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Abstract

Contaminant migration through inactive supply wells can negatively affect groundwater quality and the combined effects from groups of
such wells may cause greater impacts. Because the number of wells in many basins is often large and the geographic areas involved can
be vast, approaches are needed to estimate potential impacts and focus limited resources for investigation and corrective measures on the
most important areas. One possibility is to evaluate the geographic distribution of well-screen depths relative to hydrogeologic conditions
and assess where contaminant migration through wells may be impacting groundwater quality. This approach is demonstrated for a
geographically extensive area in the southern Central Valley of California, USA. The conditions that lead to wells acting as conduits for
contaminant migration are evaluated and areas where the problem likely occurs are identified. Although only a small fraction of all wells
appear to act as conduits, potential impacts may be significant considering needs to control nonpoint-source pollution and improve
drinking water quality for rural residents. Addressing a limited number of areas where contaminant migration rates are expected to be
high may cost-effectively accomplish the most beneficial groundwater quality protection and improvement. While this work focuses on a
specific region, the results indicate that impacts from groups of wells may occur in other areas with similar conditions. Analyses similar to
that demonstrated here may guide efficient investigation and corrective action in such areas with benefits occurring for groundwater
quality. Potential benefits may justify expenditures to develop the necessary data for performing the analyses.

Keywords Wellbore leakage - Contamination - Geographic information systems - Screening evaluation - USA

Introduction evaluate potential impacts and focus limited resources on investi-

gations and corrective measures where most beneficial.

Contaminant migration through inactive supply wells can nega-
tively affect groundwater quality (Landon et al. 2009; Mayo
2010; Jurgens et al. 2014; Zuurbier and Stuyfzand 2017; see
Gailey 2017 for a detailed literature review). With the exception
of Clark et al. (2008), studies on wells that act as conduits for
contaminant migration address single wells; however, the com-
bined effects of groups of wells may cause greater impacts
(Gailey 2017). Because the number of wells is often large and
the geographic areas can be vast, approaches are needed to
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Recent and developing advances in data accessibility may
allow survey-level screening to guide work on groundwater man-
agement including addressing conduit wells. Early examples in-
clude (1) Perrone and Jasechko (2017) who compiled well depth
information from 17 databases in western USA and evaluated the
incidence of wells going dry during drought and (2) Jasechko
etal. (2017) who used a combination of well depth data and water
quality information from across the globe to assess water supply
vulnerability to contamination. Ongoing efforts to increase acces-
sibility for data pertinent to groundwater management in
California, USA are considered by Cantor et al. (2018). The work
presented here considers the geographic distribution of conditions
that result in wells acting as conduits and evaluates potential mag-
nitudes of contaminant migration in particular areas. To the best of
the author’s knowledge, such work has not been performed be-
fore. Application to the southern Central Valley of California
(Fig. 1) is presented as a demonstration example.
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Fig. 1 Study area in California,
USA. Gray shaded area indicates
approximate extent of Corcoran
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Study area etal. 2009; Moore et al. 2011). Deeper supply wells crossing low-

California’s southern Central Valley supports intensive agricultur-
al activity with heavy reliance on groundwater for irrigation
(Hanak et al. 2017). The shallower freshwater part of the ground-
water system comprises an interfingered assemblage of alluvial
and flood-basin deposits that is approximately 1,000 m thick and
exists under semiconfined conditions (Faunt 2009). Groundwater
overdraft in the region (CADWR 2016; Hanak et al. 2017) com-
bined with pumping at depth and resistance to vertical flow by
numerous silt and clay aquitards including the regionally exten-
sive Corcoran Clay (CADWR 1981; Page 1986; Faunt 2009; Fig.
1) has resulted in pronounced and geographically extensive de-
creases in head with depth for the past many decades (Davis et al.
1964; Belitz and Heimes 1990; Faunt 2009). Shallow groundwa-
ter quality is generally poor as a result of agricultural activities
while deeper water quality is often better (Faunt 2009; Landon
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hydraulic conductivity layers including the Corcoran Clay may
act as conduits for vertical migration of contaminants under these
conditions (Davis et al. 1964; Faunt 2009). Given the many wells,
variability in conditions with location, and the large extent of the
study area (approximately 6,600 mi” or 17,100 km?), assessment
of potential for vertical contaminant migration would provide
useful information to evaluate the need for investigation and cor-
rective action in particular parts of the study area.

Data sources and methods of analysis

As discussed by Gailey (2017), wells act as conduits for contam-
inant migration under the following conditions (Fig. 2): (1) differ-
ences in head and water quality exist between water-bearing strata
over a vertical section, (2) stratification of high- and low-hydraulic
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conductivity sediments impede vertical flow and solute transport
and (3) the screened intervals of wells vertically span the stratig-
raphy allowing relatively rapid vertical flow between water-
bearing strata to occur through the wells (short-circuiting flow).
This work focuses on the Corcoran Clay as a point of reference
for defining such vertical flows in the study area; however, it is
noted that short-circuiting of other low-hydraulic conductivity
strata and subsequent contaminant migration may also occur
above the Corcoran Clay.

Data sources

Data on the afore-referenced conditions are available for locations
across the study area from a variety of sources. Decreases in head
with depth can be evaluated using groundwater level data available
from the California Department of Water Resources (CADWR
2017a). These data were downloaded as spreadsheet files.
Variations in shallow groundwater quality (above the Corcoran
Clay) are documented for nitrate and total dissolved solids (TDS)
by the Central Valley Salinity Coalition (CVSC 2016). These data
were obtained as geographic information system (GIS) layers
through an information request to the CVSC. Stratigraphic infor-
mation, consisting of depths from ground surface to the top and
thicknesses of the Corcoran Clay, is documented by Faunt (2012).
These data were downloaded as GIS layers. For supply wells,
screened intervals, specified by depths from ground surface to the
tops of the shallowest and bottoms of the deepest screened sections,
casing diameters and approximate locations are documented by the
CADWR (CADWR 2017b). These data were obtained as spread-
sheet files through an information request to the CADWR.

Methods of analysis

Two types of analysis are performed for this work. First, infor-
mation on the geographic distributions of different data related

to short-circuiting flow in wells are evaluated, localized areas
are identified where conditions for such flow appear to exist,
and rates of contaminant transfer to deeper strata are estimated.
Second, the potential significance of the estimated flows and
contaminant transfer rates through individual wells are evaluat-
ed within the context of the much larger groundwater system.

Evaluating geographic information

The method presented here identifies geographic coincidence
of the different conditions necessary for migration through well
conduits. The conditions are evaluated at a horizontal resolution
limited to 1 mi” (2.6 km?) as a result of censored well location
accuracy in the dataset available for this study. Seven data pro-
cessing steps use a combination of GIS software and spread-
sheets with macro scripts to generate results. The workflow is
summarized on Fig. 3 and described in the following list in
detail.

1. Screened-interval data for all supply well types in the
dataset (agricultural, industrial, municipal and domestic)
are available with locations cataloged according to US
Public Land Survey System (PLSS) grid at the section
level. Because the State of California limits well location
information to this 1 mi* (2.6 km®) grid to protect well
owner privacy, the maximum horizontal resolution of this
study is limited to the same. The screened-interval depth
and well type data are aggregated and mapped onto the
PLSS section grid.

2. The data for water quality in the shallower water-bearing
zone (above the Corcoran Clay) are mapped onto the
PLSS grid. Contoured representations of the water quality
data are available as GIS polygon shapefiles on a grid of
similar horizontal resolution as the PLSS (CVSC 2016).
These data are spatially joined to the PLSS grid.
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Step 1 Step 2 requirements: PLSS section location, screened-

Aggregate screened-
interval depths and well
types to PLSS sections

Map water quality data
onto PLSS sections

\ 4

Step 3

Identify PLSS sections

where

» Water quality does not
meet MCLs

*  Wells present

Step 4

Map depths to top and
bottom of clay onto PLSS
sections

Step 5

Identify wells with screens
that span the clay in each
PLSS section

Step 6

Calculate range in vertical
hydraulic gradient across
clay for winter-spring

Step 7

Estimate flows and solute
mass transfer rates for
each well and aggregate
to PLSS sections

Fig. 3 Work flow for evaluating geographic information

Lists of PLSS sections thatmeet two criteria are compiled.
a. Water quality constituent concentrations exceed the
maximum contaminant level (MCL) for nitrate, TDS or
both.

b. At least one well of any depth is present.

Depths to the top and bottom of the Corcoran Clay are
mapped onto the PLSS grid. Contoured representations of
the depth to top and thickness of the clay, available as GIS
polyline shapefiles (Faunt 2012), are rasterized and con-
verted to GIS polygon shapefiles with values specified for
each cell on the PLSS grid. Depth to the bottom of the
clay is then calculated for each grid cell as the sum of
depth to top and thickness of the clay.

The number of likely conduit wells is recorded for each
PLSS section where water quality does not meet MCLs.

a. Well construction data for each PLSS section in the lists
from step 3 are accessed.

b. Depths to top and bottom of screened intervals are
compared to depths to top and bottom of clay for the
PLSS section.

c. Wellswith screens that vertically span the thickness of
the Corcoran Clay in each PLSS section are aggregated
and mapped to the PLSS grid.

Vertical head differences and hydraulic gradients
across the Corcoran Clay are calculated for the
winter-spring when wells are most often idle and
potentially act as conduits. Groundwater levels are
initially selected from the available monitoring well
dataset if they meet all of the following information
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interval depths and water level data available for
winter-spring. The selected data are then culled
based upon the following criteria: PLSS section
has data from both above and below the Corcoran
Clay, data above and below clay occur during
winter-spring of the same year, data occur during
2012 to 2016. Because monitoring wells screened
above and below the clay are generally not at the
same location, data aggregation is necessary. For
each PLSS section where data meeting the afore-
referenced requirements are available, averages are
calculated for the following quantities: heads above
the clay, depths to bottoms of screened intervals
above the clay, heads below the clay and depths to
tops of screened intervals below the clay. A vertical
gradient is then calculated for each PLSS section:

iclay = (Habove_Hbelow)/ (Dscreen_bottom_above_Dscreen_lop_below) ( 1 )

where the terms are as follows:

Iclay Estimated vertical hydraulic gradient
across the clay

Hpove Average head above the clay

Hypelow Average head below the clay

Dycreen bottom above  Average depth to bottom of well
screen above the clay

Average depth to top of screen below
the clay

D screen_top_below

Flows and mass transfer rates through conduit wells
fromstrata above the Corcoran Clay to those beneath the
clay are estimated across the study area.

a. Effective hydraulic conductivity estimates are generat-
ed for all wells with screened intervals that span the
Corcoran Clay. Well diameter data are used with the
Hagen-Poiseuille equation to perform the calculations
(Appendix; Gailey 2017).

b. Flow rates are estimated for each well using Darcy’s
Law with information developed in the preceding text:

Qwell_est = Kyl iclay Agell (2)

where the terms are as follows:

Owell et Estimated flow rate through the well

Kyerl Effective hydraulic conductivity for the well

Awell Well casing cross sectional area calculated
from the well diameter

High and low values for the vertical gradient across the
study area (calculated in step 6) are used as the basis to
estimate a range in flow rate for each well. These vertical
gradients are scaled by a factor of 2 x 10°® based on cal-
culations presented in the Appendix:
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Qwell_est = Kyell fscale iclay Awell (3)

where fgca1e 1S the gradient scaling factor

The scaling is necessary because gradients associated
with flow through well casings are typically much lower
than vertical gradients in groundwater systems at some
distance from the wells as a result of (1) decreased resis-
tance to vertical flow within the casing relative to natural-
ly layered groundwater systems and (2) head losses relat-
ed to passage through well screens and (3) convergent
(divergent) flow to (from) the well through the porous
medium. Over estimation of flow rates occurs unless the
gradient is reduced (Gailey 2017).

c. Rates of nitrate and TDS transfer across the clay are
calculated for each well as the product of flow through the
well and concentration in the PLSS section.

d. The flows and transfer rates, initially calculated for the
period of one day, are then scaled up to a 180-day period
(multiplied by 180). The upscaling is performed to repre-
sent the amount of time that wells are generally idle and
potentially act as conduits each year during the low de-
mand season. The results are then aggregated for each
PLSS section and the study area as a whole.

Comparing regional and well-specific fluxes

Two numerical groundwater flow and solute transport
models presented by Gailey (2017) are used to compare
the relative magnitudes of groundwater volumetric flows,
fluxes per unit area (Darcy velocities) and extent of water
quality impact from solute mass transfer through (1) re-
gional aquitards and (2) wells that act as conduits. The
models simulate a hypothetical groundwater system com-
prising two aquifers and an intervening aquitard. The first
model simulates steady-state heads when no conduit well
is present. The second model uses the steady-state heads
as initial conditions to simulate transient flow and advec-
tive transport where (1) no conduit well is present and (2)
an idle water supply well cross-connects the aquifers. A
single 180-day stress period is simulated. Table 1 summa-
rizes the model parameters. Additional details regarding
the model structure are presented in Gailey (2017).
Given the variation in conditions in the study area (Page
1986;Faunt2009)andthesimplifiedrepresentation ofaquifer
system hydrostratigraphy in the modeling, the aquitard hy-
draulic conductivity is varied to evaluate the potential range
of groundwater volumetric flows, fluxes per unit area and
solutemasstransferrates. The vertical hydraulic conductivity
ofthe aquitard is changed over four orders of magnitude (with
the horizontal hydraulic conductivity remaining one order of

magnitudehigherthattheverticalhydraulicconductivity)and
groundwatervolumetric flow and flux perunitareaarerecord-
ed for (1) the aquitard when the well is not present, (2) the
aquitard and the well when the well is present. Flow through
the aquitard is recorded for the entire model domain (consid-
ered twotimesthe simulated half-space dimensions presented
inTable 1) and flux isthe average over the domain. The length
ofthesolute plumeinthe loweraquiferresulting from the well
acting as a conduit is also recorded—taken as the maximum
length parallel to the direction of groundwater flow where
concentrations exceed the background value of 10 mg/1 pre-
sented in Table 1. Sensitivity of the solute transport results to
the horizontal hydraulic conductivity of the aquifers is also
evaluated by repeating the calculations for an order of magni-
tude reduction in the values used for the aquifer horizontal
hydraulic conductivity—aquifer horizontal hydraulic con-
ductivity reduced from 1072 to 10> cm/s with the vertical
hydraulic conductivity remaining one order of magnitude
lower than the horizontal hydraulic conductivity.

Limitations

The approach for section ‘Evaluating geographic information’
assumes that the available datasets regarding water quality, stra-
tigraphy and hydraulic head reasonably characterize the
hydrogeologic conditions at the scale of PLSS sections (1 mi?,
or 2.6 km?). These data are available at horizontal resolutions
generally lower than the PLSS grid and interpretations, guided
by the professional judgment of the author (for representative
ranges for vertical hydraulic gradients) and others (for contours
of clay depth and thickness as well as water quality constituents
obtained for this work), are applied. Additional interpretations
are made with regard to the well data. Because no comprehen-
sive well destruction records are available, all wells in the well
construction dataset are used in the analysis. This aspect of the
approach tends towards a conservatively high estimate of the
effects from well conduits, as it is possible that some of the wells
included in the analysis have been properly destroyed and may
no longer exist as potential conduits. However, other wells not
identified by this approach may act as conduits because of (1)
localized occurrences of nitrate and TDS not included in the
water quality information used here, (2) other contaminants
not considered and (3) well constructions with long gravel packs
that short-circuit the Corcoran Clay; transport along gravel packs
could be considered if data on this aspect of the well construc-
tions were available. It should also be noted that short-circuiting
flow and contaminant migration relative to other low-hydraulic
conductivity strata above the Corcoran Clay may also occur but
is not the focus of this work. These potential limitations could be
addressed through use of additional data that may become avail-
able in the future. Since the purpose of the approach is develop-
ing indications of where concern may be warranted so that
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Table 1 Numerical model
parameters

Parameter category Parameter Value
Half-space domain dimensions Width 628 m
Length 1,638 m
Depth 75m
Upper and lower Thickness 30 m
aquifer parameters Horizontal hydraulic conductivity 1072 cm/s
Vertical hydraulic conductivity 1073 em/s
Storage coefficient 107
Porosity 0.3
Recharge (upper) 9x10* m/Md
Initial concentration (upper) 100 mg/1
Initial concentration (lower) 10 mg/l
Aquitard parameters Thickness 15m
Horizontal hydraulic conductivity 107 em/s
Vertical hydraulic conductivity 107 em/s
Storage coefficient 10
Porosity 0.3
Initial concentration 100 mg/l
Idle well parameters Gravel pack hydraulic conductivity 1 cm/s
Casing hydraulic conductivity 100 cm/s
Hydraulic gradients Horizontal in aquifers 0.001
Vertical across aquitard —0.15

potential conduit wells can be considered in more detail, the
limitations identified here are reasonable.

The approach for section ‘Comparing regional and well-specific
fluxes’” assumes (1) simplified stratigraphy, (2) fairly low vertical
hydraulic gradient and casing hydraulic conductivity compared to
what is possible in the field and (3) only a single well conduit. As a
result, the predicted flows and fluxes through the conduit well may
be low relative to what could occur in the field. The predicted
plume lengths may also be shorter than occur in some field cases
as aresult of the lower flow rates, lack of simulated heterogeneity in
aquifer hydraulic conductivity, and no comingling of plumes from
multiple conduit wells. While these limitations may result in under-
estimation of the flows and water quality impacts from conduit
wells, conceptual demonstration of how such wells interact with
the greater groundwater system is still achieved.

Results and discussion
Conditions creating potential for conduit migration

The results from steps 1-3 of section ‘Evaluating geographic
information’ provide the initial information regarding conditions
that create potential for conduit migration. Figure 4a,b summa-
rizes the distributions of nitrate and TDS concentrations present
above the clay. Nitrate concentrations above the MCL (10 mg/1
nitrate as nitrogen) are anthropogenic while the TDS
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concentrations above the MCL (500 mg/l) may result from nat-
ural processes in some cases, particularly in the western part of
the study area (CVSC 2016). Figure 5a,b summarizes the depth
to top and thickness of the Corcoran Clay. In general, the clay is
deepest in the central part and on the west side of the study area
and also thickest on the west side.

The well construction data indicate 33,579 supply
wells within the extent of the Corcoran Clay (Fig. 6a)
including 15,024 agricultural; 428 industrial; 804 munic-
ipal and 17,323 domestic wells. Many of these wells
(22,570 in total) terminate below the clay and decrease
heads below the clay when pumped. The vast majority
of these wells are agricultural (11,763 or 52%; Fig. 6b)
and domestic (9902 or 44%; Fig. 6¢). Downward vertical
gradients drive flows through wells with screened inter-
vals that span the clay thickness (2693 wells; Fig. 6d).
These wells tend to be located where the clay is shallower
(Fig. 5a) and thinner (Fig. 5b). Areas where supply wells
of any depth are present and water quality does not meet
the MCLs for nitrate, TDS or both constituents are indi-
cated on Figs. 7a—c. These results, generated from step 3
of section ‘Evaluating geographic information’, provide
the basis for evaluating whether wells in specific areas
may act as conduits for contaminant migration. For ni-
trate, 12,005 wells, or 36% of all wells, are located in
PLSS sections where the MCL is exceeded. There are
9,105 wells (27%) that are located in sections with TDS
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Fig.4 Groundwater quality above the clay: a nitrate as nitrogen (NO3-N) and b total dissolved solids (TDS). Black line indicates approximate extent of
Corcoran Clay. Maximum contaminant level for nitrate as nitrogen is 10 mg/1 and for total dissolved solids is 500 mg/l. Data from CVSC (2016)

exceedance and 5,557 wells (17%) are located in sections
with exceedance of both constituents.

Areas of concern

Results from steps 4 and 5 of section ‘Evaluating geo-
graphic information’ suggest the areas of concern defined
by sections that have (1) concentrations above the MCLs
and (2) wells likely acting as conduits. For nitrate, 875
wells located in 430 PLSS sections are constructed such
that they may act as conduits for contaminant migration
(Fig. 8a), which is 3% of the wells within the extent of the
Corcoran Clay and 7% of the wells where water quality
does not meet the MCL. A notable cluster of wells is
present southwest of the city of Visalia and there are
smaller clusters throughout the study area. For TDS,
1505 wells in 817 PLSS sections may act as conduits
(Fig. 8b). This is 5% of the wells within the extent of
the Corcoran Clay and 17% of the wells where water
quality does not meet the MCL. While some of the areas
of concern overlaps with those for nitrate, the spatial dis-
tribution of areas of concern for TDS is different from that
of nitrate. Notable clusters of wells are present south of

the city of Merced as well as in the southernmost part of
the study area. As shown in Fig. 8c, 418 wells in 222
sections are constructed such that they may act as con-
duits for both constituents. This is 1% of the wells within
the extent of the Corcoran Clay and 8% of the wells
where water quality does not meet both MCLs. There
are small clusters of these wells throughout the study area.

The breakdown of well types that may act as conduits
(Table 2) indicates that the majority of wells are agricultural;
however, a notable number of domestic wells may also act as
conduits. In addition, comparison of Fig. 6b,c with Fig. 8a—
indicates the types of wells potentially impacted by migration
through conduits. While both agricultural and domestic wells
draw water from beneath the Corcoran Clay throughout the study
area and are subject to contamination spreading from wells that
act as conduits, water quality requirements are generally more
stringent for the domestic wells. The density of domestic wells
in the northern portion of the study area near Merced (Fig. 6¢)
may be a particular concern for the spread of nitrate contamination
from conduit wells (Fig. 8a).

Vertical head differences and gradients across the clay during
the winter-spring are summarized in Fig. 9 a,b. The magnitudes of
the head differences are consistent with previous findings (Davis
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Fig. 5 Corcoran clay: a depth to top of the clay and b thickness of clay. Data from Faunt (2012)

et al. 1964). Likewise, the calculated gradients are supported by
previous work (Phillips and Belitz 1991). Calculations are made
for 29 PLSS sections where sufficient data are available, generally
between the years 2013 and 2016. Gradients in the range of —0.5
to —0.1 cover most of the observed variation (69%) and occur
throughout the study area. These values are used to estimate
ranges in flows for each conduit well.

Results from step 7 of section ‘Evaluating geographic
information’ provide estimates for groundwater volumet-
ric flows and contaminant mass transfer rates for the like-
ly conduit wells. Conduit flows range between 5.6 x 10’
and 2.8 x 10® m*/180 d for the study area as a whole.
Individual PLSS sections range between 5.0 x 10° and
4.8 x10° m?/180 d or approximately 0 to 1.7% of the
study area total (Table 3 and Fig. 10a). The average flow
through one of the 2693 conduit wells on Fig. 6d
(calculated by dividing the low and high estimated flows
for the study area in Table 3 by the number of conduit
wells) ranges from 8.1 x 10" to 4.0 x 10% I/min and is not
uncommon for the area (Gailey 2017). The resulting ni-
trate transfer rates range between 4.2 x 10° and 2.1 x
10° kg/180 d for the study area. Individual PLSS sections
range between 2.3 x 102 and 3.0 x 10* kg/180 d or ap-
proximately 0 to 1.5% of the study area total (Table 3 and
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Fig. 10b). TDS transfer rates range between 5.1 x 107 and
2.5%10% kg/180 d for the study area. Individual PLSS
sections range between 9.2 x 10" and 6.7 x 10° kg/180
d or approximately 0 to 2.6% of the study area total
(Table 3 and Fig. 10c). These flows and transfer rates
are in addition to those that occur through the Corcoran
Clay itself.

Well-specific versus regional fluxes
and impacts on water quality

The maximum number of wells with screens that span the
Corcoran Clay in a PLSS section is 10 (Fig. 6d); therefore, the
area covered by the Corcoran Clay is far larger than the combined
cross-sectional area of the conduit well casings. The results of
numerical modeling (see section ‘Comparing regional and well-
specific fluxes’) demonstrate that this difference in areas is so
great that it is expected to outweigh differences in other Darcy
Law terms for flows through the aquitard and well (hydraulic
conductivity and gradient). For most conditions, volumetric flow
through the aquitard is expected to exceed that through a conduit
well (Fig. 11). This is true for the aquitard geology in the study
area where variations in lithology (Page 1986 and Fig. 5b) result
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Fig. 6 Supply wells in the study area: a all wells located within the extent
of Corcoran Clay, b agricultural wells that terminate beneath the clay, ¢
domestic wells that terminate beneath the clay and d total wells with

screened intervals that span the clay. Black line indicates approximate
extent of Corcoran Clay
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Fig. 8 Supply wells that may act as conduits: a nitrate, b total dissolved solids and ¢ both constituents. Black line indicates approximate extent of

Corcoran Clay

in local vertical hydraulic conductivities for the aquitard that likely ~ volumetric flow rate by the area (Darcy velocities) indicates that
allow leakage (i.e., K, >~ 10"° cm/s on Fig. 11). However, com-  flux through conduit wells is many orders of magnitude greater
parison of groundwater fluxes calculated by normalizing the  than through the aquitard (Fig. 12). While flux through the well is

Table 2 Number of wells

potentially acting as conduits Constituent Total Agricultural Industrial Municipal Domestic
where MCL exceeded

Nitrate 875 711 9 10 145

TDS 1,505 1,280 27 17 181

Both 418 353 7 6 52
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Fig. 9 Hydraulic changes across the Corcoran Clay: a vertical head difference and b vertical gradients. Negative values indicate that head is lower
beneath the clay than above the clay

Table 3 Estimated transfer rates

through potential conduit wells Location Water (m*/180 d) NOs-N (kg/180 d) TDS (kg/180 d)
Low High Low High Low High
Study area 5.6x107 28x10% 42x10° 2.1x10° 5.1x107 2.5x%108
Min section 5.0x10° 2.5x%10! 23x1072 12x107" 92x107! 4.6x10°
0% 0% 0% 0% 0% 0%
Max section 9.7x10° 4.8x10° 6.1x10° 3.0x10* 1.4x10° 6.7x10°
1.7% 1.7% 1.5% 1.5% 2.6% 2.6%

Columns designated as Low present calculations using a vertical gradient of —0.1. Columns designated as High
present calculations using a vertical gradient of —0.5. Areas for the study area and a section are 17,100 and
2.6 km?, respectively. Percentages are relative to the study area values.

sensitive to the value of aquitard hydraulic conductivity, signifi-  conductivities and the flux through the well is greater by orders
cant difference between the conductivities of the well and the  of magnitude.
aquitard remains over a reasonable range of aquitard

Ay ] AN ; N

Water Flux/ S 4 INO3-N Flux/ £ | |TDS Flux/ o
Section (m®180 d) s | |Section (kg/180 d)| | |Section (kg/180 d) |
o o | | (mmo0 §
>0 to <10E+4 [0>0to <1E+3 | [ >0 to <40E+3 Ak 7

>10E+4 to <20E+4 >1E+3 to <2E+3 A >40E+3 to <80E+3 b g
[0 >20E +4 to <30E+4 || I >2E+3 to <3E+3 I >80E+3to <120E+3| 0 30 60 Kilometers
B >30E+4 : B >3E+3 B >20E+3 Livilil

Fig. 10 Downward flows and contaminant mass transfer rates through conduit wells: a water, b nitrate as nitrogen and ¢ total dissolved solids. Results
correspond to columns on Table 3 labeled ‘High’
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Fig. 11 Volumetric water flows 1.E+05
through the aquitard and conduit

well predicted by the numerical

model 1.E+04

.

1.E+03

o

Vertical Flow (m3/d)

1.E+01

1.E+02 %\
\

1.E+00 T T T
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03
Aquitard Vertical Hydraulic Conductivity (cm/s)
—{fll— Aquitard w/o Well  «+ 4+« Aquitard w/Well == Well

Because the flow of contaminated water through the
aquitard occurs over a large area and the flux through the
aquitard is relatively low (Fig. 12), mass transfer occurs in a
dispersed fashion and dilution results from the horizontal flow
of cleaner water in the lower aquifer. However, the level of
water quality impact in the lower (receiving) aquifer from con-
taminant mass transfer through a conduit well is greater be-
cause it occurs as a result of a localized and higher flux. This
point is clarified by considering the ratio of well to aquitard
groundwater fluxes and the resulting water quality impact
(Fig. 13). For cases where the aquitard conductivity is quite
low (left-hand side of Fig. 13), groundwater flux through the
well is much greater than through the aquitard and contaminant
plumes are relatively large. Conversely, when the aquitard con-
ductivity is close to that of the aquifers (right-hand side of

Fig. 13), there is less flux through the well relative to the
aquitard and the water quality impact from the conduit well
does not migrate as far from the well.

Targeted approach for improvement

Addressing all, or most, conduit wells in the study area would
likely be impossible. Given the many wells and often-forgotten
locations of older wells, the costs involved would limit any
program of investigation and corrective action. However, the
results presented here support use of a targeted approach.
Review of Table 3 for each water quality constituent indicates
that the maximum transfer rate in a single section is responsible
for approximately 1 to 3% of the total migration through conduit
wells in the study area. Additional analysis of the nitrate transfer

Fig. 12 Water fluxes through the 1.E+03
aquitard and conduit well L r— ——
developed from volumetric water 1.E+02
flows presented in Fig. 11 E 1 E+01 \
= 1.E+00
3
= 1.E-01
S 1E02
[ = M
< 1E03
1.E-04
1.E-05 T T T
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03
Aquitard Vertical Hydraulic Conductivity (cm/s)
—f— Aquitard w/o Well <+ @+« Aquitard w/Well = == Well
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Fig. 13 Ratio of groundwater 1.E+09 100
fluxes through the well and »
aquitard as well as resulting 2 — 1.E4+08 .
contaminant plume length in the 2T *\ £
lower aquifer predicted by the : g 1.E407 z
numerical model. Red and blue .g g_ \\.\ \ [
lines indicate differences in model £t < 1E+06 qc,
results from changing the aquifer g Je] \\\.\ \ ;’
horizontal hydraulic conductivity s % 1.E+05 £
by a factor of ten o= \\\.\ \ =
8= 1.E+04 —e =
m . \
1.E+03 T T T 10
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03

Aquitard Vertical Hydraulic Conductivity (cm/s)

=f- Flux Ratio @ Kh = 1E-2 cm/s =—#=Flux Ratio @ Kh = 1E-3 cm/s

== Plume Length @ 180 d

rates by section reveals that a significant amount of the area-
wide vertical transport for this contaminant occurs in a small
number of PLSS sections (Fig. 14). Ten percent of the estimated
total nitrate migration through conduit wells occurs in only ten
sections. Inspection of the geographic data indicates that only 21
wells are involved. Similarly, 30% of the transport occurs in 61
sections (225 wells). This information can be used to target
limited areas for investigation and potential corrective action.
Consider, for example, that some of the higher nitrate transfer
rates (Fig. 10b) are close to higher densities of domestic wells in
the northern part of the study area (Fig. 6¢). Moreover, four
sections west of the city of Merced contribute notable portions
of the total nitrate transport and are close to significant numbers
of domestic wells (black dots on Fig. 14 and circled area on
Fig. 15). Useful improvements in groundwater protection and

quality might be achieved by investigating this small number of
sections where contaminant transfer rates are likely to be high
and only 28 wells would be involved.

Conclusions

Identifying areas where supply wells likely act as conduits for
contaminant migration is fairly simple if there is access to infor-
mative data. In this case, survey-level analysis is performed for a
geographically extensive area to identify the co-occurrence of
(1) wells screened across a regional aquitard and (2) poor water
quality in shallow strata. The number of wells that appear to act
as conduits is potentially significant, even though it is a small
fraction of all wells in the study area, considering (1) estimates

Fig. 14 Section contributions for 3.5E+04 1500
well-conduit transfer of nitrate to =
strata beneath the clay. Results o 3.0E+04 L 1200 @
correspond to ‘NOs-N high’ on LT \ S
Table 3. Black dots indicate e 2.5E+04 \ / =
estimates for PLSS sections - L 900 @
located west of Merced (shown in % E 2.0E+04 \.\ / :’2
circled area on Fig. 15) & = 1.5E+04 /] e

=8 \\ v [ 600 2

Z 5 10E+04 < =

™ e

8w ] - 300 Z

=4 5.0E+03 —— ]

%\H
0.0E+00 0
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Ranked Section Transfer Rates

Portion of Area-Wide Transfer Rate

® Sections Located near Merced

Cumulative Number of Sections
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Fig. 15 Domestic wells that
terminate beneath the clay as on
Fig. 6¢ and PLSS section
locations with highest nitrate
transfer rates. Large black dots
indicate section locations that
together contribute 30% of total
well conduit contaminant transfer
to strata beneath clay. Circled
portion contains sections with
high nitrate transfer rates (shown
on Fig. 14 as black dots) and
nearby areas with higher densities
of domestic wells

Dom Water
B 1to5
6t 10

11 to 15
16 to 20
Bl 21 to 25

26 to 30
Bl > 30

Wells/Section

of contaminant transfer rates, (2) proximity to domestic wells
and (3) the need to control nonpoint source pollution and im-
prove drinking water quality for rural residents.

These results should be viewed within the context of the
analysis performed and assumptions made (see section
‘Methods of analysis’). Some false-positive and false-negative
results undoubtedly occur for individual wells. Also, contami-
nant mass transfer rates are approximate. Nevertheless, informa-
tion from the analysis provides insights regarding arcas where
investigation and corrective action might be best targeted.

@ Springer

Follow-on work guided by the geographic analysis might begin
with considering information for specific wells such as (1) con-
struction and lithologic logs prepared at the time of well com-
pletion and (2) water quality problems upon start up after idle
periods (Gailey 2017). Potential responses to issues that may be
revealed include structural and operational changes such as well-
screen modification or regularly scheduled pumping (Gailey
2017).

While this work focuses on a specific region, the results
indicate that impacts from groups of wells may occur in other
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areas with similar, and fairly common, conditions (stratified
alluvial sediments, irrigation water applied at ground surface,
groundwater pumped from depth, poor shallow groundwater
quality and long well screens). In these cases, geographic
analysis may lead to more detailed evaluation in limited areas
of concern. The potential benefits to groundwater quality may
justify expenditures to develop the necessary data for
performing the type of analysis demonstrated here.
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Appendix

The factor for down-scaling vertical gradients across the
aquitard to use in calculating flow along well casings (see
section ‘Evaluating geographic information’ item 7b) is de-
veloped through analytical modeling. The analysis is devel-
oped similar to Silliman and Higgins (1990) with two ex-
ceptions: (1) higher head occurs in the upper aquifer so that
flow is downward through the well and (2) head loss that
results from flow along the well casing is addressed sepa-
rately from losses that occur through the well screens. The
approach is briefly described here with additional details
available in Silliman and Higgins (1990). Physical relation-
ships associated with the mathematical development are
shown in Fig. 16.

Hy
A4 S
HWU
T HCU
T He
Q v
bo ’ Hun
H
Y baquitara <
-Q
b, ¢
R Tw

Fig. 16 Physical relationships between parameters used to estimate
gradient down-scaling factor. Figure not to scale

Confined conditions

Steady-state groundwater flow to a well under confined con-
ditions may be expressed by the Thiem equation (Bear 1979):

H(R)~h(rv) = [Q/(2 7 T)] In(R/rv) (4)
where the terms are as follows:

H(R) Head at radial distance R, hereafter referred to as H
h(ry) Head at radial distance r, hereafter referred to as Hy
0 Exchange rate of groundwater between the aquifer
and the well defined as greater than zero when
groundwater flows into well

Transmissivity which is further defined as 7=K b
Aquifer hydraulic conductivity

Aquifer thickness

The radius of influence, or the distance from the well
beyond which flow in the well does not affect head in
the aquifer

I The well radius

SR N

Equation (4) is reformulated by rearranging, consolidating
variables and applying the subscript U to designate applica-
tion to the upper aquifer:

0 =2may (Hy-Hwu) (5)

where oy = Ty/In(Ry/ry)

Equation (5) is reformulated for application to the lower
aquifer as Eq. (7) by applying Eq. (6) for mass balance and
using subscript L to indicate the lower aquifer:

0=0y="0 (6)
Q =2m Qar, (HWL_HL) (7)

Head loss that results from flow along the well casing is
expressed as:

HL = Hcy—Hr (8)
where the terms are as follows:

HL  Head loss in the casing
Hcy  Head in the well casing adjacent to the upper aquifer
Hcp  Head in the well casing adjacent to the lower aquifer

Head losses that occur through the well screens are
expressed as:

WLy = Hwu—Hcu 9)
WLL = HoL-HwL (10)
where the terms are as follows:

WLy
Hywy

Head loss through the upper well screen
Head in the upper aquifer at .,

@ Springer
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WL, Head loss through the lower well screen Kyenl Effective hydraulic conductivity of the well
Hy,  Head in the lower aquifer at r, Awell Cross sectional area of the well further defined as 7t

Combining Egs. (7)—~(10) and rearranging results in an ex-
pressions for Hywy. This expression enumerates the head
losses along the flow path between Hy to Hyy.

HWU:HL+Q/(27T04L)+WLL+HL+WLU (11)

The casing and screen head loss components are represent-
ed in terms of the flow rate in Egs. (12)—(14). HL is represent-
ed as in Silliman and Higgins (1990), while the WL terms are
represented separately as in de Marsily (1986). These flows
can be turbulent (e.g., Gailey 2017).

HL=CQ? (12)
WLy = Ay O + By O (13)
WL, =A, O+ B, O° (14)

Substituting Egs. (12)—(14) into Eq. (11) and then the
resulting expression into Eq. (5) followed by rearrangement
produces a quadratic equation:

aQ*+b0+c=0 (15)
where:

a:(BU +BL+C) (27TC¥LOlu)/(OZL+Oéu) (16)
b= [(AU +AL) 2maL aU)/(aL + aU)] +1 (17)
CZ—(HU_HL) (27TO¢L CMU)/(CIL+CXU) (18)

The flow rate is then found using the quadratic formula:

0" = [—b+ (buac)”z}/(z a) (19)

The factor for down-scaling is then calculated with Eq. (20)
as the ratio of the gradient in the well to the gradient across the
aquitard. The gradient in the well is based on (1) an estimate of
flow in the well under fairly realistic conditions with the pos-
sibility of turbulent flow (Eq. 19) and (2) a common calcula-
tion for effective hydraulic conductivity under the assumption
of laminar flow (Eq. 21).

iwell/iaquitard = [Q*/(Kwell Awell)] / [(HUfHL)/baquitard} (20)

where the terms are as follows:

Tyell Vertical hydraulic gradient in the well

Vertical hydraulic gradient across the aquitard
Thickness of the aquitard between the upper and
lower aquifers

Laquitard

b aquitard

@ Springer

rw2
The effective hydraulic conductivity of the well is estimat-
ed with the Hagen-Poiseuille equation (Gailey 2017):

Kyen = 17pg/8p (21)

where the terms are as follows:

r  Inner radius of the well casing or screen
p  Groundwater density

g Gravitational acceleration

1 Groundwater viscosity

The value calculated with Eq. (20) is substituted for f5ca1e in
Eq. (3) of item 7b in section ‘Evaluating geographic informa-
tion’ for estimation of conduit flows. Directly substituting the
expression in Eq. (20) for ficae in Eq. (3) of item 7b and
simplifying reveals that the hydraulic conductivity terms
(Kwer), which involve the assumption of laminar flow, cancel
out of the final expression for estimated flow rate through the
well:

Qwell_est = [(Q* baquitafd)/(HUiHL)} iClaY (22)

Therefore, there is no potential conflict in assuming turbu-
lent flow when calculating O* and laminar flow when calcu-
lating K11

Unconfined conditions

For unconfined conditions, Dupuit’s solution is used (Silliman
and Higgins 1990; de Marsily 1986) and Eq. (5) is replaced
with:

Table 4  Parameter values for the base case

Parameter Units Upper aquifer Lower aquifer Well loss
H m 100 50 -

K m/s 107 107 -

b m 60 100 -

T m%/s 6x10* 1073 -
Paquitard m 30 30 -

R m 40 40 -

Fw m 0.2 0.2 -

Ay s/m? - - 100

AL s/m> - - 100

By $/m° - - 100

By $/m° - - 100

e m - - 25x1072
/ - - - 0.08

C m’ - - 17.8
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Fig. 17 Calculated aquifer head profiles

0 =mnay (Hi’-Hwy*) (23)

where ay = Ky/In(Ry/ry).
Conservation of mass is expressed by combining Egs. (23)
and (7):

7 ay (Hy*-Hwu®) =2 oy (Hw—Hy) (24)

Substituting the head loss terms from Eqs. (8)—(10) for
Hy, and expressing in terms of flow rate according to Eqgs.
(12)—(14):

7T Oy (HUZ—HWUZ)
=27 ar, [HWU_(AU —|—AL) Q_(BU + BL + C) QZ—HL}

(25)

Substituting the expression for flow rate in Eq. (23) for
instances of Q in Eq. (25) and rearranging results in a
fourth-order polynomial in Hyy:

Solving for Hyy and substituting into Eq. (23) provides an
estimate for flow rate. Equations (20) and (21) in section
‘Confined conditions’ can then be used to calculate the factor
for down-scaling.

Estimating the down-scaling factor value

The downscaling factor from Eq. (20) was estimated for confined
conditions using a reasonable set of parameter values for the
study area. Sensitivity analysis was performed by adjusting the
parameter values and also considering unconfined conditions.
Table 4 summarizes the parameter values used for the base case.

Consistent with the possibility that turbulent flow may oc-
cur inside the well casing, the value for head loss in the well
casing (C in Eq. 12) was developed using the Darcy-Weisbach
equation (Vennard and Street 1982):

HL=f [L/(47° gr,)] O

where the terms are as follows:

(31)

Jf Friction factor
L Length of well casing which is equal t0 b,qujara in this
case (Fig. 16)

The friction factor was estimated by implicit solution of the
Colebrook equation (Vennard and Street 1982):

l/fl/2—2 log(rw/2e)

Dy Hyu* + Dy Hywi? + D3y Hyy + Dy = 0 (26)

—1.14-2 log[l +9.28/ (Re (2e/rw)f1/2)] (32)
where:

where the terms are as follows:
_ 3 2

Dy==2m ay” ar (Bu +BL +C) 27 ¢ Mean height of casing roughness
Table 5 Sensitivity analysis for iyei/faquitara Under confined conditions
Parameter Tu Ty R baquitard f A B
Base case 1.9x10° 19%10° 1.9x10°° 19x10° 19%10° 19%x10° 19%x10°
Increased result 3.8%10° 27%x10° 1.7x10°° 37%10° 19x10°° 1.1x10° 1.8%x10°°
Decreased result 3.0x1077 46%1077 2.1x%10°° 94x1077 19x10° 20x10° 1.9%x10°°

Factors used to increase parameter values: Ty: 10, T1.: 10, R: 2, byquiara: 2, £ 10, A: 10 and B: 10
Factors used to decrease parameter values: Ty: 0.1, T2 0.1, R: 0.5, byquitara: 0.5, £ 0.1, A: 0.1 and B: 0.1
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Re Reynolds number defined as follows (Vennard and
Street 1982):

Re= (2 0)/(nur) (33)

The head profiles for upper and lower aquifers using base case
parameter values (Fig. 17) illustrate the effects of head losses from
radial flow, friction in the well screens and friction in the casing.
The sensitivity results for confined conditions (Table 5) and the
base case result for unconfined conditions (2.3 x 10°°) indicate
that the down-scaling factor is not highly sensitive to reasonable
variations in the parameter values. Given that semiconfined con-
ditions exist in the study area, a value between the confined and
unconfined base case results was used (2.0 x 10°).

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
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to the Creative Commons license, and indicate if changes were made.
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