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Introduction

The Department of Energy (DOE), including its National Energy Technology Laboratory and West Coast
Regional Carbon Sequestration Partnership (WESTCARB), have established national programs to evaluate the
technical feasibility of long-term subsurface geologic storage of carbon dioxide (CO2) produced by industrial
activity. WESTCARB is a consortium of seven western U.S. States and one Canadian Province that is one of seven
regional North American partnerships established to evaluate technical aspects of high-volume CO2 capture and
sequestration. Collaborative WESTCARB research programs have included more than 90 public agencies, private
companies, and non-profit organizations. The Arizona Geological Survey (AZGS) began work in 2010 on WESTCARB
Phase III – Arizona Geological Characterization.
As part of WESTCARB Phase III, the AZGS is evaluating the potential for CO2 sequestration in geologic
formations that are below a level of 800 meters (m) depth below land surface (bls). Arizona geological
characterization is directed at porous and permeable geologic formations with overlying impermeable sealing
strata in Cenozoic sedimentary basins in the Basin and Range physiographic and tectonic province, and Paleozoic
sedimentary formations in the Colorado Plateau. An initial screening of Cenozoic sedimentary basins with
significant depth and volume below the 800 m bls level resulted in ten candidate basins from a total of 88 basins
(Spencer, 2011). This report represents a WESTCARB assessment of CO2 storage potential in the Willcox basin,
which is one of ten Cenozoic basins in Arizona identified for future study during the preliminary evaluation
(Spencer, 2011), and is part of Tasks 2 and 3 of Arizona WESTCARB Phase III (California Energy Commission
Agreement Number 500-10-024). Task 2 consists primarily of characterizing basin structure, stratigraphy, lithology,
and the nature of seals or a cap rock. This task also includes determining the storage capacity of permeable
sediments below 800 m depth. Task 3 is to determine if, and at what depth, saline groundwater exceeds 10,000
milligrams per liter (mg/L) of total dissolved solids (TDS), criteria necessary for injection and storage of CO2.
Carbon dioxide storage capacity can be estimated based on the extent of permeable strata underlying
impermeable strata that is saturated with groundwater containing a TDS concentration above 10,000 mg/L.

2

Approach and Methods

The DOE National Energy Technology Laboratory and Regional Carbon Sequestration Partnerships have
developed methodologies for characterizing CO 2 sequestration potential in major geological systems, in particular
saline formations (DOE, 2010), which is the focus of this study. The methods outlined herein are intended to
collect, analyze and interpret data that meet basic criteria for characterizing a potential for carbon dioxide
capture and storage (CCS) in saline aquifers. Although basalt is being considered for future opportunities in CCS,
and basalt is likely interbedded with basin-fill sediments in the Willcox basin (Cooper, 1960; Brown and Schumann,
1969), basalt is not the focus of this characterization. Furthermore, no attempt was made to establish criteria
based on vicinity to population or infrastructure as part of this assessment.
To meet basic criteria for CCS potential, an initial screening of Cenozoic sedimentary basins in Arizona was
performed by Spencer (2011) that included an assessment of the volume of clastic sedimentary formations below
a depth of 800 m bls. Although strata and salinity conditions at depths greater than 800 m are not well understood
because of sparse data coverage, the large volume of these basins, and the potential for saline conditions and lowpermeability caprock such as evaporites or clay, indicate that further study is warranted. Spencer (2011) identified
3
10 Cenozoic sedimentary basins in Arizona with greater than 400 cubic kilometers (km ) of sedimentary material
below 800 m bls. These basins, selected for further study, include Willcox basin, with a calculated sediment volume
3
of 405 km below 800 m bls.
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Collection, compilation, and quality assurance/quality control of well-log databases and relevant waterquality data were a major effort in this assessment. In addition, numerous published and unpublished previous
studies were screened for applicability, acquired, scanned to PDF and in many cases georeferenced into ArcMap
project files by Arizona Geological Survey (AZGS) geologists Diane S. Love and Michael Mahan. These data sets
were used to modify the existing depth-to-bedrock map (Richard et al., 2007) and build two- and threedimensional models for constructing geologic cross-sections and basin analysis. A more detailed discussion of
approach and methodology is included in a study of the Safford basin (Gootee, 2012)

3

Geological Evaluation

The Willcox basin is a northwest-trending, sediment-filled, late Cenozoic structural basin in southeastern
Arizona within the Basin and Range tectonic and physiographic province (Figure 1; Plate 1). The basin is bound by
a complex assemblage of rock types and structures in the Santa Teresa, Pinaleño, Dos Cabezas and Chiricahua
mountains to the northeast, and the Galiuro, Winchester, Little Dragoon, Dragoon, Pearce and Swisshelm
2
2
mountains to the southwest. The basin covers an area of 3,847 km (1,485 square miles [mi ]), with a maximum
accumulation of basin-fill sediments reaching 1,800 m (5,800 feet [ft]) thick. The geographic extent of the basin
2
2
with basin-fill sediment at depths greater than 800 m is 900 km (348 mi ), or 23% of the basin (delineated in Plate
1). The Willcox basin is approximately 160 km long (100 mi) and 15 to 45 km (10 to 30 mi) wide and is
predominantly a closed basin. Surrounded by topographically higher areas, most drainage in the Willcox basin is
2
2
internal and terminates in Willcox Playa (Towne and Freark, 2001), which covers an area of 129 km (50 mi ) and is
located in the center of the basin. Willcox Playa overlies the deepest part of the basin. The volume of basin-fill
3
3
sediments in the Willcox basin was calculated to be 1,980 km with 405 km (20%) at depths greater than 800 m
bls (Spencer, 2011).

Well Data
From approximately 4,800 wells drilled in Willcox basin, we identified 58 wells with lithologic borehole
data pertinent to this evaluation. Wells used for subsurface geologic evaluation are plotted in Plate 1 and listed in
Appendix A. Borehole log data are listed in Appendix B. Only 5 wells in the basin were drilled below 800 m depth.
Only 34 of the Arizona Department of Water Resources (ADWR) wells (ADWR, 2011) have lithologic logs for wells
below 1,000 ft depth (382 m), a secondary depth-criteria used for the Willcox basin. An additional 12 ADWR wells
greater than 382 m encountered salt beds or volcanic rocks interbedded with basin-fill sediments, for a total of 46
ADWR wells used for subsurface evaluation. Twelve (12) relatively deep oil and gas wells (Arizona Oil and Gas
Conservation Commission [AZ OGCC] wells) in the Willcox basin contributed scarce yet valuable lithologic data near
or below 800 m depth. The deepest oil and gas well in the Willcox basin (OG well 203) was drilled to 2,092 m
(6,865 ft), completed in Cretaceous-(?) sedimentary rocks, the only well in the basin with geophysical logs
(Appendix C). Thirty-two (32) seismic-reflection profiles were identified within Willcox basin (shown and listed in
Appendix D); however, these data remain proprietary and are not included in this evaluation. Only one of these
survey lines (WGC1) was completed across the deepest part of the basin.
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Figure 1. Location map of the Willcox basin copied from Plate 1.
Lithologic data were checked against the existing depth-to-bedrock map (Richard et al., 2007) and minor
adjustments were made to each depth-contour that had the effect of enlarging the areas enclosed by the contours
(Plate 1). Changes in depth-to-bedrock contours were not considered sufficient to re-calculate volume of basin-fill
sediments from Spencer (2011). The presence of volcanic rocks interbedded with basin-fill sediments, identified in
recently drilled wells (subsequent to modeled bedrock by Oppenheimer and Sumner, 1981), may result in
underestimation of the actual depth-to-bedrock (especially if the volcanic rocks are thick and dense basalts). Thus
basin-fill sediments may be thicker than currently modeled. The depth-to-bedrock contours suggest a
Geologic Evaluation of the Willcox Basin for CO2 Sequestration
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predominantly graben structure, and possibly hinged half-graben structure. Two minor Quaternary faults have
been mapped along the western basin margin (Machette et al., 1986) (Plate 1).

Geologic Characterization
Based on available well data and lithology logs, five (5) geologic cross-sections were constructed across
the Willcox basin (Plate 2). These cross-sections coincide with areas where basin depths exceed 800 m and with
published cross-sections (Brown and Schumann, 1969; Witcher, 1982; and Drewes et al., 1985). Basin-fill was
divided by Brown and Schumann (1969) into the upper “Unconsolidated alluvium” and lower “Consolidated
alluvium”, herein informally referred to as the upper and lower basin-fill units, respectively (Figure 2 and Plate 2).
Brown and Schumann (1969) differentiated the two basin-fill units based on the degree of consolidation and
deformation present in outcrops exposed along the northern, western and southeastern margins of the basin. The
upper basin-fill unit represents flat-lying, unconsolidated and non-deformed alluvial deposits, equivalent to
geologic map units Q and Qy. The lower basin-fill unit exhibits a higher degree of consolidation and deformation
such as tilting and faulting, and also includes interbedded basalt flows (Cooper, 1960). The lower basin-fill unit is
equivalent to geologic map unit Tsy; however, these two units may not correlate at depth. An unconformity is
present between the upper and lower basin-fill units, where exposed; however, the basin-wide extent and depth
of the contact between the upper and lower units is not apparent in driller’s logs. This unconformity may be
similar in age and genesis to basin-fill sediments in nearby Safford (Houser et al., 1990) and Tucson (Houser et al.,
2004) basins; however, existing subsurface data are insufficient to discern this division in the subsurface. The
basin-fill stratigraphy, age and structure in the Willcox basin remains poorly understood.

Figure 2. Geologic cross-section E-E' across the central Willcox basin. Wells are projected into cross-section.
See Plate 2 for explanation of other symbols, including borehole lithology.

Although the division between the basin-fill units by Brown and Schumann (1969) are added to new crosssections constructed for this study, well borehole data were grouped into primary lithologic variations such as
‘predominantly clay’, ‘predominantly coarse-clastics’, ‘evaporite deposits’, etc., to discern stratigraphy and
lithology. Lithology types in Willcox basin are predominantly siliciclastics derived from a large variety of rock types,
but mostly from volcanic and plutonic terrains. Paleozoic and Mesozoic sedimentary limestone, dolostone and
sandstone are present along basin margins and likely make up some portion of bedrock underlying basin-fill
deposits (shown in one cross section on Plate 2, copied from Drewes et al., 1985). Drewes et al. (1985) infer that
bedrock underlying basin-fill sediments in the southern part of Willcox basin consists of folded and faulted
Paleozoic and Mesozoic sedimentary rocks, up to several thousand meters thick.
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Basin-fill consists primarily of low-gradient, proximal alluvial fan deposits grading into distal alluvial fan
and playa deposits towards basin centers. Gypsum and salt are recorded in driller logs, but do not appear to be
thick and continuous. Limestone or limey-clastic deposits are present in some wells at depths near and below 800
m depth. Basalt flows are found interbedded with basin-fill deposits in outcrops along basin margins (Cooper,
1960; Brown and Schumann, 1969), interpreted to represent lower basin-fill stratigraphy. Basalt flows have also
been encountered in wells, most likely interbedded in lower basin-fill sediments. Basin-fill sediments below the
800 m depth range from approximately 500 to 1,000 m (1,640 to 3,280 ft) thick. Data on the physical properties of
basin-fill sediments such as porosity, permeability, fractures, tilted bedding and folding are limited to sparse
outcrops along basin margins, and geophysical logs from OG well 203.
Impermeable strata, which consist of largely or entirely clay, halite, and gypsum, were identified from
driller logs and are represented in cross-section (Plate 2). Impermeable strata are indicated by confined, semiconfined and unconfined groundwater conditions present in the Willcox basin, above and below the 800 m depth
level (Witcher, 1982). No obvious impermeable bodies or extensive sealing conditions appear to be present near or
below the 800 m depth level; however, this inference is based on only a small amount of data and could be
inaccurate. Thin and discontinuous gypsiferous deposits were identified in only a few deep wells, and only one well
encountered halite beds of unknown thickness well above 800 m depth. However, salt could be associated with
the gravity lows in the areas of cross section B-B’, the southeastern end of A-A’, and below the Willcox Playa,
which remain untested (Rauzi, 2002). Thus, the existence of sealing bodies and/or sealing conditions in the Willcox
basin is uncertain.
Geothermal groundwater, defined as groundwater with surface discharge temperature of 20°C or greater
and at least 10°C higher than the mean annual air temperature [Witcher, 1982], is often associated with artesian
groundwater flow and has been identified beneath the upper basin-fill unit. Witcher (1982) found that some wells
have a lower TDS with increasing geothermal temperature. Both positive and negative geothermal gradients are
present in Willcox basin (Witcher, 1982). Geothermal conditions are not well understood and remain untested
below depths of 1,000 m. Gas and oil showings were reported in oil and gas well 203 between 1,310 and 1,524 mbls (4,300 and 5,000 ft-bls). Geothermal groundwater in well 203 increased from 54°C to 87°C (130°F to 188°F)
between 800 m and 2,090 m bls. Witcher (1982) reported widespread geothermal conditions (35°C to 50°C),
apparently at depths between 500 m and 700 m under confined and semi-confined conditions.

Salinity
Saline groundwater of 10,000 mg/L or greater is considered necessary for injection and storage of CO 2
within permeable strata below 800 m depth. Data regarding chemical characteristics of groundwater near or
below 800 m depth are extremely limited in the Willcox basin. Only three of the five wells below 800 m depth have
salinity records, all below 320 (mg/L) TDS (USGS NWIS, 2011; Witcher, 1982) (Plate 1). Elevated salinity between
1,000 and 3,000 mg/L characterizes groundwater at shallow depths, predominantly underneath Willcox Playa, and
is associated with recharge from irrigation (Towne, 2001). Daniel (1981) indicated salinity increases with depth in
the north of the Willcox Playa; however, salinity concentration distribution and salinity with depth remain
essentially unknown.
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Summary and Discussion

The potential for sequestering CO2 in saline groundwater within basin-fill sediments, or underlying
sedimentary rocks, in the Willcox basin is uncertain. Based on available data, the presence of an extensive seal or
capping unit, and of voluminous saline groundwater above 10,000 mg/L, could not be identified. Thus, significant
storage capacity in permeable sediments that host saline aquifers underlying an impermeable capping unit could
not be identified. The lack of depth, quality and location of well data in the basin preclude adequate geologic
characterization to assess favorable or unfavorable conditions for storage of CO2. Acquisition and analysis of
existing seismic data would be a valuable and practical tool for furthering research of basin-fill stratigraphy and
structure. In addition, the deepest parts of the Willcox basin remain undrilled and untested.

Short Summary of the Geologic Evaluation of the Willcox Basin for CO 2 Sequestration
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