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Treatment of the Chicot and Evangeline Aquifers as a 
Single Hydrogeologic Unit and Use of Geostatistical 
Interpolation Methods To Develop Gridded Surfaces of 
Water-Level Altitudes and Water-Level Changes in the 
Chicot and Evangeline Aquifers (Undifferentiated) and 
Jasper Aquifer, Greater Houston Area, Texas, 2021

By Jason K. Ramage, Christopher L. Braun, and John H. Ellis

Abstract
The greater Houston area of Texas includes approxi-

mately 11,000 square miles and encompasses all or part of 
11 counties (Harris, Galveston, Fort Bend, Montgomery, 
Brazoria, Chambers, Grimes, Liberty, San Jacinto, Walker, and 
Waller). From the early 1900s until the mid-1970s, ground-
water withdrawn from the three primary aquifers that com-
pose the Gulf Coast aquifer system—the Chicot, Evangeline, 
and Jasper aquifers—had been the primary source of water 
for the greater Houston area. The withdrawal of groundwa-
ter was unregulated prior to 1975, resulting in land-surface 
subsidence caused by large water-level declines in the greater 
Houston area. 

This report, prepared by the U.S. Geological Survey in 
cooperation with the Harris-Galveston Subsidence District, 
City of Houston, Fort Bend Subsidence District, Lone Star 
Groundwater Conservation District, and Brazoria County 
Groundwater Conservation District, describes updates to the 
ways in which water-level altitudes and water-level changes 
in the greater Houston area are presented relative to previ-
ous U.S. Geological Survey reports. The first update involves 
presenting water-level altitudes and water-level changes as a 
combined (undifferentiated) representation of the Chicot and 
Evangeline aquifers. The second update concerns the methods 
used to depict water-level altitudes and water-level changes in 
the greater Houston area in interpretive reports, with geosta-
tistical interpolation methods replacing manual contouring 
methods. 

The Chicot and Evangeline aquifers have historically 
been described as distinct hydrogeologic units for the purpose 
of water-level mapping. A confining unit does not separate 
these two aquifers in the study area, and water-level data from 
colocated wells screened in these aquifers indicate that there 
is likely a substantial degree of hydrogeologic connection. 

From a groundwater-flow perspective, these two aquifer units 
predominantly function as a single unit. Hence, the decision 
was made to combine the Chicot and Evangeline aquifers into 
a single, undifferentiated hydrogeologic unit for the purposes 
of assessing water-level altitudes and water-level changes 
over time. The 2020 water-level altitudes for the Chicot, 
Evangeline, and Jasper aquifers were re-created in this report 
from computer algorithms of the contoured datasets as gridded 
surfaces to demonstrate the similarity of results from geosta-
tistical interpolation methods to those from manual contouring 
methods. 

Introduction
The greater Houston area of Texas includes approxi-

mately 11,000 square miles (mi2) and encompasses all or part 
of 11 counties (Harris, Galveston, Fort Bend, Montgomery, 
Brazoria, Chambers, Grimes, Liberty, San Jacinto, Walker, 
and Waller) (fig. 1). Until the implementation of groundwater 
regulations in the mid-1970s, groundwater withdrawn from 
the three primary aquifers that compose the Gulf Coast aquifer 
system—the Chicot, Evangeline, and Jasper aquifers—had 
been the primary source of water for municipal supply, 
commercial and industrial use, and irrigation in the greater 
Houston area since the early 1900s (Kasmarek and Robinson, 
2004). The unregulated withdrawal of groundwater from 
the Chicot and Evangeline aquifers, prior to 1975, caused 
water levels in the aquifers to steadily decline year over year, 
resulting in land-surface subsidence in the greater Houston 
area (Coplin and Galloway, 1999). By 1977, the withdrawals 
had resulted in distinct areas in southeastern Harris County 
where water levels in the Chicot and Evangeline aquifers 
were as much as 300 and 350 feet (ft), respectively, below 
the National Geodetic Vertical Datum of 1929 (NGVD 29) 
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(Gabrysch, 1979). Large water-level declines such as those 
in southeastern Harris County are the primary reason that 
the land surface has subsided by several feet in a large part 
of the study area and by as much as 9 ft in isolated parts 
of the greater Houston area (Gabrysch and Bonnet, 1975; 
Kasmarek, Gabrysch, and Johnson, 2009).

To address concerns regarding land-surface subsid-
ence in Harris and Galveston Counties, the 64th Texas State 
Legislature authorized the establishment of the Harris-
Galveston Subsidence District (HGSD) in 1975 (Harris-
Galveston Subsidence District, 2021) to regulate and reduce 
groundwater withdrawals. After establishing the HGSD, the 
Texas State Legislature established an additional subsidence 
district (Fort Bend Subsidence District [FBSD]) and four 
groundwater conservation districts (Lone Star Groundwater 
Conservation District [LSGCD], Brazoria County 
Groundwater Conservation District [BCGCD], Bluebonnet 
Groundwater Conservation District, and Lower Trinity 
Groundwater Conservation District) in the greater Houston 
area (figs. 1 and 2) to enable the regulation of groundwater 
withdrawals within their respective jurisdictions. Each district 
maintains a website describing their history and groundwater 
management plan (Fort Bend Subsidence District, 2013, 2021; 
Harris-Galveston Subsidence District, 2013; Brazoria County 
Groundwater Conservation District, 2017, 2021; Bluebonnet 
Groundwater Conservation District, 2018, 2021; Lower Trinity 
Groundwater Conservation District, 2019, 2021; Lone Star 
Groundwater Conservation District, 2020, 2021). Regulatory 
plans to gradually decrease groundwater withdrawals have 
been in place in some parts of Harris and Galveston Counties 
since 1976; plans to regulate groundwater withdrawals (in 
conjunction with increased usage of alternative surface-water 
supplies) are currently (2022) being phased in throughout most 
of the study area (as of 2022, no plans to reduce groundwater 
withdrawals in Liberty and Chambers Counties have been 
promulgated) (figs. 1 and 2).

Since the late 1970s, the U.S. Geological Survey (USGS), 
in cooperation with the HGSD, has monitored water-level 
altitudes and published reports depicting the status of water-
level altitudes and long-term water-level changes in aquifers in 
the greater Houston area. Following their establishment by the 
Texas State Legislature, the FBSD, LSGCD, and BCGCD, as 
well as the City of Houston, also became cooperative partici-
pants in the project. An extensive monitoring-well network 
was first established by the USGS in 1977, and water-level 
data were collected and used to create the first published 
water-level-altitude maps of the Chicot and Evangeline aqui-
fers in the greater Houston area for the reporting period of 
spring 1977 and spring 1978 (Gabrysch, 1979). A comprehen-
sive water-level-altitude report for the Chicot and Evangeline 
aquifers was first published by the USGS in 1991 (Barbie and 
others, 1991), and in 2001, the first published water-level-
altitude map of the Jasper aquifer (Coplin, 2001) was added to 
the annual series of reports depicting the status of water-level 

altitudes and long-term water-level changes in aquifers in the 
greater Houston area. Additional information on the history 
of water-level-altitude monitoring and of the annual series of 
USGS reports published to document water-level altitudes and 
water-level changes in aquifers in the greater Houston area is 
provided in Kasmarek and Ramage (2017).

This report, prepared by the USGS in cooperation with 
the HGSD, City of Houston, FBSD, LSGCD, and BCGCD, 
describes two substantial updates to the ways in which water-
level altitudes and water-level changes in the greater Houston 
area are presented relative to previous USGS reports (for 
example, Kasmarek and Houston, 2008; Kasmarek, Houston, 
and Ramage, 2009; Kasmarek and others, 2010, 2012, 2013, 
2014, 2015, 2016; Johnson and others, 2011; Kasmarek and 
Ramage, 2017; Shah and others, 2018; Braun and others, 
2019; Braun and Ramage, 2020). The Chicot and Evangeline 
aquifers have traditionally been depicted as separate aqui-
fers (figs. 1, 3, and 5). The first update involves presenting 
water-level altitudes and water-level changes as a combined 
(undifferentiated) representation of the Chicot and Evangeline 
aquifers (figs. 4 and 5). For the purpose of depicting water-
level altitudes and long-term water-level changes, the Chicot 
and Evangeline aquifers are not presented as separate hydro-
geologic units herein or in the companion 2021 annual report 
on water-level altitudes and water-level changes in the study 
area (Braun and Ramage, 2022), nor are they planned to be 
presented as separate in the annual series of reports hereafter. 
The rationale for referring to the Chicot and Evangeline aqui-
fers as the “Chicot and Evangeline aquifers (undifferentiated)” 
(figs. 2, 4, and 5) is explained in this report. The second update 
concerns the methods used to depict water-level altitudes and 
water-level changes in the greater Houston area in interpre-
tive reports. Instead of the manual contouring methods that 
have historically been used in the annual USGS interpretive 
report series (for example, Braun and others, 2019; Braun and 
Ramage, 2020), geostatistical interpolation methods are used 
to develop gridded surfaces of water-level altitudes and water-
level changes starting with the 2021 annual report (Braun and 
Ramage, 2022). As part of the second update, the areal extent 
of the gridded surfaces is refined through the use of a masking 
process. In the masking process, grid cells with either extrapo-
lated or interpolated location-specific values representing areas 
of reduced well density within the well network distribution 
are not shown. This masking process is used for removing, or 
hiding, grid cells with estimates of high uncertainty provided 
by the interpolation. Estimates of high uncertainty are defined 
as those grid cells in which the standard error of the krig-
ing estimate exceeds the overall mean standard error for the 
entire gridded surface. The standard error most often exceeds 
the overall mean standard error (as provided by the kriging 
estimates) in areas of reduced well density or areas where 
the estimate is extrapolated beyond where there is good data 
control (such as near the grid boundaries) (Olea, 1975, 2009; 
Dunlap and Spinazola, 1984).
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Purpose and Scope

The primary purpose of this report is to describe an 
updated process for depicting water-level altitudes and long-
term water-level changes in the greater Houston area of Texas. 
Results from the updated process are compared to the results 
from traditional, manual contouring methods used to depict 
water levels in the greater Houston area. Differences between 
the updated process and the traditional, manual methods 
used in the annual USGS reports on water-level altitudes and 
water-level changes include (1) the treatment of the Chicot 
and Evangeline aquifers as a single hydrogeologic unit as 
opposed to separate aquifers and (2) the use of geostatistical 
kriging interpolation methods (Olea, 1975, 2009; Dunlap and 
Spinazola, 1984) to develop gridded surfaces of water-level 
altitudes and water-level changes instead of manually drawn 
contour lines.

Geology and Hydrogeology of the Study Area

The following overview of the geology and hydrogeol-
ogy of the study area is modified from Kasmarek and Ramage 
(2017) and Braun and Ramage (2020). The Gulf Coast aquifer 
system hydrogeologic units include the Chicot aquifer, the 
Evangeline aquifer, the Burkeville confining unit, the Jasper 
aquifer, and the Catahoula confining unit (figs. 2, 4, and 5). 
Baker (1979) used 11 stratigraphic cross sections to describe 
the Gulf Coast aquifer system hydrogeologic units defined by 
Turcan and others (1966) from where the hydrogeologic units 
that contain the aquifer units crop out to the Gulf of Mexico 
nearshore. Baker (1979) was also among the first reports con-
tributing to an aquifer-wide hydrostratigraphic framework and 
subsurface delineation of the previously mentioned hydrogeo-
logic units. Carr and others (1985) provided further refinement 
of the Baker (1979) cross sections in the Houston area and has 
been much used to describe the stratigraphy of the Gulf Coast 
aquifer system since publication.

The three primary aquifers in the Gulf Coast aquifer 
system (the Chicot, Evangeline, and Jasper aquifers) are com-
posed of laterally discontinuous deposits of gravel, sand, silt, 
and clay (Baker, 1979). The percentage of clay and other fine-
grained, clastic material generally increases downdip (Baker, 
1979). The uppermost aquifer, the Chicot aquifer, is contained 
in Holocene- and Pleistocene-age (Quaternary-age) sedi-
ments, and the underlying Evangeline aquifer is contained in 
Pliocene- and Miocene-age (Tertiary-age) sediments (fig. 5). In 
the companion report on 2021 water-level altitudes and water-
level changes in the greater Houston area (Braun and Ramage, 
2022), the Chicot and Evangeline aquifers were treated as a 
single, undifferentiated hydrogeologic unit. The most deeply 
buried of the three aquifers, the Jasper aquifer, is contained 
in Miocene-age sediments (fig. 5) (Baker, 1979, 1986). The 
stratigraphic relations between the hydrogeologic units in the 
study area are shown on hydrogeologic cross sections A–A´ 
(figs. 1 and 3) and B–B´ (figs. 2 and 4) of the Gulf Coast 

aquifer system, which extends through the greater Houston 
area from northwestern Grimes County southeastward through 
Waller, Montgomery, Harris, and Brazoria Counties before 
terminating at the coast in Galveston County.

Young and Draper (2020) updated the Gulf Coast aquifer 
system geologic stratigraphy and hydrogeologic unit thick-
nesses; their report featured a coupled chronostratigraphic and 
lithostratigraphic approach. The approach used by Young and 
Draper (2020) built on an existing hydrogeologic framework 
proposed by Young and others (2014), which in turn was based 
on the work of Young and others (2012) and differs from the 
hydrogeologic framework in earlier publications (Baker, 1979; 
Carr and others, 1985; Strom and others, 2003a, b, c) that 
exclusively used a lithostratigraphic approach. Using infor-
mation from Young and others (2012) that included sedimen-
tary marker beds and evidence of coastal onlap observed in 
geophysical logs, Young and Draper (2020) subdivided the 
Lagarto Clay into upper, middle, and lower parts and depicted 
the upper part of the Lagarto Clay as one of the formations 
that contain the Evangeline aquifer (fig. 5). In previous reports 
(Turcan and others, 1966; Jorgensen, 1975; Baker, 1979; Carr 
and others, 1985), the Evangeline aquifer was described as 
being contained in the Goliad Sand and a small section of the 
uppermost part of the Lagarto Clay. Additionally, in Young 
and Draper (2020) the Goliad Sand was subdivided into upper 
and lower parts following Young and others (2012). In the 
updated hydrogeologic framework, the upper and lower parts 
of the Goliad Sand collectively contain part of the Chicot and 
Evangeline aquifers (undifferentiated) (fig. 5). The base of 
the Chicot aquifer was defined as the base of the Willis Sand 
in previous reports; however, additional geophysical logs 
(approximately 650 versus 290 original logs) were used by 
Young and others (2012) to characterize the contact between 
the Chicot and Evangeline aquifers. Thus, the thicknesses of 
the Chicot and Evangeline aquifers in this study differ substan-
tially in some areas compared to previous studies. The implica-
tions of this recharacterization of the thicknesses of the Chicot 
and Evangeline aquifers are discussed in the “Distribution of 
Groundwater Wells” section of this report. In Baker (1979) 
and other reports (fig. 5), the Jasper aquifer was depicted as 
being contained entirely in the Oakville Sandstone. In addition 
to the Oakville Sandstone, the lower part of the Lagarto Clay 
was included in the updated definition of the hydrogeologic 
units that contain the Jasper aquifer, similarly to Turcan and 
others (1966).

Over the course of geologic time, geologic and hydro-
logic processes created accretionary sediment wedges (stacked 
sequences of sediments) more than 7,600 ft thick at the coast 
(Chowdhury and Turco, 2006); these sediments, which com-
pose the Gulf Coast aquifer system, were deposited by fluvial-
deltaic processes and subsequently were eroded and redepos-
ited by worldwide episodic changes in sea level that occurred 
as a result of oscillations between glacial and interglacial cli-
mate conditions (Lambeck and others, 2002). The Gulf Coast 
aquifer system consists of hydrogeologic units that dip and 
thicken from northwest to southeast; the hydrogeologic units 
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representing the aquifers and confining units thus crop out in 
bands inland from and approximately parallel to the coast and 
become progressively more deeply buried and confined toward 
the coast (figs. 3 and 4) (Kasmarek and others, 2013; Casarez, 
2020). The aquifers receive recharge where the hydrogeo-
logic units composing the aquifers crop out (Kasmarek and 
Robinson, 2004). The Burkeville confining unit is strati-
graphically positioned between the Chicot and Evangeline 
aquifers (undifferentiated) and Jasper aquifer (figs. 3–5), 
thereby restricting groundwater flow between the undiffer-
entiated Chicot and Evangeline aquifers and the underlying 
Jasper aquifer. There is no confining unit between the Chicot 
and Evangeline aquifers; therefore, these two aquifers have 
substantial hydraulic connection, which allows groundwater 
flow between them (Kasmarek and others, 2010; Liu and oth-
ers, 2019). Because of this hydraulic connection, water-level 
changes (changes in the depth to water in feet below land 
surface) that occur in one aquifer can affect water levels in the 
adjoining aquifer (Kasmarek and others, 2010). Supporting 
evidence of the interaction of groundwater flow between the 
Chicot and Evangeline aquifers includes maps of long-term 
water-level changes that show areas where rises and declines 
are approximately spatially coincident and colocated wells 
with different screened-interval depths where rises or declines 
in water levels are approximately coincident in time (for 
example, Braun and others, 2019; Braun and Ramage, 2020). 
Additional evidence of the hydraulic connection between the 
Chicot and Evangeline aquifers is provided by Borrok and 
Broussard (2016, p. 330); their geochemical evaluation of the 
Chicot aquifer system from 1993 to 2015 in Louisiana indi-
cated that in some years (1998, 2008, and 2011) certain wells 
screened in the Chicot aquifer “appeared to be tapping water 
with a geochemistry (temperature, salinity, alkalinity, [and so 
forth]) matching the underlying Evangeline aquifer.” Further 
evidence for hydraulic connection is provided in Young and 
others (2014, sec. 3, p. 2), which summarizes the work of 
previous authors (Hammond, 1969; Sandeen and Wesselman, 
1973; Loskot and others, 1982) who documented vertical 
hydraulic gradients from the Evangeline aquifer to the Chicot 
aquifer. Lang and others (1950) have also noted similarities in 
water-level fluctuations between shallower and deeper wells 
and the absence of extensive clay zones whereby the Chicot 
and Evangeline aquifers could be considered as a single unit. 
Hill (1901) hypothesized that prior to large-scale groundwa-
ter withdrawals in the region the aquifers of the coastal plain 
were under sufficient artesian pressure for the groundwater to 
rise above land surface, which indicates that there was likely 
unimpeded vertical flow between the Evangeline and Chicot 
aquifers. Winslow and Wood (1959, p. 1032) stated that 
although “the principal water-producing zones in the upper 
Gulf Coast region are more or less distinct locally, they are all 

in hydraulic connection and regionally may be considered as 
a unit.” More evidence for hydraulic connection is given in 
White and others (1944) where patterns of groundwater levels 
in wells completed at varying depth intervals were docu-
mented to be similar across water-production zones in parts of 
the greater Houston area. 

Hydraulic properties of the Chicot aquifer do not dif-
fer appreciably from those of the hydrogeologically similar 
Evangeline aquifer but can be identified by subtle differences 
in hydraulic conductivity (Carr and others, 1985, p. 10). From 
aquifer-test data, Meyer and Carr (1979) estimated that the 
transmissivity of the Chicot aquifer ranges from 3,000 to 
25,000 feet squared per day (ft2/d) and that the transmissivity 
of the Evangeline aquifer ranges from 3,000 to 15,000 ft2/d; 
however, despite these slight differences in transmissivi-
ties, there is a logical rationale for combining the aquifers 
for the purposes of providing status updates of water-level 
altitudes and long-term water-level changes as explained in 
the “Treatment of the Chicot and Evangeline Aquifers as a 
Single Hydrogeologic Unit” section of this report. The out-
crops and updip limits of the geologic units that contain the 
Chicot aquifer are shown in figure 1. Proceeding updip and 
inland of the Quaternary-age sediments containing the Chicot 
aquifer, the older geologic units (containing the Evangeline 
aquifer, the Burkeville confining unit, the Jasper aquifer, and 
the Catahoula confining system) sequentially crop out (figs. 1 
and 2). In the updip areas the Jasper aquifer can be differenti-
ated from the Evangeline aquifer on the basis of the depths 
to water below land-surface datum, which are shallower 
(closer to land surface) in the Jasper aquifer compared to those 
in the Evangeline aquifer (Kasmarek and Ramage, 2017). 
Additionally, in the downdip areas the Jasper aquifer can be 
differentiated from the Evangeline aquifer on the basis of 
stratigraphic position relative to the altitude of the Burkeville 
confining unit (figs. 3 and 4).

Precipitation falling on the land surface overlying the 
Gulf Coast aquifer system returns to the atmosphere as evapo-
transpiration, discharges to streams, or infiltrates as groundwa-
ter recharge to the unconfined updip sediments composing the 
different aquifers (Kasmarek and Robinson, 2004). The infil-
trating water moves downgradient toward the coast, reaching 
the intermediate and deep zones of the aquifers southeastward 
of the outcrop areas, where the water can then be withdrawn 
and discharged by wells or is naturally discharged by diffuse 
upward leakage in topographically low areas near the coast. 
Water in the coastal, deep zones of the aquifers is denser, and 
this higher density water causes the fresher, lower density 
water that has not been captured and withdrawn by wells to be 
redirected as diffuse upward leakage to shallow zones from the 
confined downdip areas of the aquifer system.
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Previous Studies

An extensive monitoring-well network was established 
by the USGS in 1977, and water-level data were collected 
and used to create the first published maps of water-level 
altitudes for the Chicot and Evangeline aquifers in the greater 
Houston area in 1979 (Gabrysch, 1979). In cooperation with 
the FBSD, which adopted its groundwater management plan 
in 1990 (Fort Bend Subsidence District, 2013), an increased 
number of wells were inventoried by the USGS in Fort Bend, 
Harris, Brazoria, and Waller Counties in 1989 and 1990. A 
more comprehensive water-level-altitude report for the Chicot 
and Evangeline aquifers was published by the USGS in 1991 
(Barbie and others, 1991) and was revised in 1997 when 
updated well data became available (Kasmarek, 1997). After 
the establishment of the LSGCD in 2001, the USGS began 
publishing water-level-altitude maps for the Jasper aquifer 
in the greater Houston area (primarily Montgomery County) 
(Coplin, 2001). In 2004, 2006, and 2007, as additional wells 
with reliable water-level data were inventoried, revised 
water-level-altitude maps for the Jasper aquifer were prepared 
(Kasmarek and Lanning-Rush, 2004; Kasmarek and others, 
2006; Kasmarek and Houston, 2007). Since 2007, compre-
hensive maps for the Jasper aquifer have been included in the 
annual series of water-level reports for the greater Houston 
area (Kasmarek and Houston, 2008; Kasmarek, Houston, and 
Ramage, 2009; Kasmarek and others, 2010, 2012, 2013, 2014, 
2015, 2016; Johnson and others, 2011; Kasmarek and Ramage, 
2017; Shah and others, 2018; Braun and others, 2019; Braun 
and Ramage, 2020).

Treatment of the Chicot and Evangeline 
Aquifers as a Single Hydrogeologic 
Unit

This section describes the rationale and methods for 
(1) combining the Chicot and Evangeline aquifers into a single 
hydrogeologic unit; (2) replacing traditional, manual contour-
ing with geostatistical kriging interpolation methods to depict 
water-level altitudes and long-term water-level changes as 
gridded surfaces; and (3) defining the interpolated areal extent. 
The methods described were used in the 2021 report in the 
annual series of reports published to document water-level 
altitudes and water-level changes in the study area (Braun and 
Ramage, 2022).

Since the formalization of the present-day naming of 
the Gulf Coast aquifer system aquifers and confining units in 
Turcan and others (1966), the Chicot and Evangeline aquifers 
have been described as distinct hydrogeologic units for the 
purpose of water-level mapping. The delineation of these units 
was largely based on stratigraphic position, grain size, water 
quality, drill cuttings, and permeability (Turcan and others, 
1966). More recently, Young and Draper (2020) updated the 

Gulf Coast aquifer system geologic stratigraphy and hydro-
geologic unit thicknesses by using a coupled chronostrati-
graphic and lithostratigraphic approach. A confining unit does 
not separate these two aquifers in the study area, and water-
level data from colocated wells screened in these aquifers at 
several Harris County extensometer sites (discussed in the 
“Colocated Well Analysis” section and detailed in table 1 of 
this report) indicate that there is likely a substantial degree 
of hydrogeologic connection (figs. 6–9). Therefore, from a 
groundwater-flow perspective, these two aquifer units pre-
dominantly function as a single unit. Additionally, on the basis 
of the update to the Gulf Coast aquifer system unit thicknesses 
from Young and Draper (2020), the distribution of wells 
screened in the Chicot and Evangeline aquifers changed con-
siderably, whereby many wells previously classified as being 
screened in the Evangeline aquifer were reclassified as being 
screened in the Chicot aquifer (figs. 10 and 11). As a result, 
the updated distribution of wells identified as being screened 
in the Evangeline aquifer was diminished to such a degree 
that substantial parts of the study area lacked the water-level 
data needed to make reliable water-level-altitude maps for the 
Evangeline aquifer. Additionally, because of the redistribution 
and reduction of wells screened in the Evangeline aquifer as a 
result of updates to the Gulf Coast aquifer system unit thick-
nesses, water-level altitudes from the Chicot and Evangeline 
aquifers that were derived from the updated well distribution 
could no longer be readily compared to water-level altitudes 
derived from previously used well distributions for each 
aquifer. After considering all of these factors, the decision was 
made to combine the Chicot and Evangeline aquifers into a 
single, undifferentiated hydrogeologic unit for the purposes of 
assessing water-level altitudes and water-level changes over 
time.

Colocated Well Analysis

Several colocated wells exist in the study area, several 
of which are in Harris County at extensometer sites (figs. 1, 
2, and 6–9; table 1). To illustrate the hydrogeologic connec-
tion between the Chicot and Evangeline aquifers, water levels 
at wells screened at differing vertical depth intervals at four 
sites were analyzed (figs. 6–9). These sites are distributed 
across Harris County and are considered representative of 
patterns in water levels across the study area. Patterns in water 
levels common to the sites in figures 6–9 include (1) minimal 
changes in water levels over time in wells that are shallower 
than about 125 ft below land surface (bls) and in which the 
groundwater is under atmospheric pressure and (2) increasing 
water levels with substantial degree of similarity over time 
in wells that are deeper than about 225 ft bls and in which 
the groundwater is under artesian pressure. A transition zone 
between atmospheric and artesian pressure exists between 
about 125 and 250 ft bls, whereby wells screened above 
this zone are considered not to be a part of the Chicot and 
Evangeline aquifers (undifferentiated).
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Figure 6.  A, Map showing location of the Pasadena extensometer site (294237095093204) in Harris County in the greater Houston 
study area, Texas, and B, lithologic section with graphs C, D, E, F, G, H, I, and J showing depths to water and precipitation patterns 
during the periods of record between 1970 and 2020 at the colocated wells at the site.
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*Drillers' logs often do not distinguish between clay and silt because the particles are too fine grained to discern in the field.
**The 15-digit number is the U.S. Geological Survey well identifier, and the number in parentheses is the TWDB well identifier (table 1).

Figure 7.  A, Map showing location of the Baytown extensometer site (294527095014911) in Harris County in the greater Houston 
study area, Texas, and B, lithologic section with graphs C, D, E, F, G, H, I, and J showing depths to water and precipitation patterns 
during the periods of record between 1970 and 2020 at the colocated wells at the site.
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*Drillers' logs often do not distinguish between clay and silt because the particles are too fine grained to discern in the field.
**The 15-digit number is the U.S. Geological Survey well identifier, and the number in parentheses is the TWDB well identifier (table 1).

Figure 8.  A, Map showing location of the Southwest extensometer site (294338095270402) in Harris County in the greater Houston 
study area, Texas, and B, lithologic section with graphs C, D, E, F, G, and H showing depths to water and precipitation patterns during 
the periods of record between 1970 and 2020 at the colocated wells at the site.



14    Geostatistical Interpolation for Gridded Surfaces of Chicot and Evangeline (Undifferentiated) and Jasper Aquifers, 2021

EXPLANATION
Precipitation pattern (National 
    Climatic Data Center, 2019)

Above-mean precipitation
Below-mean precipitation

Date
1970 1980 1990 2000 2010 2020

De
pt

h 
to

 w
at

er
, i

n 
fe

et
 b

el
ow

 la
nd

 s
ur

fa
ce

120

132

144

156

168

180

100

140

180

220

260

300

120

170

220

270

320

370

150

210

270

330

390

450

150

210

270

330

390

450

G
C
G
C

Urban area—Cities and impervious roads
Well measured and map identifier—Color represents

hydrogeologic unit in which well was completed. One
symbol can represent more than one well

Chicot aquifer
Evangeline aquifer

EXPLANATION

HARRIS

HARRIS
COUNTY

Greater Houston
study area

TEXAS

N

C
DE

F
G

C
DE

F
G

A. Northeast extensometer site

B. Lithology C. Well 294728095200105 (TWDB 6514745)**

D. Well 294728095200103 (TWDB 6514738)**

E. Well 294728095200104 (TWDB 6514742)**

F. Well 294728095200102 (TWDB 6514735)**

G. Well 294728095200106 (TWDB 6514746)**

EXPLANATION
Lithologic unit (Texas

Water Development
Board [TWDB], 
2020b, c)—Sand is
defined as particles
greater than or equal
to 0.0625 millimeter (mm)
and less than or equal to
2 mm; clay (including
silt)* is defined as
particles less than 
0.0625 mm (modified 
from Wentworth, 1922)

Sand interval
Mixed sand/clay interval
Clay interval

Well with screened interval,
shown in blue—Well 
screen information
obtained from driller’s 
report

Chicot
aquifer

Evangeline
aquifer

Burkeville confining unit

Northeast
extensometer

CDEFG

−2,250

−2,100

−1,950

−1,800

−1,650

−1,500

−1,350

−1,200

−1,050

−900

−750

−600

−450

−300

−150

150

0

2,250

2,100

1,950

1,800

1,650

1,500

1,350

1,200

1,050

900

750

600

450

300

150

0

Al
tit

ud
e,

 in
 fe

et
 a

bo
ve

 N
or

th
 A

m
er

ic
an

 V
er

tic
al

 D
at

um
 o

f 1
98

8 
(N

AV
D 

88
)

De
pt

h 
be

lo
w

 la
nd

 s
ur

fa
ce

, i
n 

fe
et

Land-surface altitude is
47 feet above NAVD 88

*Drillers' logs often do not distinguish between clay and silt because the particles are too fine grained to discern in the field.
**The 15-digit number is the U.S. Geological Survey well identifier, and the number in parentheses is the TWDB well identifier (table 1).

Figure 9.  A, Map showing location of the Northeast extensometer site (294728095200106) in Harris County in the greater Houston study 
area, Texas, and B, lithologic section with graphs C, D, E, F, and G showing depths to water and precipitation patterns during the periods 
of record between 1970 and 2020 at the colocated wells at the site.
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Figure 10.  Wells at which water-level measurements were made in 2021 that were either unchanged or reclassified as being screened 
in the Chicot aquifer in the greater Houston study area, Texas.
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Figure 11.  Wells at which water-level measurements were made in 2021 that were unchanged, were reclassified to, or were 
reclassified from (designated as “removed from”) being screened in the Evangeline aquifer in the greater Houston study area, Texas.
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Table 1.  Colocated well locations and construction information for extensometer sites in Harris County in the greater Houston study area, Texas.

[Information from Texas Water Development Board (2020b, c) and U.S. Geological Survey (2021). USGS, U.S. Geological Survey; TWDB ID, Texas Water Development Board well identifier; NAVD 88, 
North American Vertical Datum of 1988]

Short name  
(figs. 6–9)

Well  
identifier 
(figs. 6–9)

USGS site  
identifier

TWDB ID
Aquifer  

unit1  
(figs. 6–9)

Latitude, 
in decimal 

degrees

Longitude, 
in decimal 

degrees

Well 
depth  

(in feet  
below 
land 

surface) 
(figs. 6–9)

Top of 
screen  
(in feet 
below  
land  

surface)2

Bottom of 
screen  
(in feet 
below  
land  

surface)2

Top of 
screen 

(altitude in 
feet above 
NAVD 88)2

Bottom 
of screen 

(altitude in 
feet above 
NAVD 88)2

Pasadena 
extensometer 
(fig. 6)

C 294237095093201 6523319 Chicot 
aquifer

29.71056 −95.15917 34 24 34 4 −6

D 294237095093203 6523321 Chicot 
aquifer

29.71056 −95.15917 100 90 100 −62 −72

E 294237095093202 6523320 Chicot 
aquifer

29.71056 −95.15917 390 380 390 −352 −362

F 294237095093208 6523326 Chicot 
aquifer

29.71056 −95.15917 730 715 725 −687 −697

G 294237095093206 6523324 Chicot 
aquifer

29.71056 −95.15917 936 921 931 −893 −903

H 294237095093205 6523323 Chicot 
aquifer

29.71056 −95.15917 1,328 1,313 1,323 −1,285 −1,295

I 294237095093207 6523325 Evangeline 
aquifer

29.71056 −95.15917 1,817 1,802 1,812 −1,774 −1,784

J 294237095093204 6523322 Evangeline 
aquifer3

29.71016 −95.15928 2,831 2,707 2,717 −2,679 −2,689
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Table 1. Colocated well locations and construction information for extensometer sites in Harris County in the greater Houston study area, Texas.—Continued

[Information from Texas Water Development Board (2020b, c) and U.S. Geological Survey (2021). USGS, U.S. Geological Survey; TWDB ID, Texas Water Development Board well identifier; NAVD 88, 
North American Vertical Datum of 1988]

Short name  
(figs. 6–9)

Well  
identifier 
(figs. 6–9)

USGS site  
identifier

TWDB ID
Aquifer  

unit1  
(figs. 6–9)

Latitude, 
in decimal 

degrees

Longitude, 
in decimal 

degrees

Well 
depth  

(in feet  
below 
land 

surface) 
(figs. 6–9)

Top of 
screen  
(in feet 
below  
land  

surface)2

Bottom of 
screen  
(in feet 
below  
land  

surface)2

Top of 
screen 

(altitude in 
feet above 
NAVD 88)2

Bottom 
of screen 

(altitude in 
feet above 
NAVD 88)2

Baytown 
extensometer 
(fig. 7)

C 294527095014913 6516933 Chicot 
aquifer

29.75778 −95.03056 60 30 60 −6 −36

D 294527095014902 6516922 Chicot 
aquifer

29.75778 −95.03056 110 102 110 −78 −86

E 294527095014903 6516923 Chicot 
aquifer

29.75778 −95.03056 170 162 170 −138 −146

F 294527095014905 6516925 Chicot 
aquifer

29.75778 −95.03056 324 316 324 −292 −300

G 294527095014910 6516930 Chicot 
aquifer

29.75784 −95.03065 431 420 430 −396 −406

H 294527095014901 6516904 Chicot 
aquifer

29.75778 −95.03056 512 418 500 −394 −476

I 294527095014912 6516932 Chicot 
aquifer

29.75778 −95.03056 1,365 1,355 1,365 −1,331 −1,341

J 294527095014911 6516931 Evangeline 
aquifer

29.75784 −95.03065 1,475 1,455 1,465 −1,431 −1,441

Southwest 
extensometer 
(fig. 8)

C 294338095270405 6521228 Chicot 
aquifer

29.72750 −95.45139 253 238 248 −182 −192

D 294338095270406 6521229 Chicot 
aquifer

29.72750 −95.45139 627 612 622 −556 −566

E 294338095270401 6521201 Chicot 
aquifer

29.72750 −95.45139 1,051 554 1,031 −498 −975

F 294338095270404 6521227 Evangeline 
aquifer

29.72750 −95.45139 1,433 1,418 1,428 −1,362 −1,372

G 294338095270403 6521230 Evangeline 
aquifer

29.72750 −95.45139 1,943 1,928 1,938 −1,872 −1,882

H 294338095270402 6521226 Evangeline 
aquifer3

29.72700 −95.45078 2,358 2,316 2,336 −2,257 −2,277
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Table 1. Colocated well locations and construction information for extensometer sites in Harris County in the greater Houston study area, Texas.—Continued

[Information from Texas Water Development Board (2020b, c) and U.S. Geological Survey (2021). USGS, U.S. Geological Survey; TWDB ID, Texas Water Development Board well identifier; NAVD 88, 
North American Vertical Datum of 1988]

Short name  
(figs. 6–9)

Well  
identifier 
(figs. 6–9)

USGS site  
identifier

TWDB ID
Aquifer  

unit1  
(figs. 6–9)

Latitude, 
in decimal 

degrees

Longitude, 
in decimal 

degrees

Well 
depth (in 

feet  
below 
land 

surface) 
(figs. 6–9)

Top of 
screen (in 
feet below  

land  
surface)2

Bottom of 
screen (in 
feet below  
land sur-

face)2

Top of 
screen 

(altitude in 
feet above 
NAVD 88)2

Bottom 
of screen 

(altitude in 
feet above 
NAVD 88)2

Northeast 
extensometer 
(fig. 9)

C 294728095200105 6514745 Chicot 
aquifer

29.79139 −95.33389 298 283 293 −237 −247

D 294728095200103 6514738 Chicot 
aquifer

29.79139 −95.33389 487 472 482 −426 −436

E 294728095200104 6514742 Chicot 
aquifer

29.79139 −95.33389 1,035 1,020 1,030 −974 −984

F 294728095200102 6514735 Evangeline 
aquifer

29.79139 −95.33389 1,596 1,567 1,577 −1,521 −1,531

G 294728095200106 6514746 Evangeline 
aquifer

29.79089 −95.33397 2,170 2,099 2,119 −2,053 −2,073

1Indicates the aquifer unit present at the screened interval of the well. The aquifer units on this table retain the previous separate classification of the Chicot and Evangeline aquifers depicted on figure 1 of 
this report.

2Wells may have one or more screened intervals within this range as shown on figures 6–9.
3The screens of these wells intersect the Burkeville confining unit (shown on fig. 1); however, these wells have historically been classified as having been completed in the Evangeline aquifer, so this clas-

sification is retained.
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At the Pasadena extensometer site (hereinafter referred to 
as the “Pasadena site”) (fig. 6; table 1), the water levels (repre-
sented as depths to water in feet below land surface) in wells 
C and D were generally stable with less than 12 ft of change 
and showed little association with water levels in the wells 
screened at greater depths (wells F through J). Water levels at 
wells C and D were similarly affected by changes in precipi-
tation; for example, water levels in wells C and D rose dur-
ing periods of above-mean precipitation and declined during 
periods of below-mean precipitation (fig. 6C, D). Prior to about 
1985, the pattern in water levels over time in well E was simi-
lar to the pattern observed in wells C and D. However, after 
about 1990, the water-level pattern in well E was most similar 
to the pattern observed in the wells screened at greater depths 
(wells F through J at the Pasadena site), although the water-
level change in well E was less than 55 ft compared to greater 
water-level changes in the wells screened at greater depths, 
where water levels ranged from about 70 to 289 ft. The pattern 
observed in water levels for wells F through J at the Pasadena 
site was somewhat similar over time; however, the magnitude 
of the water-level changes in wells F through I was appreciably 
greater compared to the magnitude of the water-level changes 
in well J. A likely explanation for the differences in the mag-
nitude of water-level changes in wells F through I compared 
to well J at the Pasadena site is that well J is screened in the 
Burkeville confining unit and thus surrounded by a substantial 
clay layer that decreases the hydraulic connection between 
well J and the overlying aquifer units. In most cases, drillers’ 
logs obtained during the installation of wells do not distinguish 
between clay and silt because the particles are too fine grained 
to discern in the field and instead record all fine-grained sedi-
ment as clay. Fine-grained intervals are therefore referred to as 
clay intervals in figures 6–9. After about 1990, the pattern of 
water-level changes in well E was different from the pattern for 
wells C and D at the Pasadena site, indicating that a transi-
tion zone from a shallow zone where groundwater is under 
atmospheric pressure to a deeper zone where groundwater 
is under artesian pressure occurs at a depth interval of about 
125–200 ft bls.

The similarity of water levels at different depth intervals 
for wells at the Pasadena site (fig. 6) was observed as far back 
as 1937. As explained in the “Introduction” section of this 
report, prior to 1975, the withdrawal of groundwater from the 
Chicot and Evangeline aquifers was unregulated, and water 
levels in the aquifers were steadily declining year over year. In 
1937, water-level declines in the area where the extensometer 
at the Pasadena site is installed differed by the depth of the 
screened intervals, with smaller declines in the more deeply 
screened wells and larger declines in the more shallowly 
screened wells (White and others, 1944). However, the pattern 
of water-level declines in all of the wells was nearly the same 
even though thick clay beds separated many of the water-
production zones (White and others, 1944). Thus, a hydraulic 
connection among many of the water-production zones at 
various depth intervals exists (White and others, 1944), which 
is evident on the basis of water levels measured at the different 

depth intervals for the wells at the Pasadena site with the 
exception of the water levels measured in the two shallowest 
wells (wells C and D) (fig. 6).

Water-level patterns observed in wells at the Pasadena site 
(fig. 6) were similar to water-level patterns observed in wells 
at the other three extensometer sites (Baytown, Southwest, 
and Northeast; figs. 7–9). Unlike the wells at the other exten-
someter sites, the wells at the Baytown extensometer site 
(hereinafter referred to as the “Baytown site”) are not screened 
at regularly spaced intervals representing the full extent of 
the aquifers in which they are screened (fig. 7). Instead, six 
wells are screened between 30 and 500 ft bls, and two wells 
are screened between 1,355 and 1,465 ft bls (fig. 7; table 1). 
Despite the large differences in screened-interval depths at the 
Baytown site, the water-level patterns observed at all but the 
two shallowest wells at the site (wells C and D) were similar. 
Water levels in the shallowest wells at the Baytown site (wells 
C and D) increased or decreased in response to changes in pre-
cipitation, whereas water levels in well E were similar to those 
in wells F through J (fig. 7). Therefore, a transition zone likely 
exists at a depth of about 125–150 ft bls, where the groundwa-
ter changes from a shallower zone under atmospheric pressure 
to a deeper zone under artesian pressure. 

At the Southwest extensometer site (hereinafter referred to 
as the “Southwest site”), water levels were similar throughout 
nearly 2,350 vertical feet of aquifer sediment (fig. 8; table 1). 
The shallowest well at the Southwest site (well C; fig. 8) is 
screened in the deeper zone under artesian pressure, and water 
levels in this well generally were not responsive to changes in 
precipitation. The water levels at the Southwest site measured 
in wells screened in the Chicot and Evangeline aquifers exhib-
ited a high degree of similarity, differing only slightly in the 
magnitude of the water-level change over time. The shallowest 
well at the Southwest site is screened between 238 and 248 ft 
bls (table 1), whereas the Pasadena and Baytown sites each 
include two shallow wells screened at or above 110 ft bls. The 
absence of shallow wells at the Southwest site similar to the 
screened intervals of the two shallowest wells at the Pasadena 
and Baytown sites (table 1) complicates the estimation of a 
transition zone. However, on the basis of the available data, it 
is estimated that the transition zone occurs at a depth of about 
125–175 ft bls. 

At the Northeast extensometer site (hereinafter referred 
to as the “Northeast site”), water-level patterns were similar 
across all colocated wells (fig. 9; table 1), consistent with the 
patterns in water levels measured at the other three extensom-
eter sites. The shallowest well at the Northeast site (well C) is 
screened between 283 and 293 ft bls, and water levels in this 
well are not generally responsive to changes in precipitation 
(fig. 9C; table 1). The maximum water-level change in the shal-
lowest wells at the Northeast and Southwest sites (each well C) 
is about 35 ft (figs. 8 and 9) during the 1980–2015 period of 
record at these sites. Similar to the Southwest site, the absence 
of shallow wells at the Northeast site complicates the estima-
tion of a transition zone. However, on the basis of the available 
data, it is estimated that the transition zone at the Northeast site 
occurs at a depth of about 175–225 ft bls.
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Colocated well data at the four extensometer sites 
indicate that a transition zone from a shallower zone under 
atmospheric pressure to a deeper zone under artesian pres-
sure exists between about 125 and 225 ft bls. Above the depth 
interval 125–225 ft bls, water levels have remained relatively 
stable over time and have not been affected by pressure-head 
changes within the aquifer that are found when the groundwa-
ter is under artesian pressure; any small differences in water 
levels measured in wells screened above the depth interval 
125–225 ft bls are primarily driven by changes in precipita-
tion. The water levels measured in shallow wells (screened 
at a depth interval from 24 to 110 ft bls) remain largely static 
over time and are primarily driven by changes in precipita-
tion (figs. 6C, D and 7C, D; table 1). Groundwater from land 
surface down to a depth of about 125–225 ft bls functions as 
a “perched” system. This perched system is not indicative of 
water levels within the Chicot and Evangeline aquifers (White 
and others, 1939, 1944; Lang and others, 1950; Kasmarek and 
Strom, 2002). Therefore, wells screened above the transi-
tion zone that extends to about 250 ft bls were not classi-
fied as wells screened in the Chicot and Evangeline aquifers 
(undifferentiated). Accordingly, the 2021 annual report on 
water-level altitudes and water-level changes in the study area 
(Braun and Ramage, 2022) did not classify wells screened 
above the transition zone as wells screened in the Chicot and 
Evangeline aquifers (undifferentiated), and wells screened 
above the transition zone are not planned to be classified as 
wells screened in the Chicot and Evangeline aquifers (undif-
ferentiated) henceforth for assessing water-level altitudes and 
water-level changes in the study area.

At all of the extensometer sites, water levels among all 
wells screened in the Chicot and Evangeline aquifers below 
about 125–225 ft bls under artesian pressure were similar on 
an overall basis during a 40- to 50-year period (figs. 6–9). The 
extensometer sites were installed between 1973 and 1980, so 
the period of record varies for each extensometer site depend-
ing on the year of installation. The similar water-level patterns 
among the sites demonstrate a hydraulic connection across a 
range of depth intervals that has persisted from at least 1980 
to 2020 in the Chicot and Evangeline aquifers. This hydraulic 
connection was also noted in Kasmarek and Ramage (2017); 
the patterns observed in water-level measurements from 
Kasmarek and Ramage (2017) support the hypothesis that 
the Chicot and Evangeline aquifers function as one integrated 
hydrogeologic unit rather than as distinct aquifers.

Distribution of Groundwater Wells

Young and Draper (2020) used data from approximately 
650 geophysical logs to redefine the contact between the 
Chicot and Evangeline aquifers and to redefine the top and 
bottom of the Burkeville confining unit. Teeple and others 
(2021) compiled data from the same geophysical logs used 
by Young and Draper (2020) to define the tops and bottoms 
of the hydrogeologic units of the Gulf Coast aquifer system 
as gridded surfaces, which were then intersected with the 

screened intervals associated with wells in the long-term 
monitoring-well network. As a result of the work by Young 
and Draper (2020) and Teeple and others (2021), a large 
number of wells in the study area were reclassified as being 
screened in a different aquifer (figs. 10–12). Figures 10, 11, 
and 12 depict the wells in the long-term monitoring-well net-
work at which water-level measurements were made in 2021 
that are currently (as defined by hydrogeologic unit extent 
conceptualization compiled from Teeple and others [2021] and 
Young and Draper [2020]) or were previously (as defined by 
hydrogeologic unit extent conceptualization compiled from 
Strom and others [2003a, b, c] and Kasmarek and Robinson 
[2004]) screened in the Chicot, Evangeline, or Jasper aquifers, 
respectively.

As a result of the change in thickness of the hydro-
geologic units, a large proportion of wells in the long-
term monitoring-well network required reclassification. 
Specifically, about 125 wells that were classified as Evangeline 
aquifer wells were reclassified as Chicot aquifer wells, result-
ing in substantial portions of the Evangeline aquifer (from an 
areal extent) that no longer had available wells with which to 
describe water-level changes over time (figs. 10 and 11). Thus, 
after establishing that the two aquifers have similar hydraulic 
properties and effectively function as one hydrogeologic unit, 
combining the Chicot and Evangeline aquifers into a single, 
undifferentiated hydrogeologic unit was a way to ensure a spa-
tially distributed network of wells with a sufficient distribution 
of long-term water-level measurements for mapping purposes. 
Although the water-level-change maps from the previously 
published reports cannot be directly compared to the maps of 
the newly combined Chicot and Evangeline aquifers (undif-
ferentiated), comparison at individual wells can reasonably be 
made, particularly for identification of areas where groundwa-
ter demands are greatest and where water-level changes over 
time are most pronounced.

Use of Geostatistical Interpolation 
Methods To Develop Gridded 
Surfaces of Water-Level Altitudes and 
Water-Level Changes

The 2020 water-level altitudes for the Chicot, Evangeline 
(with the Chicot and Evangeline aquifers treated as separate 
aquifers, as was done in Braun and Ramage, 2020), and Jasper 
aquifers were re-created in this report from computer algo-
rithms of the contoured datasets as gridded surfaces by using 
the same source data (Ramage and Braun, 2020) to demon-
strate the similarity of results from geostatistical interpolation 
methods to those from manual contouring methods. The grid-
ded surfaces used to depict water levels for 2020 were created 
independently of the previously published contoured maps and 
provide a means for comparison between the manual contour-
ing methods and the geostatistical interpolation methods. 
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Figure 12.  Wells at which water-level measurements were made in 2021 that were unchanged, were reclassified to, or were 
reclassified from (designated as “removed from”) being screened in the Jasper aquifer in the greater Houston study area, Texas.
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Braun and Ramage (2022) used geostatistical interpolation 
methods to create gridded surface representations of 2021 
water-level altitudes and long-term water-level changes over 
time across the study area. Long-term water-level changes 
are created by subtracting one gridded surface from another 
where each gridded surface shares a common spatial extent (for 
example, the gridded surface of altitudes from the current year 
minus the gridded surface of altitudes from the historical year).

Defining the areal extent through kriging interpolation 
of the water-level-altitude and water-level-change depictions 
provides a mechanism for indicating areas of high uncertainty 
(large standard error), which generally coincide with areas 
of reduced well density within the well network distribution. 
Areas are masked when the standard errors exceed the over-
all mean standard error provided by the kriging process for 
each aquifer.

Kriging is a well-established geostatistical method 
(Matheron, 1963; Paramasivam and Venkatramanan, 2019) 
that provides an optimized unbiased linear prediction with 
a minimum mean estimation error. Kriging, like other inter-
polation methods, uses a weighted average of all measured 
values to predict values at unmeasured locations. The weights 
assigned to measured values are spatially dependent. The spa-
tial dependency is quantified by the spatial correlation of the 
measured locations and is assumed to be more similar in spatial 
proximity and diverge as spatial distance increases. Correlation 
between measured locations and their spatial distance relative 
to one another is described by the experimental semivariogram 
and the best fit model designed to minimize the estimation 
error (Olea, 1975, 2009). Kriging methods for depicting water-
level altitudes and water-level changes provide several advan-
tages compared to the manual contouring methods described 
in Kasmarek and Ramage (2017). One of the advantages of 
kriging methods over traditional, manual contouring meth-
ods is that kriging provides estimated values of the variable 
of interest at unmeasured locations. Additionally, kriging 
provides a means of quantifying the estimation uncertainty 
(standard deviation or square root of the provided variance), 
thereby allowing for evaluation of the estimation reliability 
(Yamamoto, 2000). This estimation uncertainty can be useful 
for determining the spatial variability of the data and for allow-
ing for possible optimization of the monitoring-well network. 
Dunlap and Spinazola (1984) provided a detailed description 
of the advantages of interpolating water-level-altitude data by 
using kriging methods.

A fundamental assumption associated with the use of krig-
ing methods is that the data are stationary; that is, the mean and 
variance of the data do not differ appreciably in space (Bohling, 
2005). Inspection of reports by Kasmarek and Ramage (2017) 
and Braun and Ramage (2020), however, indicates that spatial 
changes over time where mean and variance are not spatially 
consistent (that is, sharp changes in water-level altitude) do 
occur in localized areas within the monitoring-well network 
depicted in these previously published reports (the same is 
expected to be true of the other annual water-level reports for 
the greater Houston area). Therefore, before beginning the 
kriging process, it is important to assess spatial changes in the 

data, represented as a planar function of coordinate variables, 
by completing what is referred to as the “trend-surface analy-
sis” step. As explained in Dunlap and Spinazola (1984, p. 5), 
“trend-surface analysis commonly fits a medium- to high-order 
polynomial to the entire set of data points. Therefore, a value 
at an estimated point is interpolated from the entire set of data 
points instead of only its closest neighbors (Olea, 1975)” so 
that statistically significant trends (if any) are removed prior to 
beginning the kriging process.

In this report, planar surfaces were analyzed in the 
trend-surface analysis step by fitting first- and second-order 
polynomial equations of water-level altitude as a function of 
X and Y coordinate pairs. First-order polynomial equations 
(Olea, 1975, 2009) (eq. 1) produced planar surfaces for the 
Chicot, Evangeline, and Jasper aquifers (app. 1, figs. 1.1–1.3) 
that exhibited declining water-level altitudes in the downdip 
direction (generally from northwest to southeast), which likely 
corresponds with the general flow of groundwater in the region 
toward the Gulf of Mexico coast. The first-order polynomial 
equation to compute water-level altitude is

	 WLALT = a + bX + cY� (1)

where
	 WLALT 	 is the computed water-level altitude in feet,
	 X and Y	 are the coordinate variables for each measured 

point in meters, and the following 
coefficients are

	 a	 is in feet,
	 b	 is in feet per meter, and
	 c	 is in feet per meter.

A second-order polynomial equation (Olea, 1975, 2009) 
(eq. 2) was used to refine the planar surfaces from equation 
1 for the Chicot, Evangeline, and Jasper aquifers (app. 1, 
figs. 1.4–1.6) to provide a better fit to the water-level-altitude 
data collected in 2020 by including exponential terms and addi-
tional variables in the equation. The second-order polynomial 
equation to compute water-level altitude is

	 WLALT = a + bX + cY + dX2 + eY2 + fXY� (2)

where
	 WLALT	 is the computed water-level altitude in feet,
	 X and Y	 are the coordinate variable pair for each 

measured point in meters, and the following 
constant coefficients are

	 a	 is in feet,
	 b	 is in feet per meter,
	 c	 is in feet per meter,
	 d	 is in feet per meter squared,
	 e	 is in feet per meter squared, and
	 f	 is in feet per meter squared.

The planar surfaces produced from second-order poly-
nomial equations (that is, regression equations for the Chicot, 
Evangeline, and Jasper aquifers computed by using eq. 2) 
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show similar patterns where a central part of the gridded area 
for each of the three aquifers contains the deepest water-level 
altitudes that shallow radially outward (app. 1, figs. 1.4–1.6). 
The patterns depicted likely represent both a major component 
represented by an area of concentrated groundwater with-
drawals near densely populated areas and a minor component 
representing the underlying general flow of groundwater 
in a southeasterly direction toward the coast. Additionally, 
summary statistics for the first- and second-order regression 
equations for each of the three aquifers reveal that probability 
values (p-values) and adjusted coefficient of determination 
(R-squared) values used to identify statistically significant 
trends are greatly improved (that is, smaller p-values and 
larger adjusted R-squared values) by including the extra terms 
in the second-order polynomial equation (eq. 2) (table 2).

In this report, universal kriging methods (Dunlap and 
Spinazola, 1984) were used to produce the re-created 2020 
water-level-altitude maps for the Chicot, Evangeline, and 
Jasper aquifers. In universal kriging, the kriging process 
accounts for any statistically significant trends (by kriging 
the residuals after the trend is removed and then adding those 
residuals back to the provided estimations), thereby producing 
the gridded surfaces from detrended datasets. The second-
order polynomial equation (eq. 2) was used in the universal 
kriging process to produce the re-creation of the 2020 water-
level-altitude maps.

The process for re-creating gridded surface representa-
tions of the previously published 2020 water-level altitudes 
of the Chicot, Evangeline, and Jasper aquifers in the greater 
Houston area (Braun and Ramage, 2020) began with the data 
in Ramage and Braun (2020). Before kriging is implemented, 
a rectangular grid over which-to interpolate is established. For 
this report, as well as the annual report presenting water-level 
altitudes and water-level-altitude changes for 2021 (Braun and 
Ramage, 2022), rectangular grids with cell dimensions of 60 
by 60 meters (m) were created for each of the three aquifers. 
These rectangular grids over which the interpolation was made 
extended to the outermost extents defined by the monitoring-
well network for each aquifer (Chicot, Evangeline, and Jasper 
aquifers). The grid cell resolution of 197 by 197 ft (60 by 
60 m) was selected as a compromise between optimizing run 
time for the kriging process (finer resolutions require more 
computing power and consequently more run time) and mini-
mizing errors associated with differences between estimated 
grid cell values and measured water-level altitudes at wells 

(coarser resolutions result in higher estimation errors). The 
2020 rectangular grids for the Chicot, Evangeline, and Jasper 
aquifers contained 5,775,728; 5,161,584; and 2,517,048 cells, 
respectively. The 5,775,728 cells in the Chicot aquifer grid 
represent an area of approximately 8,028 mi2 (20,792 square 
kilometers [km2]); the 5,161,584 cells in the Evangeline 
aquifer grid represent an area of approximately 7,175 mi2 
(18,582 km2); and the 2,517,048 cells in the Jasper aquifer 
grid represent an area of approximately 3,498 mi2 (9,061 km2).

Development of the Semivariogram

Semivariograms, which mathematically describe the spa-
tial relation of measured point pairs (Dunlap and Spinazola, 
1984) commonly referred to as the “semivariance” (the sum 
of squared differences of measured point pairs separated by 
lag distance), were determined using the detrended datasets 
(residual water-level altitudes after removing the spatial trend) 
for each of the three aquifers. Dunlap and Spinazola (1984, 
p. 5) explained, “the most important item in the application of 
kriging is the semivariogram. The semivariogram is a graph of 
the variability of the difference of the regionalized data versus 
the distance between data points * * * the semivariogram is a 
plot of the squared differences in water-table altitudes at pairs 
of observation wells that are separated by a certain distance.” 
The data used in the semivariance analysis are coordinate 
point data projected in Universal Transverse Mercator zone 
15 (measured in meters), a standard map projection used as a 
“representation of all or part of the surface of a round body, 
especially the Earth, on a plane” (Snyder, 1987, p. 3). All dis-
tance calculations are therefore originally computed in meters. 
However, the dependent variable of water-level altitude is 
measured in feet, which means that the native model parame-
ters are all computed in units of feet except for range, which is 
measured in meters. Range and lag distance is therefore con-
verted from meters to feet to provide a consistent set of units.

The R programming language (ver. 3.6.2) (R Core Team, 
2019) was used for all kriging processes. Semivariograms 
and their associated parameters were developed by using the 
R package automap version 1.0–14 (Hiemstra, 2013). The 
autofitVariogram function within the automap package uses 
the detrended water-level altitudes to estimate the kriging 
parameters and select the best theoretical model fit (common 
model types include exponential, Gaussian, spherical, and 

Table 2.  Summary statistics for first- and second-order polynomial regression equations of 2020 measured water-level altitudes 
(Ramage and Braun, 2020) for wells completed in the Chicot, Evangeline, or Jasper aquifers in the greater Houston study area, Texas.

[R-squared, coefficient of determination; p-value, probability value; E, exponent (for example, 1.8E−06 means “1.8 × 106”)]

Aquifer Adjusted R-squared value p-value

First order Second order First order Second order

Chicot 0.134 0.683 1.8E−06 2.2E−16
Evangeline 0.180 0.539 4.8E−15 2.2E−16

Jasper 0.650 0.872 2.2E−16 2.2E−16
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Matérn [Matérn, 1960; Olea, 2009]) to a given dataset. The 
kriging parameters are referred to as the “nugget,” “sill” or 
“partial sill,” “range,” and “kappa value” (Olea, 2009; Sarma, 
2009). The nugget describes the small-scale variability of the 
data over short distances that are less than the smallest dis-
tance between measurements and measurement error (Philip 
and Kitanidis, 1989, p. 857). The sill describes the maximum 
variability between point pairs (the partial sill is the sill minus 
the nugget), and the range describes the distance at which 
point pairs are no longer spatially correlated. The kappa value 
is a smoothing parameter applied to Matérn class variogram 
models (Diggle and Ribeiro, 2007; Hiemstra, 2013). A caveat 
to this process is that autofitVariogram function does not con-
sider anisotropy in the data, which means that any directional 
trend in the data is not accounted for in the kriging parameters 
and interpolation. Because in universal kriging it is assumed 
that the mean of the measured attribute is neither constant nor 
known (Olea, 2009) and that detrended data using the second-
order polynomial equation (eq. 2) are being modeled, it is not 
necessary to consider the directional trend.

The empirical and theoretical semivariogram for mea-
sured water-level altitudes in the Chicot aquifer (Ramage and 
Braun, 2020) is shown in figure 13. The nugget of 89 square 
feet (ft2) indicates some small-scale variability in land-surface 
elevations, measurement error, and other unmeasured variables 
such as duration and rate of pumping prior to measurement. 
The empirical semivariogram points were fit with a theoreti-
cal Stein model (Stein, 1999), which is a modification of the 
Matérn model, with a sill of 3,569 ft2, range of 267,970 ft, and 
kappa value of 0.8. The range was fixed as half the maximum 
distance between point pairs. The theoretical semivariogram 
has a good closeness of fit with the empirical semivariogram 
up to a lag distance of about 210,000 ft (about 40 miles [mi]); 
kriging requires a high degree of autocorrelation in the data in 
order to work effectively (Olea, 1975), and beyond a lag dis-
tance of about 40 mi the degree of autocorrelation in the data 
begins to decrease markedly.

The empirical and theoretical semivariogram for mea-
sured water-level altitudes in the Evangeline aquifer (Ramage 
and Braun, 2020) is shown in figure 14. The empirical semi-
variogram points were fit with a theoretical Stein model with a 
nugget of 71 ft2, which indicates that there is good continuity 
of water-level altitudes within short distances. The computed 
sill is 11,203 ft2; the range is 235,932 ft (about 45 mi), fixed as 
half the maximum distance between point pairs; and the kappa 
value is 0.3.

The empirical and theoretical semivariogram for mea-
sured water-level altitudes in the Jasper aquifer (Ramage 
and Braun, 2020) is shown in figure 15. The relatively large 
nugget of 117 ft2 indicates that there are some small-scale 
variabilities that are likely caused by measurement or land-
surface-elevation errors, or other errors associated with 
unmeasured variables such as duration and rate of pump-
ing prior to measurement. The empirical semivariogram 
points were fit with a theoretical Stein model with a sill of 
5,991 ft2; a fixed range of 175,539 ft (about 33 mi), or half 

the maximum distance between point pairs; and a kappa 
value of 1.6. Measured data for two wells, one in Fort Bend 
County (site number 294327095445301) and one in Harris 
County near the southern end of Lake Houston (site num-
ber 295449095084101), were excluded from the calculation of 
maximum distance between point pairs for the semivariogram 
range owing to their large distance from the rest of the Jasper 
aquifer monitoring-well network. 

Removing Selected Colocated Measurements

After kriging parameters were determined by the  
autofitVariogram function, selected colocated measurements 
were removed for instances in which more than one well 
exists at the same location. This process is necessary because 
the kriging function requires a single target value at any given 
measured location in order to calculate semivariance and 
match the supplied target value (Olea, 2009, p. 114). Multiple 
wells at the same location and screened in the same aquifer 
most often are nested piezometers (colocated wells) (figs. 6–9, 
for example). A processing script written in the R language 
was used to automatically determine which wells were 
grouped together within a grid cell and to retain the deepest 
water level from that group. The reason for retaining the deep-
est water level within the group is that the deepest water levels 
at colocated well sites are generally more closely correlated 
with water levels measured in nearby wells, as shown in the 
water-level data for the screened wells below the transition 
zone and above the Burkeville confining unit in the colocated 
wells in figures 6–9. In most cases, the deepest well in a 
nested piezometer site will have the deepest water level and 
is screened at a depth interval that is most similar to nearby 
production wells, which are often deeper than private wells 
or monitoring wells and make up the largest proportion of the 
monitoring-well network. An additional reason for selecting 
the deepest water level is that it most closely aligns with the 
underlying assumption of kriging, that data that are spatially 
close are more similar than data that are spatially farther apart.

As an example of a location where there are multiple 
wells and a single measurement was selected for use in the 
kriging process, table 3 lists five wells at a nested piezometer 
site (indicated by the footnote assigned to selected index wells 
in the index well column) in Galveston County and three wells 
within a 9,843-ft (3,000-m) radius of the nested piezometer 
site. For the purposes of declustering the wells at the nested 
piezometer site for use in kriging interpolation, the well with 
an index well number of 46 was the well retained. Index well 
46 has the deepest depth to water within the nest and is the 
deepest (depth of well) of the five nested wells, and when 
comparing its depth to water to those of the three wells (index 
wells 36, 40, and 47) most proximal to the five nested wells, 
their water levels are most similar to index well 46, as are their 
well depths. In most cases (with the exception of wells com-
pleted in the Jasper aquifer in parts of Montgomery County), 
the well with the deepest well depth has the deepest depth to 
water among all wells within a given nest or cluster group.
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Figure 13.  Empirical and theoretical semivariogram for measured water-level altitudes in the Chicot 
aquifer (Ramage and Braun, 2020) in the greater Houston study area, Texas, December 2019 to 
March 2020.
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Figure 14.  Empirical and theoretical semivariogram for measured water-level altitudes in 
the Evangeline aquifer (Ramage and Braun, 2020) in the greater Houston study area, Texas, 
December 2019 to March 2020.



Use of Geostatistical Interpolation Methods To Develop Gridded Surfaces of Water-Level Altitudes and Water-Level Changes    27

For the Chicot aquifer, 164 of the 173 wells used to 
measure water levels in the aquifer were retained for kriging 
purposes. For the Evangeline aquifer, 321 of 326 wells were 
retained. For the Jasper aquifer, all (112) wells were retained, 
as there were no nested piezometer wells used in the creation 
of the original 2020 water-level-altitude map.

Kriging Interpolation

After the selected colocated measurements were 
removed, the kriging interpolation process was performed 
using the detrended water-level-altitude data in conjunction 
with the previously determined semivariogram parameters 
over the established gridded surface. Universal kriging was 
selected because during the interpolation process it can incor-
porate the inherent directional trend in the data, which varies 
by coordinate location (Olea, 2009). Figures 16–18, which 
show gridded representations of water-level altitudes for 2020 
in the Chicot, Evangeline, and Jasper aquifers, respectively, 
were color shaded in 50-ft increments to match the interval 
associated with the overlain contours (Braun and Ramage, 
2020) for comparison purposes. Kriging interpolation was 
performed by using R version 3.6.2 (R Core Team, 2019), 
the R package gstat version 2.0–6 (Pebesma, 2020), the R 
packages sf version 0.9–8 (Pebesma, 2005) and sp version 
1.4–2 (Pebesma, 2005) for spatial point data, the R pack-
age raster version 3.3–7 (Hijmans, 2020) for raster data, and 
the R package automap (Hiemstra, 2013) as discussed in the 
“Development of the Semivariogram” section of this report. 

Use of Universal Kriging Geostatistical 
Interpolation Methods To Depict Water-Level 
Altitudes

For the Chicot aquifer in 2020, the universal kriging geo-
statistical interpolation methods used to develop the estimated 
gridded surface of water-level altitudes resulted in estimated 
water-level altitudes that ranged from –169 to greater than 
(>) 200 ft above the North American Vertical Datum of 1988 
(NAVD 88) (fig. 16), and standard error ranged from 10.3 to 
97.6 ft with a mean of 21.4 ft. The estimated gridded surface 
representing 2020 Evangeline aquifer water-level altitudes 
ranged in estimated water-level altitudes from –285 to >200 ft 
above NAVD 88 (fig. 17), and standard error ranged from 
13.1 to 141.0 ft with a mean of 61.1 ft. The estimated gridded 
surface representing 2020 Jasper aquifer water-level altitudes 
ranged in estimated water-level altitudes from –206 to >250 ft 
above NAVD 88 (fig. 18), and standard error ranged from 11.3 
to 84.8 ft with a mean of 23.4 ft.

In a comparison of the outputs from manual contouring 
and from kriging interpolation for the 2020 Chicot aquifer 
water-level-altitude map (fig. 16), generally the estimated 
gridded surface derived from kriging interpolation agrees 
well with the most recently published manual contours of 
the Chicot aquifer water-level altitudes (fig. 4 in Braun and 
Ramage [2020]). Several areas deviate slightly, particularly 
in the northwestern portion of the mapped area, where the 
gridded surface extends into areas where available well data 
are sparse. The gridded area near Beltway 8 and Highway 249 
in northwestern Harris County extends slightly beyond the 
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(Ramage and Braun, 2020) in the greater Houston study area, Texas, December 2019 to March 2020.
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contours to the north and northwest, as well as in an area near 
the border of Harris and Montgomery Counties, seemingly 
in response to a single well encircled by the –50-ft contour in 
south-central Montgomery County. Another slight discrepancy 
can be seen in the area of northern Fort Bend and Brazoria 
Counties near the –50-ft contour where the kriging estimates 
are in the range of –50 to –100.

Much like that of the Chicot aquifer water-level alti-
tudes, the estimated gridded surface of the 2020 Evangeline 
aquifer water-level altitudes (fig. 17) generally agree favor-
ably with the most recently published manual contours of the 
Evangeline aquifer water-level altitudes (fig. 6 in Braun and 
Ramage [2020]). The 50-ft increments of the gridded surface 
closely follow the contour lines in most cases, only deviat-
ing where the lack of control points allows the estimates to 
extend beyond the contours. Several areas of the gridded 
surface show this behavior, such as in central Harris County 
where the –200- to –250-ft shaded region extends beyond the 
–200-ft contour towards the east and in areas of south-central 
Montgomery County where steep gradients of water-level 
altitude are indicated. Also, like those of the Chicot aquifer 
(fig. 16), as gridded estimates of the Evangeline aquifer water-
level altitudes move toward the boundaries of the grid and 
away from control points, in areas with the largest standard 
errors, estimates begin to deviate from contours. Kriging uses 
a weighted average of all measured values to estimate values 
at unmeasured locations; the weights assigned to measured 
values are spatially dependent. Hence, transitions in gridded 
surfaces tend to be more gradual than are often represented 
with contours. For example, on figure 17, a 50-ft contour 
bends sharply to “wrap around” a well point, whereas the grid-
ded surface assigns the immediate area at and around the well 
point with a value approximating the actual measured water-
level altitude at that location.

The estimated gridded surface of the 2020 Jasper aquifer 
water-level altitudes (fig. 18) is also in good agreement with 
the most recently published manual contours of the Jasper 
aquifer water-level altitudes (fig. 8 in Braun and Ramage 
[2020]). Areas where the contours and the gridded surface do 
not agree are often associated with areas where there is lack 
of data control, in particular the southern part of the mapped 
area across much of Harris and Waller Counties where control 
points are sparse. Another area where the contours and the 
gridded surface deviate is in the northwestern part of the 
mapped area, where shaded areas and measured water-level 
altitudes differ. This area is marked by a less dense well net-
work than is present across the central part of the mapped area 
and shows that there is variability in the data. The area on the 
border of Harris and Montgomery Counties also shows some 
disagreement between the contours and the gridded surface. 
Within this area there are several wells with measured water-
level altitudes that range from –188 to –196 ft (Ramage and 
Braun, 2020); however, estimates from the gridded surface 
indicate water-level altitudes up to and less than −200 ft below 
NAVD 88 and therefore disagree slightly with both measured 
values at these wells and contours in this area. The outer areas 
of the mapped area are not as well defined because of a lack 
of data control, unlike the mapped area associated with the 
denser network of wells in the central and southern parts of 
Montgomery County, where there is good data control. Lack 
of data control can also affect how manual contours are drawn 
and interpreted, often resulting in approximately equidistant 
spacing when other control points do not exist to define how 
the contours should be drawn. In contrast to the shortcomings 
of developing manual contours when control points are sparse, 
kriging interpolation includes spatial parameters supplied by 
the semivariogram to determine how grid cell estimates of 
water-level altitudes are computed.

Table 3.  Water levels measured in wells at a nested piezometer site and in wells within a 9,843-foot 
(3,000-meter) radius of the nested piezometer site in Galveston County in the greater Houston study 
area, Texas, December 2019 to March 2020.

[USGS, U.S. Geological Survey; TWDB ID, Texas Water Development Board identifier]

Index 
well 

number

USGS site  
identifier

TWDB ID
Depth to water measured in 2020  

(in feet below land surface)1

Well depth  
(in feet below 
land surface)2

36 292337094542801 6433901 42.67 772
40 292439094553101 6433804 50.09 785
433 292458094534201 6433915 19.65 210
443 292458094534202 6433916 28.64 302
453 292458094534203 6433917 31.55 400
463 292458094534204 6433918 43.22 535
47 292458094534206 6433920 45.87 800
483 292458094534207 6433921 8.47 24

1Depth-to-water data are documented in Ramage and Braun (2020).
2Well-depth data are published in the U.S. Geological Survey National Water Information System (U.S. Geological 

Survey, 2021).
3Indicates wells colocated at the nested piezometer site.
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Figure 16.  Estimated gridded surface representing 2020 water-level altitudes for the Chicot aquifer in the greater Houston study area, 
Texas, overlain with previously published contours.
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Figure 17.  Estimated gridded surface representing 2020 water-level altitudes for the Evangeline aquifer in the greater Houston study 
area, Texas, overlain with previously published contours.



Use of Geostatistical Interpolation Methods To Develop Gridded Surfaces of Water-Level Altitudes and Water-Level Changes    31

249

MONTGOMERY
COUNTY

State Loop 
33

6      

HARRIS
COUNTY

A
U

ST
IN

 C
O

U
N

T
Y

BRAZO
S

CO
UNTY

FORT BEND
COUNTY

WALKER
COUNTY

SAN JACINTO
COUNTY

WALLER 
COUNTY

BRAZORIA
COUNTY

GALVESTON
COUNTY

CHAMBERS
COUNTY

LIBERTY
COUNTY

GRIMES
COUNTY

W
H

ARTO
N

CO
UNTY

1960FM

45

59

90

168

6

105

59

290

45

10

610

45

10

8

610

6

3

105

S BELT

E

8

N
ORTH

BELT

LAKE
CONROE

BRAZO
S

Tr
ini

ty 
Ba

y

Lake
Houston

Galveston Bay East Bay

West
 Bay

GULF OF M
EXICO

RIVER

LAKE
LIVINGSTON

Freeport

Lake Jackson

Angleton

Galv
esto

n

Texas
City

FriendswoodRosenberg

Pearland

Richmond

Missouri
City

Sugar
Land

Pasadena

Baytown

Katy

Aldine

Humble

Houston

Spring

Conroe

Huntsville

The 
Woodlands

Santa Fe

Liberty

Dayton

Coldspring

Jersey 
Village

Prairie 
View

Waller

Hempstead

Magnolia

Cleveland

Montgomery Willis

Todd
Mission

50

−50−50

100

200

−10
0

0

100

−200

250

100

−200

−200

150

−1
50

−206 to < −200 −200 to  < −150 −150 to < −100 −100 to < −50

EXPLANATION
Kriging-derived estimate of 2020 water-level altitude in the Jasper aquifer—Altitude  
    at which water level would have stood in a tightly cased well in feet above the North 
    American Vertical Datum of 1988

Updip limit of Jasper aquifer (University of 
    Texas, Bureau of Economic Geology, 1968, 
    1974; Baker, 1979)

Boundary of study area

Well at which water-level 
    measurement was made 
    in 2020 that is screened in 
    the Jasper aquifer (Braun and 
    Ramage, 2020; Ramage and
    Braun, 2020)

Water-level contour—Shows altitude at which
    water level would have stood in a tightly cased 
    well in feet above the North American Vertical 
    Datum of 1988 (from fig. 8 in Braun and Ramage 
    [2020]). All contours are approximate. Contour 
    interval is 50 feet

50

Area where the estimated gridded 
    surface derived from kriging 
    interpolation in this study deviates 
    from the manual contouring 
    in Braun and Ramage (2020)

−50 to < 0 0 to 50 > 50 to 100 > 100 to 150 > 150 to 200

> 200 to 250 > 250

95°45'

95°45'

95°30'

95°30' 95°15'

95°

95°

30°30'

30°
30°

30°15'
30°15'

29°30'

29°45'
29°45'

29°15'

96°

96°

94°45'

94°45'

94°30'

94°30'

30°30'

29°15'

30°45'

29° 29°

30°45'

29°30'

95°15'

Base from U.S. Geological Survey digital data, 1:100,000
Universal Transverse Mercator projection, Zone 15
North American Datum of 1983

0 8 16

24 KILOMETERS

24 MILES

0 8 16

Figure 18.  Estimated gridded surface representing 2020 water-level altitudes for the Jasper aquifer in the greater Houston study area, 
Texas, overlain with previously published contours.
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Uncertainty Associated With Kriging 
Interpolation

When performing kriging interpolation, the estimated 
water-level-altitude value and variance associated with 
each grid cell are both computed. The standard error, which 
provides a measure of the uncertainty associated with the 
estimated value for each grid cell, can be calculated from 
the square root of the variance. Standard error is smallest at 
measured locations and increases as distance increases from 
measured locations (typically largest in areas of lowest mea-
surement density).

Data Quality Control
Leave-one-out (LOO) cross validation (Olea, 2009) was 

performed on each dataset to verify the validity of the fitted 
semivariogram model and to determine where the estimated 
values deviated appreciably from the measured water-level 
altitudes. The process of LOO cross validation entails remov-
ing a single measured value and then computing the esti-
mated value at that location by kriging the remaining data. 
The process is then repeated for each measured water-level 
altitude, and a residual is computed by subtracting the esti-
mated value from the measured value at each removed site. 
This process also requires that a subset of individually located 
(that is, non-colocated) wells be used (164, 321, and 112 wells 
for the Chicot, Evangeline, and Jasper aquifers, respectively). 
Performing this process provides a measure of the validity 
of the fitted semivariogram model to the data and determines 
if there is conditional bias, which can be the result of krig-
ing estimates having a different variability than the measured 
values (Philip and Kitanidis, 1989; Fisher, 2013).

The relation between estimated and measured water-level 
altitudes for 2020 obtained from the LOO cross validation 
for the Chicot, Evangeline, and Jasper aquifers is shown in 
figure 19A–C, respectively. For the Chicot aquifer, the slope of 
the regression line is 0.93 foot per foot (ft/ft), which is similar 
to the 1 ft/ft slope of the 1:1 line, indicating a close correlation 
between the estimated and measured water-level altitudes. The 
close fit of the regression line to the 1:1 line also indicates that 
the estimated water-level altitudes are not conditionally biased 
(Philip and Kitanidis, 1989; Fisher, 2013). For the Evangeline 
aquifer, the slope of the regression line is 0.81 ft/ft and thus 
differs from the 1:1 line, indicating that the estimated water-
level-altitude values for the Evangeline aquifer differ some-
what from the measured values and may be slightly condition-
ally biased. Differences for the Evangeline aquifer between 
the estimated and measured water-level altitudes could be the 
result of the two large areas of substantial drawdown; that is, 
areas where water-level altitudes are lower than 200 ft below 
NAVD 88 and where tightly spaced gradients of water-level 
altitudes occur (fig. 17) in south-central Montgomery County 
and north-central and western Harris County. For the Jasper 
aquifer, the slope of the regression line is 0.98 ft/ft, indicating 
a nearly perfect fit to the 1:1 line. A few estimated water-level 

altitudes for the Jasper aquifer deviated appreciably from the 
measured values at the upper end of the range of measured 
values. These appreciable deviations from measured water-
level altitudes are likely related to wells near the outermost 
extent of the gridded area and distant from other measured 
wells where data are sparse and where standard errors asso-
ciated with kriging estimates tend to be largest (Philip and 
Kitanidis, 1989; Fisher, 2013).

Graphs of the differences between residual values and 
estimated water-level altitudes obtained from the LOO cross 
validation for the Chicot, Evangeline, and Jasper aquifers are 
shown in figure 20A–C, respectively. Small residuals indicate 
the absence of systematic errors that could lead to biased 
estimations from the kriging process (Fisher, 2013). For the 
Chicot aquifer, the residuals for estimated water-level altitudes 
ranged from –55.7 to 66.1 ft with a mean estimation error of 
0.39 ft and a standard deviation of estimation error of 18.3 ft. 
For the 164 wells where water levels were retained for the 
Chicot aquifer, the absolute residual was larger than two times 
the standard deviation (36.6 ft) at only 9 wells (about 5 percent 
of the total number of measured wells). For the Evangeline 
aquifer, the residuals for estimated water-level altitudes ranged 
from –197.8 to 165.6 ft with a mean estimation error of 0.28 ft 
and a standard deviation of estimation error of 46.0 ft. For the 
321 wells where water levels were retained for the Evangeline 
aquifer, the absolute residual was larger than two times the 
standard deviation (92.0 ft) at only 23 wells (about 7 percent 
of the total number of measurements). For the Jasper aquifer, 
the residuals for estimated water-level altitudes ranged from 
–133.2 to 109.8 ft with a mean estimation error of 0.97 ft and 
a standard deviation of estimation error of 28.9 ft. For the 
112 wells where water levels were measured for the Jasper 
aquifer, the absolute residual was larger than two times the 
standard deviation (57.8 ft) at only 8 wells (about 7 percent of 
the total number of measurements).

Interpolated Areal Extent

Kriging interpolation provides both an estimated value at 
each grid cell location and an estimation error (variance) that 
can be used to quantify the uncertainty or quality of the associ-
ated estimate (Yamamoto, 2000). Uncertainty is often highest 
in areas that lack good data control (that is, areas where well 
points are separated by relatively large distances, as defined 
by the shape of the theoretical kriging model fit and range of 
autocorrelation) (Matérn, 1960; Matheron, 1963; Olea, 1975, 
2009). In the 2021 annual report on water-level altitudes and 
water-level changes in the study area (Braun and Ramage, 
2022), certain grid cells with high uncertainties were masked 
out. As explained in the “Introduction” section of this report, 
grid cells with either extrapolated or interpolated location-
specific values representing areas of reduced well density 
within the well network distribution are masked out herein. 
For grid cells with high uncertainties, standard errors were 
calculated from the square root of the variance associated with 
each grid cell. All grid cells with standard errors exceeding 
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the overall mean standard error were hidden 
(assigned a value of “NA,” or not applicable). 
Mean standard error for the 2020 Chicot aqui-
fer water-level altitudes was 21.4 ft. Of the 
5,775,728 grid cells in the estimated gridded 
surface of the Chicot aquifer water-level alti-
tudes, about 27.8 percent (1,608,052) of the 
grid cells exceeded the mean standard error. 
Mean standard error for the 2020 Evangeline 
aquifer water-level altitudes was 61.1 ft. The 
estimated gridded surface of the Evangeline 
aquifer water-level altitudes is composed 
of 5,161,584 cells, and about 43.0 percent 
(2,219,120) exceeded the mean standard error. 
The higher mean standard error for the 2020 
Evangeline aquifer water-level altitudes is 
likely the result of a denser network of wells 
within the center of the Evangeline aquifer 
grid combined with relatively large distances 
to wells near the boundaries of the grid that 
leave large areas with lack of data control. 
Mean standard error for the 2020 Jasper 
aquifer water-level altitudes was 23.4 ft. 
The estimated gridded surface of the Jasper 
aquifer water-level altitudes is composed of 
2,517,048 cells, about 38.3 percent (963,738) 
of which exceeded the mean standard error. 
For all three aquifer gridded surfaces, areas 
of high uncertainty often exist where there is 
lack of data control or near the boundaries of 
the interpolated grid where wells are spaced 
farther apart.

Measured water-level altitude (Ramage and 
Braun, 2020), in feet above North American 

Vertical Datum of 1988 
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Figure 19.  Relation between estimated (y) and measured (x) water-level altitudes 
during 2020 obtained from the leave-one-out cross validation for A, the Chicot 
aquifer, B, the Evangeline aquifer, and C, the Jasper aquifer in the greater Houston 
study area, Texas.
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Quality Assurance
After the grids of water-level altitudes were created, 

estimated water-level altitudes at well locations in the gridded 
surface for each of the three aquifers were extracted and com-
pared against measured water-level altitudes at the same wells 
to determine correlations between them (figs. 21–23). For the 
2020 Chicot aquifer water-level altitudes, 173 values were 
extracted from the estimated gridded surface and produced 
a mean absolute error of 5.61 ft with a Pearson’s correlation 
coefficient between estimated and measured water-level-
altitude values of 0.99 and a root mean square error (RMSE) 
of 8.13 ft (fig. 21). For the 2020 Evangeline aquifer water-
level altitudes, 326 values were extracted from the estimated 
gridded surface and produced a mean absolute error of 2.68 ft 
with a Pearson’s correlation coefficient between estimated and 
measured water-level-altitude values of 0.99 and an RMSE 
of 4.06 ft (fig. 22). For the 2020 Jasper aquifer water-level 
altitudes, 112 values were extracted from the estimated grid-
ded surface and produced a mean absolute error of 8.96 ft 
with a Pearson’s correlation coefficient between estimated and 
measured water-level-altitude values of 0.99 and an RMSE of 
13.4 ft (fig. 23).

Computer Software
Computer software used to process data, perform kriging 

analysis, and create the figures depicted in this report was 
written in the R programming language (ver. 3.6.2) (R Core 
Team, 2019). In addition to the base packages included with 
R, the following packages (available on the Comprehensive 
R Archive Network [CRAN] at https://cran.r-​project.org) 
were used:

•	 sf: Standardized support for spatial vector data 
(Pebesma, 2018, 2021).

•	 sp: Classes and methods for spatial data 
(Pebesma, 2005).

•	 raster: Geographic data analysis and modeling of 
raster data (Hijmans, 2020).

•	 gstat: Spatial and temporal geostatistical modeling, 
prediction, and simulation (Pebesma, 2004).

•	 automap: Automatic determination of semivariogram 
parameters for kriging analysis (Hiemstra, 2013).
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Figure 20.  Relation between residuals and estimated 
water-level altitudes during 2020 obtained from the 
leave-one-out cross validation for A, the Chicot aquifer, B, the 
Evangeline aquifer, and C, the Jasper aquifer in the greater 
Houston study area, Texas.

https://cran.r-project.org
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Figure 21.  Correlation between 2020 Chicot aquifer estimated water-level altitudes (y) from the gridded 
surface and measured water-level altitudes (x) in the greater Houston study area, Texas.
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Figure 22.  Correlation between 2020 Evangeline aquifer estimated water-level altitudes (y) from the 
gridded surface and measured water-level altitudes (x) in the greater Houston study area, Texas.
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Summary
The greater Houston area of Texas includes approxi-

mately 11,000 square miles and encompasses all or part of 
11 counties (Harris, Galveston, Fort Bend, Montgomery, 
Brazoria, Chambers, Grimes, Liberty, San Jacinto, Walker, and 
Waller). Until the implementation of groundwater regulations 
in the mid-1970s, groundwater withdrawn from the three pri-
mary aquifers that compose the Gulf Coast aquifer system—
the Chicot, Evangeline, and Jasper aquifers—had been the 
primary source of water for municipal supply, commercial and 
industrial use, and irrigation in the greater Houston area since 
the early 1900s. The unregulated withdrawal of groundwater 
from the Chicot and Evangeline aquifers, prior to 1975, caused 
water levels in the aquifers to steadily decline year over year, 
resulting in land-surface subsidence in the greater Houston 
area. By 1977, the withdrawals had resulted in distinct areas 
in southeastern Harris County where water levels in the 
Chicot and Evangeline aquifers were as much as 300 and 
350 feet, respectively, below the National Geodetic Vertical 
Datum of 1929.

To address concerns regarding land-surface subsid-
ence in Harris and Galveston Counties, the 64th Texas State 
Legislature authorized the establishment of the Harris-
Galveston Subsidence District in 1975 to regulate and reduce 
groundwater withdrawals. Since the late 1970s, the U.S. 
Geological Survey (USGS), in cooperation with the Harris-
Galveston Subsidence District, has monitored water-level 
altitudes and published reports depicting the status of water-
level altitudes and long-term water-level changes in the greater 

Houston area. Following their establishment by the Texas 
State Legislature, the Fort Bend Subsidence District, Lone 
Star Groundwater Conservation District, and Brazoria County 
Groundwater Conservation District, as well as the City of 
Houston, also became cooperative participants in the project.

This report, prepared by the USGS in cooperation with 
the Harris-Galveston Subsidence District, City of Houston, 
Fort Bend Subsidence District, Lone Star Groundwater 
Conservation District, and Brazoria County Groundwater 
Conservation District, describes two substantial updates to the 
ways in which water-level altitudes and water-level changes 
in the greater Houston area are presented relative to previous 
USGS reports. The first update involves presenting water-level 
altitudes and water-level changes as a combined (undifferenti-
ated) representation of the Chicot and Evangeline aquifers. 
The second update concerns the methods used to depict water-
level altitudes and water-level changes in the greater Houston 
area in interpretive reports. Instead of the manual contouring 
methods that have historically been used in the annual USGS 
interpretive report series, geostatistical interpolation methods 
are used to develop gridded surfaces of water-level altitudes 
and water-level changes starting with the 2021 annual report 
on water-level altitudes and water-level changes in the study 
area published in 2022. As part of the second update, the areal 
extent of the gridded surfaces was refined through the use of 
a masking process. In the masking process, grid cells with 
either extrapolated or interpolated location-specific values 
representing areas of reduced well density within the well 
network distribution are not shown. This masking process is 
used for removing, or hiding, grid cells with estimates of high 
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surface and measured water-level altitudes (x) in the greater Houston study area, Texas.
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uncertainty provided by the interpolation. Estimates of high 
uncertainty are defined as those where the standard error of 
the kriging estimate exceeds the overall mean standard error 
for the entire gridded surface. The standard error most often 
exceeds the overall mean standard error (as provided by the 
kriging estimates) in areas of reduced well density or areas 
where the estimate is extrapolated beyond where there is good 
data control (such as near the grid boundaries).

Since the formalization of the present-day naming of 
the Gulf Coast aquifer system aquifers and confining units 
in the 1960s, the Chicot and Evangeline aquifers have been 
described as distinct hydrogeologic units for the purpose 
of water-level mapping. The delineation of these units was 
largely based on stratigraphic position, grain size, water qual-
ity, drill cuttings, and permeability. More recently (2020), 
the Gulf Coast aquifer system geologic stratigraphy and 
hydrogeologic unit thicknesses were updated using a coupled 
chronostratigraphic and lithostratigraphic approach. A confin-
ing unit does not separate these two aquifers in the study area, 
and water-level data from colocated wells screened in these 
aquifers indicate that there is likely a substantial degree of 
hydrogeologic connection. Therefore, from a groundwater-
flow perspective, these two aquifer units predominantly func-
tion as a single unit. Additionally, because of the update to the 
Gulf Coast aquifer system unit thicknesses, the distribution of 
wells screened in the Chicot and Evangeline aquifers changed 
considerably, whereby many wells previously classified as 
being screened in the Evangeline aquifer were reclassified as 
being screened in the Chicot aquifer. Because of these factors, 
the decision was made to combine the Chicot and Evangeline 
aquifers into a single, undifferentiated hydrogeologic unit for 
the purposes of assessing water-level altitudes and water-level 
changes over time.

Colocated well data at four extensometer sites in Harris 
County indicate that a transition zone from a shallower zone 
under atmospheric pressure to a deeper zone under artesian 
pressure exists between about 125 and 225 feet (ft) below 
land surface (bls). Above the depth interval 125–225 ft bls, 
water levels have remained relatively stable over time and 
have not been affected by pressure-head changes within the 
Chicot and Evangeline (undifferentiated) aquifer that are 
found when the groundwater is under artesian pressure; any 
small differences in water levels measured in wells screened 
in the depth interval 125–225 ft bls are primarily driven by 
changes in precipitation. Therefore, wells screened above the 
transition zone that extends to about 250 ft bls were not clas-
sified as wells screened in the Chicot and Evangeline aquifers 
(undifferentiated) and are not planned to be classified as wells 
screened in the Chicot and Evangeline aquifers (undiffer-
entiated) henceforth for assessing water-level altitudes and 
water-level changes in the study area. At all of the extensom-
eter sites, water levels among all wells screened in the Chicot 
and Evangeline aquifers below the transition zone and under 
artesian pressure were similar on an overall basis during a 
40- to 50-year period. The similar water levels among the sites 

demonstrate a hydraulic connection across a range of depth 
intervals that has persisted from at least 1980 to 2020 in the 
Chicot and Evangeline aquifers.

The 2020 water-level altitudes for the Chicot, Evangeline, 
and Jasper aquifers were re-created in this report as computer 
algorithms of the contoured datasets as gridded surfaces using 
the same source data to demonstrate the similarity of results 
from geostatistical interpolation methods to those from manual 
contouring methods. In this report, universal kriging methods 
were used to produce the re-created 2020 water-level-altitude 
maps for the Chicot, Evangeline, and Jasper aquifers. For the 
Chicot aquifer in 2020, the universal kriging geostatistical 
interpolation methods used to develop gridded surfaces of 
water-level altitudes resulted in estimated water-level altitudes 
that ranged from –169 to greater than (>) 200 ft above the 
North American Vertical Datum of 1988 (NAVD 88), and stan-
dard error ranged from 10.3 to 97.6 ft with a mean of 21.4 ft. 
The estimated gridded surface representing 2020 Evangeline 
aquifer water-level altitudes ranged in estimated water-level 
altitudes from –285 to >200 ft above NAVD 88, and standard 
error ranged from 13.1 to 141.0 ft with a mean of 61.1 ft. The 
estimated gridded surface representing 2020 Jasper aquifer 
water-level altitudes ranged in estimated water-level altitudes 
from –206 to >250 ft above NAVD 88, and standard error 
ranged from 11.3 to 84.8 ft with a mean of 23.4 ft.

Leave-one-out cross validation was performed on each 
dataset to verify the validity of the kriging model and to 
determine where the estimated values deviated appreciably 
from the measured values. For the Chicot aquifer, the residu-
als for estimated water-level altitudes ranged from –55.7 to 
66.1 ft with a mean estimation error of 0.39 ft and a standard 
deviation of 18.3 ft. For the Evangeline aquifer, the residu-
als for estimated water-level altitudes ranged from –197.8 to 
165.6 ft with a mean estimation error of 0.28 ft and a standard 
deviation of estimation error of 46.0 ft. For the Jasper aquifer, 
the residuals for estimated water-level altitudes ranged from 
–133.2 to 109.8 ft with a mean estimation error of 0.97 ft and 
a standard deviation of estimation error of 28.9 ft.

After the grids of water-level altitudes were created, 
estimated water-level altitudes at well locations in the grid-
ded surface for each of the three aquifers were extracted and 
compared against measured water-level altitudes at the same 
wells to determine correlations between them. For the 2020 
Chicot aquifer water-level altitudes, 173 values were extracted 
from the estimated gridded surface and produced a mean abso-
lute error of 5.61 ft with a Pearson’s correlation coefficient 
between estimated and measured water-level-altitude values of 
0.99 and a root mean square error (RMSE) of 8.13 ft. For the 
2020 Evangeline aquifer water-level altitudes, 326 values were 
extracted from the estimated gridded surface and produced 
a mean absolute error of 2.68 ft with a Pearson’s correlation 
coefficient between estimated and measured water-level-
altitude values of 0.99 and an RMSE of 4.06 ft. For the 2020 
Jasper aquifer water-level altitudes, 112 values were extracted 
from the estimated gridded surface and produced a mean 
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absolute error of 8.96 ft with a Pearson’s correlation coef-
ficient between estimated and measured water-level-altitude 
values of 0.99 and an RMSE of 13.4 ft.
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Appendix 1

This appendix provides maps depicting the planar surface 
of 2020 water-level altitudes for the Chicot, Evangeline, and 
Jasper aquifers in the greater Houston area, Texas. Planar 
surfaces were prepared by fitting first- and second-order 
polynomial equations of water-level altitude as a function of 
X and Y coordinate pairs. First-order polynomial equations 
(Olea, 1975, 2009) (eq. 1 in report) produced planar surfaces 

for the Chicot, Evangeline, and Jasper aquifers (figs. 1.1–1.3). 
A second-order polynomial equation (Olea, 1975, 2009) 
(eq. 2 in report) was used to refine the planar surfaces from 
equation 1 for the Chicot, Evangeline, and Jasper aquifers 
(figs. 1.4–1.6) to provide a better fit to the water-level-altitude 
data collected in 2020 (Ramage and Braun, 2020). 
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    Texas, Bureau of Economic Geology, 1968; 
    Baker, 1979)
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Figure 1.1.  Planar surface of 2020 water-level altitudes for the Chicot aquifer in the greater Houston study area, Texas, produced from 
a first-order polynomial equation.
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Figure 1.2.  Planar surface of 2020 water-level altitudes for the Evangeline aquifer in the greater Houston study area, Texas, produced 
from a first-order polynomial equation.
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Figure 1.3.  Planar surface of 2020 water-level altitudes for the Jasper aquifer in the greater Houston study area, Texas, produced from 
a first-order polynomial equation.
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Figure 1.4.  Planar surface of 2020 water-level altitudes for the Chicot aquifer in the greater Houston study area, Texas, produced from 
a second-order polynomial equation.
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Figure 1.5.  Planar surface of 2020 water-level altitudes for the Evangeline aquifer in the greater Houston study area, Texas, produced 
from a second-order polynomial equation.
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Figure 1.6.  Planar surface of 2020 water-level altitudes for the Jasper aquifer in the greater Houston study area, Texas, produced from 
a second-order polynomial equation.
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