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Introduction

The Rio Rico and Nogales (Arizona) 1:24,000-scale
quadrangles are located in the Basin and Range Province of
southern Arizona, and the southern edge of the map is the
international border with Sonora, Mexico (figs. 1 and 2). The
major urban area is Nogales, a binational city known as “the
gateway to Mexico.” Rocks exposed in the map area range in
age from Jurassic through Quaternary (fig. 3). Major phys-
iographic, geologic, and hydrologic features in the map area
include the southern San Cayetano Mountains, Grosvenor
Hills, and Sonoita Creek in the northern part, and Mount
Benedict and the Mount Benedict horst block in the south-
central part (figs. 1 and 2). The horst block is bounded by the
Santa Cruz River on the east and Nogales Wash (tributary to
the Santa Cruz River) on the west.

The objectives of our mapping were to define the geo-
logic framework for the Nogales area and the upper Santa
Cruz basin (fig. 2) (Callegary and others, 2011; Page and
others, 2011), to support ongoing multidisciplinary projects.
These projects include the U.S. Geological Survey (USGS)
Tucson Water Science Center Transboundary Aquifer Act
Project (hydrologic and climatic modeling and water qual-
ity and quantity studies of the upper Santa Cruz basin); the
United States-Mexico Border Environmental Health Initiative
(evaluating contaminants in the basin and impacts to human
and wildlife health); and the assessment of concealed porphyry
copper deposits in the region. This work will also provide fun-
damental data used for flood hazard and water storage investi-
gations in the Nogales Wash and Santa Cruz River areas, and
in efforts to detect and predict the location of illegal tunnels
beneath the international border. We significantly revised
the Miocene Nogales Formation based on geologic mapping
combined with new geochronologic, geophysical, and hydro-
geologic studies. The Nogales Formation is poorly understood
because it has not been mapped in detail, and in turn, its
groundwater resource potential is poorly known. This new
work will improve understanding of the Nogales Formation to
more fully assess its groundwater resource potential (Gray and
others, 2014).

Previous regional-scale geologic mapping in the area
was completed by Simons (1974), Drewes (1972, 1980),
and Peterson and others (1990). Gettings and Houser (1997)
and Gettings (2002) described the geometry and structure of
the upper Santa Cruz basin based mostly on aeromagnetic,
gravity and other geophysical data, and well data. Youberg
and Helmick (2001) mapped the adjacent Tubac and Amado
1:24,000-scale quadrangles (fig. 2), with emphasis on defining
the surficial geology in terms of assessing geologic hazards
and geomorphology.

Methods

Bedrock geology was digitally mapped in ArcMap
(version 9.3.1), with the aid of 2010 National Agriculture
Imagery Program (NAIP) orthophotography, imagery viewed
with Google Earth, 1996 National Aerial Photography Program
(NAPP) 1:40,000-scale color infrared aerial photographs, and
1:24,000 and 1:100,000-scale topographic maps. Mesozoic
bedrock units were compiled from existing published geologic
maps in the area, including those of Simons (1974), and Drewes
(1972, 1980); most bedrock unit descriptions were from these
reports with minor modifications, and the location of some con-
tacts and faults were slightly adjusted based on interpretation
of orthophotography and imagery viewed with Google Earth.
Simons (1974) mapped numerous northwest-trending dikes in
the Jurassic Quartz Monzonite of Mount Benedict and in the
Salero Formation in the San Cayetano Mountains. These dikes
were not shown on this geologic map because of difficulty geo-
referencing and reproducing their precise locations; see Simons
(1974) for location and description of these dikes.

Due to the scarcity of deep drill holes with subsurface
data in the map area, the location, geometry and thickness of
the Nogales Formation, and estimated depth to Cretaceous
and Jurassic bedrock shown in cross sections were based
primarily on geophysical models, combined with data from
surface outcrops. Contacts between members of the Nogales
Formation are approximately located in cross sections, where
not constrained by nearby outcrops.
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Most previous geologic mapping within the Rio
Rico—Nogales area could not be used in the compilation of
Quaternary surficial deposits, because these published maps do
not define Quaternary units in sufficient levels of detail or cov-
erage. Thus, the surficial geology in the map area was com-
piled from interpretation of stereoscopic pairs of 1996 NAPP
color-infrared aerial photography (1:40,000-scale), 2010
NAIP orthophotography, imagery viewed with Google Earth,
topographic data, and digital soils data (U.S. Department of
Agriculture Natural Resources Conservation Service, 2008),
using previous mapping in adjacent areas by Youberg and
Helmick (2001) and Helmick (1986) as a guide. The surficial
geology was digitally mapped on the NAIP imagery using
ArcMap GIS software. Interpretive mapping was constrained
by, and unit description and age estimates are based on data
collected at GPS-located field stations along a series of
traverses. Terrace heights were estimated from 1:24,000-scale
topographic maps, Digital Elevation Model (DEM) data, and
for lower (younger) units, local field measurements.

Surficial units are classified and mapped on the basis of
both their genesis and relative age. These units are primarily
alluvial in origin and were deposited either by axial streams
and their major tributaries or by distributed, shallow, channel
systems on piedmont alluvial fans, which also include sedi-
ment deposited by debris flows. Age estimates for the deposits
are based primarily on age-related physical characteristics
that change progressively with time. Chief among these are

Methods 5

preservation of original depositional form or microtopography
(for example, bar-and-swale morphology), development of
desert pavement, degree of varnish development and amount
of physical weathering of clasts (Bull, 1991), and the degree
of soil development. The latter includes depth and degree of
alteration of surficial deposits (parent materials), accumula-
tion of secondary materials (such as eolian silt, illuvial clay,
and (or) carbonate), and soil horizon morphology (Birkeland,
1999). The relative heights of stream-terrace and tributary-fan
deposits provide an additional constraint on age estimates,
because progressive and persistent dissection of major and
tributary drainage systems, punctuated by periodic deposi-
tional events, produces a series of deposits where progres-
sively younger deposits are inset within and topographically
lower than older deposits. No radiometric ages have been
obtained for Pliocene or Quaternary deposits in the map area.
Thus general age designations for these units are based on cor-
relations with chronosequences developed in adjacent mapped
areas (Helmick, 1986; Pearthree and Biggs, 1999; Pearthree
and Youberg, 2000; Youberg and Helmick, 2001; Lindsey and
Van Gosen, 2010).

(Division of Pliocene-Quaternary time used in this report
is from Cohen and others [2014]: Pliocene, 5.33-2.58 Ma; early
Pleistocene [Calabrian and Gelasian], 2.58 Ma—781,000 yr;
middle Pleistocene 781,000-126,000 yr; late Pleistocene,
126,000—-11,700 yr; Holocene, 11,700-0 yr. Map unit symbols
for Quaternary deposits follow Youberg and Helmick (2001) to
retain consistency with previous mapping in adjacent areas).
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DESCRIPTION OF MAP UNITS
ALLUVIAL AND BASIN-FILL DEPOSITS

Qycr Active river-channel deposits (latest Holocene)—Modern river channel deposits of Youberg and Helmick
(2001). Alluvium transported and deposited by discrete channel systems during the past several years to
decades. Unit mapped mostly along sections of the Santa Cruz River, Nogales Wash, and Sonoita Creek
(fig. 1). Channels are anastomosing to braided systems of small subchannels and low bars (local relief as
much as 1-2 m) within a larger discrete meandering channel belt up to tens of meters wide. In urbanized
areas of Nogales, from the diversion tunnel north of the international border to the Mariposa Canyon area,
channel of Nogales Wash is artificially restrained within concrete abutments. Deposits are composed of
unconsolidated, poorly to moderately sorted, weakly to moderately bedded, and interstratified silt, fine to
coarse sand, and pebble- cobble-, and locally small-boulder gravel. Clasts rounded to subangular. No dis-
cernible modification of original depositional surfaces. No soil development other than very thin (<1-2 cm)
surface crusts composed of silt and very fine sand in channel reaches that have not had recent flows. Most
reaches currently experience discontinuous, intermittent to ephemeral flow, with the exception of Nogales
Wash and nearby downstream reaches of the Santa Cruz River that receive limited perennial artificial
recharge from south of the international border at Nogales. Many channels locally contain significant sparse
to dense growths of riparian vegetation. Most large channels are prone to moderate to extreme flow dis-
charges during prolonged and (or) intense precipitation events. Larger flooding episodes commonly are
associated with major sediment transport, deposition, and local erosion within channels and adjacent lowland
areas. Main channel system generally incised 1-5 m below lowest river terraces of units Qyr2 and Qyr1.
Much of the most recent valley incision is related to pronounced arroyo incision that initiated in the late
1880s along all major drainages in the region (Betancourt, 1990; Wood and others, 1999). Estimated thick-
ness 1-3 m

Qyr2 Young river floodplain and terrace deposits (Iate Holocene)—Part of Holocene floodplain and terrace deposits
of Youberg and Helmick (2001). Alluvial deposits associated with floodplain and lowest-level river terraces
flanking main channels on valley floors of major drainages. Surfaces occasionally flooded. Mapped mostly
along sections of the Santa Cruz River, Nogales Wash, and Sonoita Creek. Locally includes active channel
deposits too narrow to map separately. Unit associated with flat to gently undulating (local relief generally
<50 cm), low floodplain surfaces, many abandoned after post-1880s arroyo cutting, and one or more higher
terraces within heights of 1 to 2 m above adjacent active channels. Deposits are composed of unconsolidated,
poorly to moderately sorted, poorly to moderately bedded, and interstratified sand, silt, and pebble-, cobble-,
and locally small-boulder gravel, with a larger percentage of fine-grained components in the upper part of
the unit. Clasts rounded to subangular. Surfaces typically extensive and undissected. Original depositional
surfaces artificially altered to varying degrees by agricultural development or urbanization, but display little
to no natural surface modification. Soil development weak and restricted to the accumulation of fine silt and
sand at shallow depths. Estimated thickness 1-3 m

Qyr1 Young river terrace deposits (Holocene)—Part of Holocene floodplain and terrace deposits of Youberg and
Helmick (2001). Alluvial deposits associated with low-level river terraces on valley floors of major drain-
ages. Surfaces have not received discharge or alluvial sediment in the past several decades to millennium.
Mapped primarily along the Santa Cruz River, Nogales Wash, and Sonoita Creek. Locally includes active
channel deposits too narrow to map separately. Unit associated with terrace surfaces about 2—5 m above
adjacent active channels and 1-3 m above lower Qyr2 terraces. Deposits are composed of weakly consoli-
dated, poorly to moderately sorted, poorly bedded, and interstratified silt, sand, and pebble to cobble gravel.
Clasts rounded to subangular. Original depositional surfaces artificially altered by agricultural development
or urbanization. Natural surface modification limited to some smoothing of original depositional surfaces
and development of light varnish on surface clasts. Incipient to weak soil development to depths of 1-1.5 m.
Soils on the highest (oldest) terraces characterized by A or Av, Bw, and Bk horizons with stage I carbonate
morphology. Estimated thickness 1-3 m

Qy Young alluvial deposits, undivided (Holocene)—Undifferentiated Holocene alluvium of Youberg and Helmick
(2001). Deposits associated with channels, adjacent floodplains, low terraces, and small alluvial fans along
tributaries to major drainages. Locally includes deposits forming narrow alluvial plains at the toe of pied-
mont slopes along the Santa Cruz River valley margin. Most surfaces are 0.5 to 3 m above active local
channels. Lower surfaces rarely to occasionally flooded within decadal to millennial time scales by high-
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discharge runoff during extreme precipitation events, whereas higher surfaces are rarely if ever inundated.
Deposits are composed of unconsolidated to very weakly consolidated, poorly to moderately sorted, poorly
bedded, and interstratified sand, silt, and pebble to cobble gravel, with an increase in fine-grained sediment
near the top of the unit. Locally contains a few scattered small boulders. Clasts rounded to subangular. Clast
size and relative abundance typically decrease downstream from mostly sandy pebble-cobble gravel in
upland reaches to sand and pebbly gravel in distal reaches. Unit subdivided into Qy2 and Qy1 where more
than one set of Holocene alluvial deposits are discernible. Estimated thickness 1-3 m

Qy2 Younger of the young alluvial deposits (late Holocene)—Late Holocene alluvium of Youberg and Helmick
(2001). Deposits associated with channels, adjacent floodplains, lowest terraces, and small alluvial fans
along tributary drainages. Forms surfaces mostly 0.5 to 2 m above active local channels in tributary drain-
ages and at the toe of piedmont slopes along the Santa Cruz River valley margin. Surfaces generally flat to
gently undulating, and undissected with minimal or no modification of original depositional surface. No to
very weak soil development, limited to thin fine-grained A horizons developed on some terrace surfaces.
Estimated thickness 1-3 m

Qy1 Older of the young alluvial deposits (Holocene)—Holocene alluvium of Youberg and Helmick (2001).
Deposits associated with low terraces locally preserved along margins of incised tributary valleys at heights
of 2 to 3 m above active channels; also may include some small fan remnants near canyon mouths of the
tributary drainages. Surfaces generally flat to gently undulating with minor dissection by widely spaced shal-
low rills. Some smoothing of original depositional surfaces, poorly preserved bar-and-swale morphology, and
incipient pavement development. Some surface clasts are physically weathered and (or) lightly varnished.
Very weak to weak soil development, about 1-1.5 m deep, characterized by Av, Bw, and Bk horizons with
thin stage I carbonate morphology. Estimated thickness 1-3 m

Qlr Young intermediate river-terrace deposits, undivided (late Pleistocene)—Late Pleistocene river terraces of
Youberg and Helmick (2001). Alluvial deposits associated with intermediate-height terraces preserved along
valley margins of major drainages. Unit mapped along sections of Santa Cruz River, Nogales Wash, and
Sonoita Creek. Terrace surfaces are generally 8 to 25 m above active channels, and flat to gently sloping
with mostly minor low-relief dissection. Deposits are composed of unconsolidated, poorly sorted, poorly
bedded, and interstratified sand, gravelly sand, and sandy pebble-, cobble-, and minor boulder-gravel. Clasts
subangular to rounded. Varnish on surface clasts imparts orange to reddish-brown coloration to terrace
surfaces in outcrop and on color photographic imagery. Unit subdivided into QIr2 and QlIr1 where more than
one set of late Pleistocene alluvial deposits are discernible. Thickness typically 1 to 2 m, but locally up to
3to4m

QIr2 Younger of the young intermediate river-terrace deposits (late Pleistocene)—Part of late Pleistocene river
terraces of Youberg and Helmick (2001). Generally forms the more prominent, wider and less dissected set
of terraces, at heights of 8 to 15 m above adjacent channels. Surfaces have weakly to locally moderately
developed pavement, light-toned orange to pale red varnish, and weak to locally moderate physical clast
weathering. Generally moderate soil development, to depths of 1-1.5 m, characterized by distinct Av hori-
zons, weak to moderately developed Bt horizons, and Bk horizons with stage I-1I carbonate morphology.
Typically 1 to 2 m thick

Qlr1 Older of the young intermediate river-terrace deposits (late Pleistocene)—Part of late Pleistocene river ter-
races of Youberg and Helmick (2001). Generally forms terraces with minor to moderate dissection, at heights
of 10 to 25 m above adjacent channels. Surfaces have weakly to moderately developed pavements, bright
orange to reddish-brown varnish, and weak to moderate physical clast weathering. Moderate soil develop-
ment, to depths of 1-1.5 m, characterized by distinct Av horizons, weak to moderately developed Bt hori-
zons, and Bk horizons with stage II carbonate morphology. Typically 1 to 2 m thick

Ql Young intermediate alluvial deposits, undivided (late Pleistocene)—Late Pleistocene alluvium of Youberg and
Helmick (2001). Deposits associated with intermediate-height terraces and alluvial fans along tributaries to
major drainages. Top of unit commonly projects to, or grades to top of unit Qlr. Deposits of unit Ql typi-
cally overlie older sediments and (or) bedrock. Surfaces flat to gently undulating benches at heights of 5 to
25 m above adjacent channels. Deposits are composed of unconsolidated, poorly sorted, poorly bedded, and
interstratified sand, gravelly sand, and sandy gravel. Clasts mainly subrounded to subangular and range in
size from pebbles to cobbles, with local scattered small boulders. Varnish on surface clasts imparts an overall
orange to reddish brown coloration to surfaces in outcrop and color photographic imagery. Unit subdivided
into QI2 and QI1 where more than one set of late Pleistocene alluvial deposits are discernible. Typically 1 to
2 m thick
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Younger of the young intermediate alluvial deposits (late Pleistocene)—Latest Pleistocene member of
Youberg and Helmick (2001). Forms benches 5 to 10 m above adjacent channels in valley floors of tributary
drainages. Surfaces slightly dissected by widely spaced gullies and rills 1 to 2 m deep. Original surface mor-
phology slightly to moderately modified by weak to locally moderate pavement, light-toned orange to pale-
red varnish, and weak to locally moderate physical clast weathering. Moderate soil development, to depths of
1-1.5 m, characterized by distinct Av horizons, weakly to moderate developed Bt horizons, and Bk horizons
with stage I-II carbonate morphology. Typically 1 to 2 m thick

Older of the young intermediate alluvial deposits (late Pleistocene)—Late Pleistocene member of Youberg
and Helmick (2001). Forms benches 12 to 25 m above adjacent channels in valley floors of tributary drain-
ages. Surfaces characterized by broad, gently rounded to locally flat interfluves interspersed with widely
spaced gullies and rills 2 to 5 m deep. Original depositional surface modified by moderate to weak pavement
development, moderate to locally strong reddish brown to orange varnish, and moderate to weak physical
clast weathering. Generally moderate soil development, to depths of 1-1.5 m, characterized by distinct Av
horizons, weakly to moderately developed Bt horizons, and Bk horizons with stage I-1I+ carbonate morphol-
ogy. Typically 1 to 2 m thick

Older intermediate river-terrace deposits (middle Pleistocene)—Middle Pleistocene river terrace deposits

of Youberg and Helmick (2001). Alluvial deposits associated with scattered remnants of high-level terraces
along Sonoita Creek. Terrace deposits form accordant series of broad, rounded, isolated benches, 5 to 10 m
wide and about 30 to 40 m above active channels of adjacent drainage. Deposits are composed of uncon-
solidated, poorly sorted, poorly bedded, interstratified sand and gravel. Clasts mainly subangular to rounded
and range in size from pebbles to cobbles, with scattered small boulders. Surfaces typically have moderate
to strong modification of original morphology, with moderate to locally strong pavements that subsequently
have been partially stripped, moderate to strong physical clast weathering, and moderate to strong varnish on
surface clasts. Varnish on surface clasts imparts dark-reddish-orange to brown coloration to terrace surfaces
in outcrop and on color photographic imagery. Locally eroded, moderately to strongly developed soils, about
1-2 m thick, characterized by well-developed, clay-rich Bt horizons, and Bk and cemented K horizons with
stage [I+ and III+ carbonate morphology, respectively. Typically 1 to 3 m thick

Older intermediate alluvial deposits (middle Pleistocene)—Middle Pleistocene alluvium of Youberg and

Helmick (2001). Deposits preserved mainly as isolated and scattered erosional remnants of high-level
terraces and alluvial fans related to tributary drainages. Surfaces typically strongly dissected, with broad,
rounded interfluves, and benches at relative heights of 10 to 30 m above incised tributary channels. Deposits
are composed of unconsolidated, poorly sorted, poorly bedded, and interstratified sand and gravel. Clasts
mainly subangular to rounded, and range in size from pebbles to cobbles with scattered small boulders.
Moderate to strong modification of original surface morphology, with moderate to locally strong pavements
that subsequently have been partially stripped, moderate to strong physical clast weathering, and moderate
to strong varnish on surface clasts. Varnish on surface clasts imparts dark reddish-brown or orange-brown
coloration to surfaces in outcrop and on color photographic imagery. Locally eroded, moderately to strongly
developed soils, about 1-2 m thick, characterized by well-developed, clay-rich Bt horizons, and Bk and
cemented K horizons with II to III+ carbonate morphology, respectively. Typically 0.5 to 3 m thick

Old alluvial deposits (early Pleistocene)—Early Pleistocene alluvium of Youberg and Helmick (2001). Alluvial-

fan deposits preserved on a ridge crest about 170 m above the channel of the Santa Cruz River near the
northwestern corner of the map area, where the deposits overlie unit QTa. North of the map area, unit is
more extensively preserved east and west of the Santa Cruz River (Youberg and Helmick, 2001; Lindsey and
VanGosen, 2010). Deposits are composed of moderately to thickly bedded, moderately to weakly consoli-
dated sandy gravel to gravelly sand. Clasts typically subrounded to angular, and range in size from pebbles
to cobbles, with a few scattered small boulders. Clasts are derived locally from adjacent highlands. Origi-
nal surface is strongly modified and only partially preserved, with some erosional remnants of strongly to
moderately varnished surface clasts on partially stripped former pavements. Locally preserved surface soil is
characterized by a strongly developed Bt horizon above a well cemented K horizon with stage IV-V carbon-
ate morphology, which includes laminar carbonate at the top of the K horizon. Deposits range in thickness
from 1 to 2 m above exposures of gently westward sloping basal contact

Alluvial basin fill (early Pleistocene? to Miocene)—Early Pleistocene to Pliocene alluvium of Youberg and

Helmick (2001). Deposits of basin-fill sediment overlying Nogales Formation and bedrock units. Unit
consists of stratified sequences of mostly alluvial-fan deposits that are deeply eroded and dissected into a
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series of ridges and ravines (ballena topography), with local relief of 10 to 70 m. No original depositional
surfaces are preserved. Deposits are composed of light-reddish-brown, and pinkish-gray to light-gray, weakly
consolidated, moderately to poorly bedded, and interstratified sandy gravel and gravelly sand. Locally
includes finer-grained sections of mostly sand and pebbly sand. Bedding contacts diffuse to gradational in
character. Clasts commonly subangular to subrounded, and range in size from pebbles to cobbles. Clasts
are composed of various rock types exposed along basin margins. Volcanic rock types, including rhyolite,
rhyodacite, and dacitic flows and tuffs, are most common, but some sections, especially near the base of unit,
contain significant granitic clasts in areas near exposed granitic bedrock. Vertical exposures of unit erode to
form characteristic shallow vertical fluting that crosscuts bedding. Bedding dips are typically shallow and
oriented in a basinward direction. Generally few fractures, faults or bedding partings are present in most
exposures. Unit differentiated from sediments of the underlying Nogales Formation based on weak indura-
tion, diffused bedding, vertical fluting in outcrop, and general absence of deformation. The exception is the
basal part of the unit, which exhibits local internal faulting, and is slightly more indurated and has greater
stratal tilt relative to sediments higher in the unit. Basal part of unit QTa is faulted against the informally
named Mariposa member of Nogales Formation along Interstate 19 south of Potrero Creek; along the
Rio Rico fault on the west flank of the San Cayetano Mountains (fig. 2), where unit QTa in the hanging wall
is faulted against Salero Formation in the footwall; and at Crawford Hill where unit QTa is faulted against
the Nogales Wash member (informal name) of the Nogales Formation. Thickness of unit poorly constrained,
but exposed sections, combined with subsurface estimates based on geophysical and borehole data, suggest
thicknesses of 50—100 m; possibly as much as 150 m thick in deeper subbasins

QTu Alluvium and basin-fill deposits, undivided (Holocene to Miocene)—Shown in cross sections only; maximum
thickness about 150 m

Nogales Formation (Miocene)—Includes informally named Mariposa, No