A Report on the Status of the Lower Virgin Groundwater Model

Model discretization
1. Horizontal discretization

The study area encompasses Nevada basins 221 and 222, and is 125 kilometers wide and 62 kilometers long. It
is discretized into a grid of rectangular cells, each assumed to have homogenous properties. The aquifer system
model is divided into 206 rows along the latitudinal direction and 110 columns along the longitudinal direction.
There are 22660 cells for per model layer in total, with 15223 active cells and 7437 inactive cells (Figure 1a). The
size of grid cells ranges from 500m by 500m, for those representing rivers and wells, to 1000m by 1000m. The
model origin is, the lower left corner, is at the UTM Zone 11 North coordinates 724463.5711m and
4043941.4996m.
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The 120" row has been selected to show the position and distribution of per layer along the vertical direction
(Figure 1b). Note that the thickness of per layer doesn’t mean the actual thickness of aquifers. It is noted that the
domain only includes the Basins 221 and 222 related to Nevada, and the basin belong to Utah and Arizona is not
considered. According to the results of pumping test, two domains are discretized, that is, hydraulic conductivity of
Tule desert basin and Virgin river valley basin is different.

2. Vertical discretization
Based on cross sections (Johnson, 2002) whose locations are shown in Figure 2, the groundwater flow system
model is divided into a total of 8 layers in the vertical direction (Table 1).

Figure 2: The location of 4 geologic cross section lines

The main aquifers in the study area consist of basin-filled aquifer, Muddy Creek aquifer and carbonate aquifer.
The Tertiary Muddy Creek (Tmc) formation has a large of contribution to wells for water production, such as
municipal and industrial wells. Tmc can be partitioned into different zones, such as Tmc-1, Tmc-2 and Tmc-3.
Tmc-1 consists of Upper Tertiary piedmont gravel and coarse-grained sand. Tmc-2 and Tmc-3 mainly include silty
fine to medium-grained sand. There maybe exists a confined bed or an aquitard aquifer between Tmc-2 and Tmc-3
because water from Tmc-3 formation is brine water, whereas water from Tmc-2 formation is fresh water. An
aquitard aquifer makes up of clay and clayey fine-grained sand.

The aquifer overlaying the Muddy Creek formation is basin-filled aquifer, which mainly contains Quaternary
alluvium and colluvium and alluvium fans. It is discontinuous formation and distributes along the Lower Virgin
River and Beaver Dam Wash (Figure 1). The deepest aquifer between Tmc and carbonate aquifers, including Thc
formation represented Middle Tertiary Red sandstone and Tu formation, an aquitard aquifer, represented Lower
Tertiary sediments and probably included some volcanic tuffs and debris. So, there are 8 model layers in total
(Table 1).



Table 1 conceptual model of aquifers

Layers Description

Layer 1 | Unconfined aquifer, including Quaternary alluvium and colluvium and alluvium fans

Layer 2 | Confined aquifer, Tmc-1, contains Upper Tertiary piedmont gravel and coarse-grained sand

Layer 3 | Confined aquifer, Tmc-2, contains silty fine to medium-grained sand

Layer 4 | An aquitard aquifer between Tmc-2 and Tmc-3, consists of clay and clayey fine-grained sand

Layer 5 | Confined aquifer, Tmc-3, contains silty fine to medium-grained sand

Layer 6 | Confined aquifer, Thc, makes up of Middle Tertiary red sandstone

Layer 7 An aquitgrd aquifer, Tu, contains Lower Tertial sediments and probably includes some volcanic tuffs
and debris

Layer 8 | Confined aquifer, carbonate rocks aquifer

The four cross sections in Figure 4 indicate the special distribution of these aquifers. The model layers
correspond to geologic units and obviously vary in thickness. The thickness of layer 1 ranges from 1 to 10m. Layer
2, 3, 4 and 5 resulting from Tertiary Muddy Creek is from 5 to 200m, 500m, 50m and 250m in thickness. The
thicknesses of layers 6, 7 and 8 range from 30 to 1200m, 50 to 2500m, and 200 to 1600m respectively. Based on
the thickness of aquifers in the geologic cross sections, the vertical distribution of model layers is interpolated using
the inverse distance method. The highest elevation of the model is about 2400m above the sea level, and the lowest
elevation of model is about 6500m below the sea level.
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Figure 4. The special distribution of aquifers in 4 geologic cross sections

Model Boundary Conditions

1. No-Flow Boundaries

The no-flow boundaries of model layers terminate at drainage-basin boundaries. It is assumed that groundwater
divides are consistent with surface divides, so specific flux is assigned to zero in the drainage-basin boundaries.
Also, the bottom of the carbonate rocks aquifer is simulated as a no-flow boundary. Because theses rocks mainly
consist of granite, with good integrity and low permeability, they can be considered an impermeable bed.

2. Recharge Boundaries

The top of model layer 1 is a recharge boundary, which receives the infiltration of precipitation, ephemeral
streams and the Virgin River. Precipitation and ephemeral stream infiltration is modeled using Modlfow’s
Recharge Package. The recharge of the Virgin River is simulated with the River Package, which can represent the
interaction of river and groundwater regimes.

Precipitation

Precipitation-driven recharge is dominant within the lower Virgin River Valley. Recharge efficiency is estimated
using the Maxey-Eakin method and research results from Dixon and Katzer (2002). Values of altitude, precipitation
and recharge efficiency are shown in table 2. The simulation of steady-state groundwater flow is run with average
annual precipitation data derived from the PRISM group of Qregon State University at a resolution of 800m for the
period of 1971-2000 and at 4km for 2001-2005. The distribution of this infiltration is shown in figure 5.

Note that the annual average precipitation is employed to calibrate the model parameters (hydraulic conductivity
and transsimivity) in steady state. However, time-varied precipitation is used to calibrate the model parameters
(specific yield and specific storage) in transient state.

Table2: Values of altitude, precipitation and recharge efficiency (according to Dixon and Katzer, 2002)

. . Precipitation, in inches Recharge efficiency (percent)
Altitude, in feet Hardman map Maxey-Eakin Dixon and Katzer

>8000 >20 25 25
7000-8000 15-20 15 25
6000-7000 12-15 7 17.9
5000-6000 8-12 3 12.2

<5000 <8 0 -
4000-5000 NA NA 7.8
3000-4000 NA NA 4.5

<3000 NA NA 0
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Figure 5 The distribution of annual recharge within the lower Virgin River Basin (mm/yr)

Lower Virgin River and Beaver Dam Wash

The interaction between the groundwater and the Lower Virgin River is simulated with the River Package. It is
noted that when groundwater level is higher than the river stage, the groundwater recharges the river. Otherwise,
the river recharges the groundwater. There are two U.S.G.S. gage stations from upstream to downstream along the
lower Virgin River (http://www.usgs.gov). The first gage (36°55°16"" N latitude, 113°49°52"" W longitude), whose
station number is 09413700, is located in Mohave County, Arizona. The second, Littlefield station (36°53°30"" N
latitude, 113°55°25"" W longitude), whose station number is 09415000, is also in Mohave County, Arizona. A third
gage station, at Overton near Lake Mead, was at the outlet of the Virgin River (see figure 6), and was taken out of
service by flooding in January of 2005, after collecting data for two years.

09413900

EEm Gauge station
— Flow direction
Lake Mead

Figure 6: The location of gage stations along the lower Virgin River and Beaver Dam Wash
The Beaver Dam Wash within the Lower Virgin River, being the important recharge sources of surface and
groundwater in the northern parts of Lower Virgin River, is only one other perennial stream. There are two U.S.G.S.
gage stations from upstream to downstream along Beaver Dam Wash (http://www.usgs.gov). The first gage



(37°28°12"" N latitude, 114°02°45"" W longitude), whose station number is 09413900, is located in Washington
County, Utah. The second gage station (36°54°07"" N latitude, 113°55°58"" W longitude), whose station number is
09414900, is located in Mohave County, Arizona (see figure 6).

The elevation of annual river stage at the first gage is about 612m, with the datum of the gage being 2000ft
(609.6m) and a gage height of 7.5ft (2.3m). The elevation of annual river stage at Littlefield station is about 538.5m,
with the datum of the gage being 1763.68ft (537.6m) and a gage height of 2ft (0.6m). The elevation of annual river
stage at Lake Mead is about 342m. The water levels of the 150 reaches of the Lower Virgin River are estimated
using linear interpolation (figure 7). Also, in the Beaver Dam Wash, the elevation of annual river stage at the first
gage is about 1447m, with the datum of the gage being 4740ft (1444.75m) and a gage height of 7.3ft (2.2m). The
elevation of annual river stage at the first gage near the Littlefield station is about 564.6m, with the datum of the
gage being 1850ft (563.88m) and a gage height of 2.5ft (0.76m). The river stages of other reaches in the Beaver
Dam Wash can be obtained with linear interpolation (figure 7).
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Figure 7: Water table of the lower Virgin River after interpolation
It is assumed that the depth of low permeability material, M, is 2m. The width of river, W, is 25m, and the
hydraulic conductivity of streambed, K, is 5x10'm/s. The conductance of streambed, C,i,, can be calculated as
Civ=KLW/M, where L is the length of river reach determined by the size of grid cells. The result is given in Table 3.
Note that the annual average river stage is employed to calibrate the model parameters (hydraulic conductivity and
transsimivity) in steady state. However, time-varied river stage is used to calibrate the model parameters (specific
yield and specific storage) in transient state.

Table 3 Parameters related to the streambed and river

the depth qf_low '!'he average The hy(_jrz_:lullc the length of The conductance
. permeability width of river, conductivity of -
Location . river reach, L of streambed,
material, M W streambed, (feet) Criv (feetzld)
(feet) (feet) K(feet/s)
Lowe_r Virgin 6.562 82.0 1.64x10-6 1640.4 2906.2
River
Beaver Dam 6.562 0.84 1.64x10-6 1640.4 348.7
Wash

Piedmont fault zone

There are a lot of faults that strike east-northeast and south-north in Virgin River Basin, which are the important
recharge sources for Muddy Creek formation. But except for piedmont fault zone, we don’t have the data




information of other faults, so piedmont fault zone should be considered during the calibration and prediction of
model. The location and extension of piedmont fault zone is shown figure 1(a). Piedmont fault zone extends from
the land surface up to carbonate rock vertically and is the tension fault, so it is considered to be the fractured
openings, which can transport groundwater from the carbonate rock to muddy creek formation quickly. The dip
angle of piedmont fault zone is almost 70-80°, and the offset distances of piedmont fault zone in the each model
layer can be calculated using the angle and the elevation from the surface to its projection points. The maximum
offset distance is about 500m. So the cells which locate the piedmont fault zone in the each model layer are
different. Figure 8 shows the location of piedmont fault zone in the second model layer.

The width of piedmont fault zone is assigned as 2m and its hydraulic conductivity is 100m/d during model
calibration. In MODFLOW software, the simulation of piedmont fault zone or horizontal flow barrier is made using
the HFB package.
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Figure 8: The cells of Piedmont fault zone
East Tule Desert Fault
East Tule desert fault locates in Tule desert basin, and strikes south-north. It is water conducted fault zone with
the same piedmont fault zone. The location and extension of East Tule desert fault is shown figure 1(a). Figure 9
shows the location of East Tule desert fault in the second model layer. The width of East Tule desert fault is
assigned as 2m and its hydraulic conductivity is 100m/d during model calibration. In MODFLOW software, the
simulation of East Tule desert fault or horizontal flow barrier is made using the HFB package.
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3. Discharge Boundaries
Discharge from the model domain mainly occurs through evapotranspiration, wells and springs. They can be
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Figure9: The cells of East Tule desert fault

simulated with the Evapotranspiration Package, Well Package and Drain Package respectively.

Evapotranspiration

Because the Virgin River basin is in an arid desert setting, evapotranspiration basin plays an important role in the
water balance. The amount of evapotranspiration depends on the depth of the groundwater table and the
consumption rate resulting from pumping, irrigation and vegetation, etc. When the groundwater table is at or near
the land surface, the evapotranspiration rate is at its maximum. In the Evapotranspiration Package, it is assumed
that the rate varies linearly between the specific ET surface and extinction depth, which is assumed to be 2m in this
study because the buried depth of groundwater table is very deep, especially at greater distance from the Virgin

River. The distribution of the annual average evapotranspiration rate is shown in figure 10.
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Figure 10: The distribution of annual evapotranspiration within the lower Virgin River Basin (mm/yr)

Wells

In MODFLOW software, well discharge is simulated using the Well Package. There exist 9 wells along the
lower Virgin River. The parameters related to wells are listed in table 4. The depth of water intake for each well is
more than 10m, meaning they draw from from the Muddy Creek formation, which corresponds to the second model
layer.

Table 4 The parameter values related to wells

Well gg;?rl] Diameter | Completion Producing Production Intake Depth | North_u83 | East u83
Number (cased) (inches) Date Formation Rate(gpm) (feet) (m) (m)
2 650 12 1991 Muddy Creek 550 400 4073617 | 756181.9
26 1100 20 1994 Muddy Creek 880 565 4078848 | 7613724
27 1450 20 1994 Muddy Creek 1660 560 4078937 | 759433.6
28 1200 20 1996 Muddy Creek 1040 600 4078225 | 757335.0
29 2248 20 1997 Muddy Creek 750 740 4071417 | 755240.2
30 3300 20 1999 Muddy Creek 1050 2174 4067177 | 762907.0
31 1600 20 2002 Muddy Creek 3000 832 4073780 | 762907.5
32 2040 16 2002 Muddy Creek 750 1800 4086817 | 758918.7
33 1400 20 2002 Muddy Creek 2500 1140 4087055 | 761367.0

Model calibration in steady-state

Under the steady-state conditions, recharge to groundwater includes the infiltration of precipitation and leakage
from Virgin River. The recharge from ephemeral streams is not considered. Without information about springs, the
discharge of groundwater is assumed to consist of evapotranspiration and pumping from wells. There is no constant
head within the model. The hydraulic conductivity and transmissivity of each aquifer is calibrated using the trial-
and-error method with the data of hydraulic head distribution presented by Johnson et al. (2002) (figure 11). The
distribution of hydraulic head in the whole study area is estimated the interpolation using inverse distance method
(figure 12).
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Figure 12: The distribution of hydraulic head after the interpolation (unit: m)

It is assumed that the aquifers are anisotropic units along the horizontal direction, which is to say that the
horizontal hydraulic conductivity or transmissivity varies along the rows and columns. The hydraulic conductivity
of the top layer was calculated by Pompeo et al. (2007), who used data from pumping tests. The transmissivity of
layer 2 was presented by Burbey et al. (2006), who used data from a pumping test of a well with a depth of 500ft
(152.4m). Based on the data of pumping test in Tule desert basin, the transmissivity of model layerl and 2 is
assigned as 80m?/d and 50m?/d, respectively (table 5). Other parameters such as the vertical conductance and
leakage factor, obtained by the calibration, are listed in table 6.
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Table 5 Parameter values of aquifers from pumping test

Layer 1 2 3

Hydraulic conductivity 24 700 80 500 50
or transmissivity
Source of data Pompeo et | Burbey et | VVWD(Tule | Burbey et | VVWD(Tule
al. 2007 al. 2006 Desert) al. 2006 Desert)
Layer 1 2 3
Hydraulic conductivity 78.7 2296.6 262.5 1640.4 164.0
or transmissivity
Source of data Pompeo et | Burbey et | VVWD(Tule | Burbey et | VVWD(Tule
al. 2007 al. 2006 Desert) al. 2006 Desert)
Table 6 Parameter values of aquifers from calibration
Layer 4 5 6 7 8
Hydraulic conductivity 2625 | 13123 | 9842 | 3281 | 656.2
or transmissivity
Vertical conductance” 53.8 107.6 215.3 48.4 N/A
Horizontal anisotropy factor 0.202 0.202 0.202 | 0.202 0.202
Layer 4 5 6 7 8
Hydraulic conductivity 2625 | 13123 | 9842 | 3281 | 656.2
or transmissivity

Vertical conductance” 53.8 107.6 215.3 48.4 N/A
Horizontal anisotropy factor 0.202 0.202 0.202 | 0.202 0.202

a Parameter value of layer 1 is the hydraulic conductivity (feet/d), while other layers are the transmissivity (feet’/d).
b It means the vertical conductance of adjacent two aquifers (d™).

In order to assess the results of calibration, comparison between contour maps of measured and simulated heads is
provided (Figure 13). The real-line is a contour map of observed heads, and the dashed line is that of simulated
head. It can be seen from the figure that the observed and simulated heads agree well, but the simulated heads
underestimate the observed heads when the groundwater table is high, and overestimate the observed heads when
the groundwater table is low. the simulated hydraulic heads compared well with the observed hydraulic heads
except for the areas located in the north of cross section line D-D’, which underestimates the observed hydraulic
heads, and the areas located in the south of cross section line D-D’, which overestimates the observed hydraulic
heads. This phenomenon may be caused by the uneven distribution of the precipitation, which makes much
precipitation reach the mountain area and very small precipitation receive near the Virgin River Basin because of
its low elevation, and ET, which is much bigger near the river than in the mountain area. Also, the size of grid may
be too big for wells because two or more wells sometimes locate in the same grid cell, which will lead to the bias of
calibrated model parameters.
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between the simulated and observed heads are listed in table 7.
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Figure 13: Comparison of measured and simulated potentionmetric surface (unit: m)

Comparison between contour maps of measured and simulated heads only provides a visual, qualitative result.
The quantitative evaluation is presented using the scatterplot and calculating the errors such as the mean error (ME)
and mean absolute error (MAE). The scatterplot of observed versus simulated heads is shown in figure 14. It can be
seen from the figure that the scatterplots distribute near the line with the slope of 0.998, which is quite close. The
correlation coefficient shows that the simulated heads are in agreement with the observed heads. The errors
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Figure 14: Plot of simulated against observed heads
Table 7: The errors between the measured and simulated heads under the steady-state conditions

1500

Mean Mean The mean The root
. Correlation measured simulated The mean
Condition L absolute mean square
coefficient water water error (m) error (m) error (m)
table(m) table(m)
Steady-state 0.998 724.975 725.518 0.457 16.168 22.392
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Model calibration in transient Flow

On the condition of transient flow, parameters, such as hydraulic conductivity or transmissivity, which have been
calibrated in steady-state, are assumed to be constant. Parameters requested calibration main involve in specific
yield and specific storage. Precipitation and evapotranspiration data can be downloaded from the web site
http://www.novv.com. River stage and streamflow can be obtained from the web site http://www.usgs.gov. The
historical data of observed wells included bunker#1, vwwd5, vwwd6, vwwd9, vwwd17,and vvwd25 shown in figure
15. Specific yield and specific storage obtained by the calibration are listed in table 8.
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Figure 15 Relationship of water level of observed wells to date
Table 8 Specific yield and specific storage of aquifer
Layers Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8
Specific yield
or 0.25 1x10* | 3.0x10° | 1x10° | 03x10* | 1x10* | 1x10° | 2x10°
specific storage
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