siemens per centimeter [μS/cm]) to the north and 2.0 
mS/cm (2,030 μS/cm) to the east. We interpret this to 
mean the accumulation of the leaf litter is most con-
centrated at the outer edge of the canopy. The second 
peak for each transect appeared to be related to the 

presence of several Russian Olive trees. To 
the north, a small Russian Olive tree was 
present, but the canopy did not intersect 
the transect line. In contrast, the eastern 
transect line passed under the canopy of a 
large Russian Olive tree. The proximity of 
the transect lines to the canopy of the other 

H1 H2 H3
S Y 0.13 0.28 0.40 0.13 0.28 0.40 0.13 0.28 0.40
All trees present 14.75 31.77 45.38 14.62 31.49 44.99 14.34 30.89 44.14
Salt Cedar only 11.40 24.56 35.09 10.86 23.39 33.42 10.78 23.22 33.17
No trees 9.38 20.20 28.86 9.29 20.01 28.59 9.31 20.06 28.65

Table 2. Calculated values of ETG in mm/day.

H1 H2
All trees present 0.87 0.60
Salt Cedar only 1.34 0.17
No trees 0.15 -0.04

Table 3. Difference in ETG values (mm/day) in wells near 
phreatophites as compared to the baseline well using S Y  = 0.28.
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trees may explain the difference in the magnitude of 
the salinity peaks. Background soil samples, which 
were defi ned as soil outside the infl uence of Salt Cedar 
and Russian Olive trees, were collected from soil 
with a consistent, low overall salinity as compared to 
the salinity peaks. Along the north transect, the back-
ground condition was 226 μS/cm (0.23 mS/cm) at 15 
to 20 ft from the base of the tree; however, the back-
ground was much higher along the eastern transect: 
900 μS/cm (0.90 mS/cm). This could be caused by 
natural soil heterogeneity or the presence of several 
Russian Olive trees that were present along the tran-
sect.

Results from the soil 
saturated paste extraction 
are available in table 4 
and appendix 4. The pH 
of all samples was ap-
proximately neutral (7.3 
to 7.7). The conductiv-
ity of the saturated paste 
analyses refl ected the 
measurements made in 
the fi eld along the tran-
sects, but were higher 
overall because of the 

different measurement methods: along the north tran-
sect the peak was 9.5 mS/cm and the background was 
2.45 mS/cm; along the east transect the peak was 9.15 
mS/cm and the background was 5.09 mS/cm. 

The cation and anion analyses were modeled us-
ing a geochemical modeling program developed by 
the United States Environmental Protection Agency, 
MINTEQA2 (Allison and Brown, 1992). The specia-
tion and saturation index results from the MINTEQA2 
modeling are in appendix 4. The speciation table gives 
a rough idea of the mineral species present in solution 
and the saturation index provides the species that will 
precipitate out of solution, with the higher index spe-
cies precipitating fi rst.

For the saturated paste extraction samples, both 
transects show higher concentrations in every analyte 
in the peak sample as compared to the background 
sample, as would be expected (table 4). More im-
portant is the distribution of species. In milliequiva-
lents per liter (meq/L), a unit that takes into account 
the charge and mass of the ion, the two background 
samples have calcium, magnesium, and sodium con-
centrations that are approximately equal. However, in 
the peak samples the amount of sodium in the sample 
increased substantially relative to calcium and mag-
nesium, such that sodium composed the majority of 
cation species. This is particularly important because 
sodium, because of its large hydrated radius, can cause 
soil to lose structure by defl occulating clay and or-
ganic matter. Additionally, sodium can displace plant 
nutrients, such as calcium, from soil cation-exchange 
sites, diminishing soil fertility. 

6 ft 20 ft 8 ft 35 ft
peak background peak background

pH 7.7 7.3 7.7 7.7
Conductivity mS/cm 9.5 2.45 9.15 5.09
Ca2+ mg/L (meq/L) 442.9 (22.1) 248.5 (12.4) 501 (25.0) 539.1 (26.9)
Mg2+ mg/L (meq/L) 452.1 (37.2) 108.5 (8.93) 481.2 (39.6) 224.8 (18.5)
Na+ mg/L (meq/L) 2271 (98.8) 184.1 (8.01) 2007 (87.3) 609.2 (26.5)
HCO3

- mg/L (meq/L) 538 (8.8) 406 (6.6) 638 (10.5) 306 (5.0)
CO3

2- mg/L (meq/L) 55 (1.8) 34 (1.1) 38 (1.3) 27 (0.9)
SO4

2- mg/L (meq/L) 7430 (154.7) 1080 (22.5) 7110 (148) 3260 (67.9)
Cl- mg/L (meq/L) 264 (7.4) 54 (1.5) 514 (14.5) 146 (4.1)

North Transect East Transect
Table 4. Saturated paste analysis of soil samples.

Figure 9. Soil salinity transects of distance from a large Salt 
Cedar tree. The canopy of a large Russian Olive was 15 to 
20 ft to the east of this Salt Cedar. The Russian Olive may 
have infl uenced the salinity along the transect,causing a 
second large spike in the transect.
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The anions in the background samples were domi-
nated by sulfate, which is also true in the peak sam-
ples, but to a much greater extent. This study supports 
other research that has shown Salt Cedar concentrates 
salts in the soil surface. The work done for this proj-
ect has shown that much of that salt is in the highly 
soluble form sodium sulfate (such as thenardite).

CONCLUSIONS

The water-level drawdown method used to mea-
sure ET in this study has proven to be useful in mea-
suring Salt Cedar evapotranspiration rates in Treasure 
County, Montana; however, the results are not site-
specifi c. This method will work throughout eastern 
Montana in areas with Salt Cedar or other plant popu-
lations of concern. 

This study evaluated the effectiveness of using 
the aquifer drawdown method (White’s equation) to 
measure the evapotranspiration of phreatophytes such 
as Salt Cedar and deep-rooted plants, such as Rus-
sian Olive. While this study was limited in scope, we 
learned some valuable information for future studies. 

This study showed it is possible to use this method 
to determine evapotranspiration rates for Salt Cedar 
and Russian Olive; however, future studies will be 
improved by: 

• selecting a site that is more homogeneous, 
with a majority of the species being either Salt 
Cedar or Russian Olive, depending upon the focus 
of the study.

• studying an aquifer that has a deeper water 
table to minimize direct evaporation, but still dem-
onstrates sensitivity to recharge and discharge.

• combining indirect transpiration measure-
ments, such as water table drawdown, with direct 
transpiration measurements.

• selecting a site that has a well-defi ned, isolated 
population of phreatophytes in order to install a 
baseline well that is unaffected by phreatophytes.

• creating a stable baseline by removing or re-
ducing extraneous species, such as mowing grasses 
and removing shrubs.

• locating the study site such that upgradient 
infl uences are minimized or controlled; no (or few) 
trees or irrigation ditches.

     The evapotranspiration rate calculated for this stand 
of Salt Cedar is a minimum, because the plants around 
the baseline well did not perfectly represent the grass-
es and shrubs near the trees. However, the calculated 
rate of approximately 1 mm/day is on the low end of 
published results from high desert ecosystems, and 
may therefore be roughly representative of the actual 
evapotranspiration rate.

The soil analysis supports previous studies that 
indicate that Salt Cedar trees concentrate salt on the 
soil surface. Saturated paste extraction shows elevated 
levels of sodium and sulfate over background.
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MBMG Report of Investigation 21

MONTANA WELL LOG REPORT Other Options

This well log reports the activities of a licensed Montana well driller, serves as the official
record of work done within the borehole and casing, and describes the amount of water
encountered. This report is complied electronically from the contents of the Ground-Water
Information Center (GWIC) database for this site. Acquiring water rights is the well owner's
responsibility and is NOT accomplished by the filing of this report.

Plot this site on a topographic map
View hydrograph for this site

Site Name: H-1
GWIC Id: 246794

Section 1: Well Owner
Owner Name
N/A

Section 2: Location
Township Range Section Quarter Sections

06N 37E 1 SE¼ NW¼ SW¼ SE¼
County Geocode

TREASURE  
Latitude Longitude Geomethod Datum
46.29556 107.03721 NAV-GPS NAD27
Altitude Method Datum Date
2589.23 MAP NAD27 9/16/2008

Addition Block Lot
   

Section 3: Proposed Use of Water
MONITORING (1)

Section 4: Type of Work
Drilling Method: WATER ROTARY AND JET

Section 5: Well Completion Date
Date well completed: Friday, September 12, 2008

Section 6: Well Construction Details
Borehole dimensions
From To Diameter

0 14 3
Casing

From To Diameter
Wall
Thickness

Pressure
Rating Joint Type

0 12.5 1.25 0.25  GLUED PVC-SCHED 40
Completion (Perf/Screen)

From To Diameter
# of
Openings

Size of
Openings Description

12.5 13.5 1.25   SAW SLOTS
Annular Space (Seal/Grout/Packer)

From To Description
Cont.
Fed?

0 10 BENTONITE  

Section 7: Well Test Data

Total Depth: 13.8
Static Water Level: 2.51
Water Temperature:

* During the well test the discharge rate shall be as uniform as
possible. This rate may or may not be the sustainable yield of the
well. Sustainable yield does not include the reservoir of the well
casing.

Section 8: Remarks

Section 9: Well Log
Geologic Source
110ALVM - ALLUVIUM (QUATERNARY)
From To Description

0 2 TOPSOIL CLAY CLAY LOAM

2 12 SAND FINE GRAINED WELL SORTED
UNCONSOLIDATED

12 14 GRAVEL COBBLES UP TO 2 CM WELL ROUNDED
WELL SORTED SHARP CONTACT

   
   
   
   
   
   
   
   
   
   
   
   

Driller Certification
All work performed and reported in this well log is in compliance
with the Montana well construction standards. This report is true
to the best of my knowledge.

Name: JOHN WHEATON
Company:

License No: MWC-46
Date Completed: 9/12/2008

Montana's Ground-Water Information Center (GWIC) | Site Report | V.11.2010 http://mbmggwic.mtech.edu/sqlserver/v11/reports/SiteSummary.asp?gwic...
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Meredith and Wheaton

MONTANA WELL LOG REPORT Other Options

This well log reports the activities of a licensed Montana well driller, serves as the official
record of work done within the borehole and casing, and describes the amount of water
encountered. This report is complied electronically from the contents of the Ground-Water
Information Center (GWIC) database for this site. Acquiring water rights is the well owner's
responsibility and is NOT accomplished by the filing of this report.

Plot this site on a topographic map
View hydrograph for this site

Site Name: H-2
GWIC Id: 246795

Section 1: Well Owner
Owner Name
N/A

Section 2: Location
Township Range Section Quarter Sections

06N 37E 1 SE¼ NW¼ SW¼ SE¼
County Geocode

TREASURE  
Latitude Longitude Geomethod Datum
46.2957 107.03777 NAV-GPS NAD27
Altitude Method Datum Date
2589.3 MAP NAD27 9/16/2008

Addition Block Lot
   

Section 3: Proposed Use of Water
MONITORING (1)

Section 4: Type of Work
Drilling Method: WATER ROTARY AND JET

Section 5: Well Completion Date
Date well completed: Friday, September 12, 2008

Section 6: Well Construction Details
Borehole dimensions
From To Diameter

0 12.5 3
Casing

From To Diameter
Wall
Thickness

Pressure
Rating Joint Type

0 11.5 1.25 0.25  GLUED PVC-SCHED 40
Completion (Perf/Screen)

From To Diameter
# of
Openings

Size of
Openings Description

11.5 12.5 1.25   SAW SLOTS
Annular Space (Seal/Grout/Packer)

From To Description
Cont.
Fed?

0 9.5 BENTONITE  

Section 7: Well Test Data

Total Depth: 12.5
Static Water Level: 2.66
Water Temperature:

* During the well test the discharge rate shall be as uniform as
possible. This rate may or may not be the sustainable yield of the
well. Sustainable yield does not include the reservoir of the well
casing.

Section 8: Remarks

Section 9: Well Log
Geologic Source
110ALVM - ALLUVIUM (QUATERNARY)
From To Description

0 2 TOPSOIL CLAY LOAM

2 10.5 SAND FINE GRAINED WELL SORTED
UNCONSOLIDATED

10.5 13 GRAVEL COBBLES UP TO 2 CM WELL ROUNDED
WELL SORTED SHARP CONTACT

   
   
   
   
   
   
   
   
   
   
   
   

Driller Certification
All work performed and reported in this well log is in compliance
with the Montana well construction standards. This report is true
to the best of my knowledge.

Name: JOHN WHEATON
Company:

License No: MWC-46
Date Completed: 9/12/2008

Montana's Ground-Water Information Center (GWIC) | Site Report | V.11.2010 http://mbmggwic.mtech.edu/sqlserver/v11/reports/SiteSummary.asp?gwic...
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MBMG Report of Investigation 21

MONTANA WELL LOG REPORT Other Options

This well log reports the activities of a licensed Montana well driller, serves as the official
record of work done within the borehole and casing, and describes the amount of water
encountered. This report is complied electronically from the contents of the Ground-Water
Information Center (GWIC) database for this site. Acquiring water rights is the well owner's
responsibility and is NOT accomplished by the filing of this report.

Plot this site on a topographic map
View hydrograph for this site

Site Name: H-3
GWIC Id: 246796

Section 1: Well Owner
Owner Name
N/A

Section 2: Location
Township Range Section Quarter Sections

06N 37E 1 SW¼ NW¼ SW¼ SE¼
County Geocode

TREASURE  
Latitude Longitude Geomethod Datum
46.29552 107.03889 NAV-GPS NAD27
Altitude Method Datum Date

2590 MAP NAD27 9/16/2008
Addition Block Lot
   

Section 3: Proposed Use of Water
MONITORING (1)

Section 4: Type of Work
Drilling Method: WATER ROTARY AND JET

Section 5: Well Completion Date
Date well completed: Friday, September 12, 2008

Section 6: Well Construction Details
Borehole dimensions
From To Diameter

0 10 3
Casing

From To Diameter
Wall
Thickness

Pressure
Rating Joint Type

8.2 9.2 1.25 0.25  GLUED PVC-SCHED 40
Completion (Perf/Screen)

From To Diameter
# of
Openings

Size of
Openings Description

8.2 9.2 1.25   SAW SLOTS
Annular Space (Seal/Grout/Packer)

From To Description
Cont.
Fed?

0 5 BENTONITE  

Section 7: Well Test Data

Total Depth: 9.2
Static Water Level: 3.39
Water Temperature:

* During the well test the discharge rate shall be as uniform as
possible. This rate may or may not be the sustainable yield of the
well. Sustainable yield does not include the reservoir of the well
casing.

Section 8: Remarks

Section 9: Well Log
Geologic Source
110ALVM - ALLUVIUM (QUATERNARY)
From To Description

0 2 TOPSOIL CLAY CLAY LOAM

2 9 SAND FINE GRAINED WELL SORTED
UNCONSOLIDATED

9 10 GRAVEL COBBLES UP TO 2 CM WELL ROUNDED
WELL SORTED SHARP CONTACT

   
   
   
   
   
   
   
   
   
   
   
   

Driller Certification
All work performed and reported in this well log is in compliance
with the Montana well construction standards. This report is true
to the best of my knowledge.

Name: JOHN WHEATON
Company:

License No: MWC-46
Date Completed: 9/12/2008

Montana's Ground-Water Information Center (GWIC) | Site Report | V.11.2010 http://mbmggwic.mtech.edu/sqlserver/v11/reports/SiteSummary.asp?gwic...



44

Meredith and Wheaton

Figure A3-1a. Meteorological station.

Figure A3-1b. Detail of meteorological station.
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Figure A3-2. Well 3 recorded baseline conditions.
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October 8, 2008: After wells were installed.

Figure A3-3a. Well 1.

Figure A3-3b. Well 2.
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October 8, 2008: After wells were installed.

Figure A3-3c. Well 1 detail.

Figure A3-3d. Well 2 detail.
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May 10, 2009: Early spring, before leaf-out.

Figure A3-4a. Well 1.

Figure A3-4b. Well 2.
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July 30, 2009: After Russian Olive trees were cut.

Figure A3-5a. Well 1.

Figure A3-5b. Well 2.
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July 30, 2009: Cutting Russian Olive.

Figure A3-6a.

Figure A3-6b.

Figure A3-6c. Figure A3-6d.
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September 3, 2009: After Saltcedar were cut.

Figure A3-7a. Well 1.

Figure A3-7b. Well 2.
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September 3, 2009: After all trees were removed.

Figure A3-8a. Field site after all trees were removed. Figure A3-8b. Surveying relative well altitudes.

Figure A3-8c. Russian Olive stump one month after being treated with Remedy.



53

MBMG Report of Investigation 21

October 23, 2009: End of fi eld work.

Figure A3-9a. Well 1.

Figure A3-9b. Well 2.





APPENDIX 4
Saturated Paste Extraction Analyses
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Component

% of total
mComponent
concentration Species name

Cl 1 98.302 Cl 1
0.361 CaCl+
1.095 MgCl+
0.241 NaCl (aq)

Ca+2 40.462 Ca+2
0.243 CaCl+

57.609 CaSO4 (aq)
1.378 CaHCO3+
0.308 CaCO3 (aq)

Mg+2 46.038 Mg+2
0.015 Mg2CO3+2
0.439 MgCl+

52.067 MgSO4 (aq)
0.175 MgCO3 (aq)
1.263 MgHCO3+

Na+1 89.852 Na+1
0.203 NaHCO3 (aq)
0.182 NaCl (aq)
9.739 NaSO4
0.024 NaCO3

CO3 2 0.496 CO3 2
0.224 NaHCO3 (aq)
0.015 Mg2CO3+2

91.198 HCO3
2.983 H2CO3* (aq)
0.364 MgCO3 (aq)
2.618 MgHCO3+
1.698 CaHCO3+
0.379 CaCO3 (aq)
0.027 NaCO3

SO4 2 78.005 SO4 2
12.518 MgSO4 (aq)
8.231 CaSO4 (aq)
1.245 NaSO4

Minteqa2 Species Table for North Transect at 6 feet.
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Mineral log IAP Sat. Index
Anhydrite 4.54 0.18 1 Ca+2 1 SO4 2
Aragonite 7.673 0.663 1 Ca+2 1 CO3 2
Artinite 5.456 4.144 2 H+1 2 Mg+2 1 CO3 2 5 H2O
Brucite 12.847 4.253 1 Mg+2 2 H2O 2 H+1
CaCO3xH2O 7.673 0.528 1 Ca+2 1 CO3 2 1 H2O
Calcite 7.673 0.807 1 Ca+2 1 CO3 2
Dolomite (disordered) 15.063 1.477 1 Ca+2 1 Mg+2 2 CO3 2
Dolomite (ordered) 15.063 2.027 1 Ca+2 1 Mg+2 2 CO3 2
Epsomite 4.258 2.132 1 Mg+2 1 SO4 2 7 H2O
Gypsum 4.54 0.07 1 Ca+2 1 SO4 2 2 H2O
Halite 4.429 5.979 1 Na+1 1 Cl 1
Huntite 29.845 0.123 3 Mg+2 1 Ca+2 4 CO3 2
Hydromagnesite 16.716 7.95 5 Mg+2 4 CO3 2 2 H+1 6 H2O
Lime 12.565 20.134 2 H+1 1 Ca+2 1 H2O
Magnesite 7.391 0.069 1 Mg+2 1 CO3 2
Mg(OH)2 (active) 12.847 5.947 1 Mg+2 2 H2O 2 H+1
Mg2(OH)3Cl:4H2O 15.737 10.263 2 Mg+2 1 Cl 1 3 H+1 7 H2O
MgCO3:5H2O 7.391 2.851 1 Mg+2 1 CO3 2 5 H2O
Mirabilite 6.05 4.936 2 Na+1 1 SO4 2 10 H2O
Natron 9.183 7.872 2 Na+1 1 CO3 2 10 H2O
Nesquehonite 7.391 2.721 1 Mg+2 1 CO3 2 3 H2O
Periclase 12.847 8.737 2 H+1 1 Mg+2 1 H2O
Portlandite 12.565 10.139 1 Ca+2 2 H2O 2 H+1
Thenardite 6.05 6.372 2 Na+1 1 SO4 2
Thermonatrite 9.183 9.82 2 Na+1 1 CO3 2 1 H2O
Vaterite 7.673 0.241 1 Ca+2 1 CO3 2

Stoichiometry

Minteqa2 Saturation Index for North Transect at 6 feet.
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Component

% of total
mComponent
concentration Species name

Cl 1 98.614 Cl 1
0.504 CaCl+
0.616 MgCl+
0.267 NaCl (aq)

Ca+2 67.549 Ca+2
0.124 CaCl+

29.427 CaSO4 (aq)
2.635 CaHCO3+
0.266 CaCO3 (aq)

Mg+2 72.336 Mg+2
0.21 MgCl+

25.031 MgSO4 (aq)
0.143 MgCO3 (aq)
2.272 MgHCO3+

Na+1 97.609 Na+1
0.213 NaHCO3 (aq)
0.051 NaCl (aq)
2.119 NaSO4

CO3 2 0.141 CO3 2
0.237 NaHCO3 (aq)

87.465 HCO3
8.157 H2CO3* (aq)
0.088 MgCO3 (aq)
1.407 MgHCO3+
2.266 CaHCO3+
0.229 CaCO3 (aq)

SO4 2 72.326 SO4 2
9.936 MgSO4 (aq)

16.228 CaSO4 (aq)
1.509 NaSO4

Minteqa2 Species Table for North Transect at 20 feet.
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Mineral log IAP Sat. Index
Anhydrite 5.095 0.735 1 Ca+2 1 SO4 2
Aragonite 7.999 0.337 1 Ca+2 1 CO3 2
Artinite 3.683 5.917 2 H+1 2 Mg+2 1 CO3 2 5 H2O
Brucite 11.795 5.305 1 Mg+2 2 H2O 2 H+1
CaCO3xH2O 7.999 0.855 1 Ca+2 1 CO3 2 1 H2O
Calcite 7.999 0.481 1 Ca+2 1 CO3 2
Dolomite (disordered) 16.112 0.428 1 Ca+2 1 Mg+2 2 CO3 2
Dolomite (ordered) 16.112 0.978 1 Ca+2 1 Mg+2 2 CO3 2
Epsomite 5.208 3.082 1 Mg+2 1 SO4 2 7 H2O
Gypsum 5.095 0.485 1 Ca+2 1 SO4 2 2 H2O
Halite 5.087 6.637 1 Na+1 1 Cl 1
Huntite 32.336 2.368 3 Mg+2 1 Ca+2 4 CO3 2
Hydromagnesite 20.654 11.888 5 Mg+2 4 CO3 2 2 H+1 6 H2O
Lime 11.908 20.791 2 H+1 1 Ca+2 1 H2O
Magnesite 8.112 0.652 1 Mg+2 1 CO3 2
Mg(OH)2 (active) 11.795 6.999 1 Mg+2 2 H2O 2 H+1
Mg2(OH)3Cl:4H2O 13.389 12.611 2 Mg+2 1 Cl 1 3 H+1 7 H2O
MgCO3:5H2O 8.112 3.572 1 Mg+2 1 CO3 2 5 H2O
Mirabilite 6.774 5.66 2 Na+1 1 SO4 2 10 H2O
Natron 9.679 8.368 2 Na+1 1 CO3 2 10 H2O
Nesquehonite 8.112 3.442 1 Mg+2 1 CO3 2 3 H2O
Periclase 11.795 9.789 2 H+1 1 Mg+2 1 H2O
Portlandite 11.908 10.796 1 Ca+2 2 H2O 2 H+1
Thenardite 6.774 7.096 2 Na+1 1 SO4 2
Thermonatrite 9.679 10.316 2 Na+1 1 CO3 2 1 H2O
Vaterite 7.999 0.086 1 Ca+2 1 CO3 2

Stoichiometry

Minteqa2 Saturation Index for North Transect at 20 feet.
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Component

% of total
mComponent
concentration Species name

Cl 1 96.273 Cl 1
0.437 CaCl+
1.229 MgCl+
2.06 NaCl (aq)

Ca+2 46.192 Ca+2
0.507 CaCl+

51.191 CaSO4 (aq)
1.73 CaHCO3+

0.379 CaCO3 (aq)
Mg+2 51.747 Mg+2

0.021 Mg2CO3+2
0.901 MgCl+

45.553 MgSO4 (aq)
0.213 MgCO3 (aq)
1.561 MgHCO3+

Na+1 91.302 Na+1
0.23 NaHCO3 (aq)

0.342 NaCl (aq)
8.098 NaSO4
0.028 NaCO3

CO3 2 0.498 CO3 2
1.898 NaHCO3 (aq)
0.02 Mg2CO3+2

88.697 HCO3
2.85 H2CO3* (aq)

0.398 MgCO3 (aq)
2.918 MgHCO3+
2.043 CaHCO3+
0.448 CaCO3 (aq)
0.231 NaCO3

SO4 2 69.622 SO4 2
12.182 MgSO4 (aq)
8.646 CaSO4 (aq)
9.551 NaSO4

Minteqa2 Species Table for East Transect at 8 feet.
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Mineral log IAP Sat. Index
Anhydrite 4.535 0.175 1 Ca+2 1 SO4 2
Aragonite 7.525 0.811 1 Ca+2 1 CO3 2
Artinite 5.63 3.97 2 H+1 2 Mg+2 1 CO3 2 5 H2O
Brucite 12.906 4.194 1 Mg+2 2 H2O 2 H+1
CaCO3xH2O 7.525 0.381 1 Ca+2 1 CO3 2 1 H2O
Calcite 7.525 0.955 1 Ca+2 1 CO3 2
Dolomite (disordered) 14.801 1.739 1 Ca+2 1 Mg+2 2 CO3 2
Dolomite (ordered) 14.801 2.289 1 Ca+2 1 Mg+2 2 CO3 2
Epsomite 4.286 2.159 1 Mg+2 1 SO4 2 7 H2O
Gypsum 4.535 0.075 1 Ca+2 1 SO4 2 2 H2O
Halite 3.206 4.756 1 Na+1 1 Cl 1
Huntite 29.353 0.615 3 Mg+2 1 Ca+2 4 CO3 2
Hydromagnesite 16.198 7.432 5 Mg+2 4 CO3 2 2 H+1 6 H2O
Lime 12.657 20.042 2 H+1 1 Ca+2 1 H2O
Magnesite 7.276 0.184 1 Mg+2 1 CO3 2
Mg(OH)2 (active) 12.906 5.888 1 Mg+2 2 H2O 2 H+1
Mg2(OH)3Cl:4H2O 16.131 9.869 2 Mg+2 1 Cl 1 3 H+1 7 H2O
MgCO3:5H2O 7.276 2.736 1 Mg+2 1 CO3 2 5 H2O
Mirabilite 4.241 3.127 2 Na+1 1 SO4 2 10 H2O
Natron 7.231 5.92 2 Na+1 1 CO3 2 10 H2O
Nesquehonite 7.276 2.606 1 Mg+2 1 CO3 2 3 H2O
Periclase 12.906 8.678 2 H+1 1 Mg+2 1 H2O
Portlandite 12.657 10.047 1 Ca+2 2 H2O 2 H+1
Thenardite 4.241 4.563 2 Na+1 1 SO4 2
Thermonatrite 7.231 7.868 2 Na+1 1 CO3 2 1 H2O
Vaterite 7.525 0.388 1 Ca+2 1 CO3 2

Stoichiometry

Minteqa2 Saturation Index for East Transect at 8 feet.
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Component

% of total
mComponent
concentration Species name

Cl 1 97.714 Cl 1
0.701 CaCl+
0.839 MgCl+
0.747 NaCl (aq)

Ca+2 55.518 Ca+2
0.214 CaCl+

42.747 CaSO4 (aq)
1.23 CaHCO3+
0.29 CaCO3 (aq)

Mg+2 61.034 Mg+2
0.374 MgCl+

37.329 MgSO4 (aq)
0.16 MgCO3 (aq)

1.089 MgHCO3+
Na+1 95.048 Na+1

0.131 NaHCO3 (aq)
0.116 NaCl (aq)
4.69 NaSO4

0.015 NaCO3
CO3 2 0.432 CO3 2

0.683 NaHCO3 (aq)
89.424 HCO3

3.09 H2CO3* (aq)
0.29 MgCO3 (aq)

1.978 MgHCO3+
3.25 CaHCO3+

0.766 CaCO3 (aq)
0.077 NaCO3

SO4 2 69.224 SO4 2
10.171 MgSO4 (aq)
16.943 CaSO4 (aq)
3.662 NaSO4

Minteqa2 Species Table for East Transect at 35 feet.
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Mineral log IAP Sat. Index
Anhydrite 4.591 0.231 1 Ca+2 1 SO4 2
Aragonite 7.62 0.716 1 Ca+2 1 CO3 2
Artinite 4.993 4.607 2 H+1 2 Mg+2 1 CO3 2 5 H2O
Brucite 12.734 4.366 1 Mg+2 2 H2O 2 H+1
CaCO3xH2O 7.62 0.475 1 Ca+2 1 CO3 2 1 H2O
Calcite 7.62 0.86 1 Ca+2 1 CO3 2
Dolomite (disordered) 15.361 1.179 1 Ca+2 1 Mg+2 2 CO3 2
Dolomite (ordered) 15.361 1.729 1 Ca+2 1 Mg+2 2 CO3 2
Epsomite 4.713 2.586 1 Mg+2 1 SO4 2 7 H2O
Gypsum 4.591 0.019 1 Ca+2 1 SO4 2 2 H2O
Halite 4.203 5.753 1 Na+1 1 Cl 1
Huntite 30.843 0.875 3 Mg+2 1 Ca+2 4 CO3 2
Hydromagnesite 18.231 9.465 5 Mg+2 4 CO3 2 2 H+1 6 H2O
Lime 12.855 19.844 2 H+1 1 Ca+2 1 H2O
Magnesite 7.741 0.281 1 Mg+2 1 CO3 2
Mg(OH)2 (active) 12.734 6.06 1 Mg+2 2 H2O 2 H+1
Mg2(OH)3Cl:4H2O 15.268 10.732 2 Mg+2 1 Cl 1 3 H+1 7 H2O
MgCO3:5H2O 7.741 3.201 1 Mg+2 1 CO3 2 5 H2O
Mirabilite 5.453 4.339 2 Na+1 1 SO4 2 10 H2O
Natron 8.482 7.171 2 Na+1 1 CO3 2 10 H2O
Nesquehonite 7.741 3.071 1 Mg+2 1 CO3 2 3 H2O
Periclase 12.734 8.85 2 H+1 1 Mg+2 1 H2O
Portlandite 12.855 9.849 1 Ca+2 2 H2O 2 H+1
Thenardite 5.453 5.775 2 Na+1 1 SO4 2
Thermonatrite 8.482 9.119 2 Na+1 1 CO3 2 1 H2O
Vaterite 7.62 0.294 1 Ca+2 1 CO3 2

Stoichiometry

Minteqa2 Saturation Index for East Transect at 35 feet.




