lake/swamp/marsh) and lacustrine (deep, relatively permanent lake) depositional systems
of Tertiary age.
During Pleistocene time, hundreds of feet of the Basin Fill Complex deposits were eroded
and carried out of the study area. The results of these erosion processes were the deep
arroyos and broad terraces that step up and away from the Gila River. The remnants of
relatively thin alluvial fan and fluvial deposits of Pleistocene age mantle the multiple
terraced exposures of Tertiary deposits. Incised into the Tertiary deposits are relatively
thin (~100 feet in depth) troughs filled with relatively coarse-grained sediments
(predominantly sands to boulders) of Holocene age by the fluvial (river) depositional
systems of the Gila River and its major tributaries. Thin deposits of relatively coarsegrained sediments of Holocene age spread by alluvial fan depositional systems mantle the
Pleistocene Alluvial fans near their mountain sources. A limited area of Quaternary
volcanic flows is found in the far northwestern edge of the study area near the (new –
since the 1920s) town of San Carlos.
Based on review of the available relevant previous geologic studies and inspection of the
available relevant geologic data, the geologic materials of the Basin Fill Complex can be
organized as sequences (stacks) of consistent arrangements of sedimentary depositional
systems, in ascending order:
•
•
•
•

Sequence 1 – Lower Basin Fill - Miocene alluvial fan and playa depositional systems
Sequence 2 – Upper Basin Fill - Pliocene alluvial fan, alluvial fan delta, palustrine
and lacustrine depositional systems,
Sequence 3 – Pleistocene remnant alluvial fan and fluvial depositional systems
Sequence 4 – Holocene alluvial fan and fluvial depositional systems.

Sequences 1 and 2 were deposited during the later part of the Tertiary Period and
primarily represent aggradation (sediment accumulation) processes. Sequences 3 and 4
were deposited during the Quaternary Period and primarily represent degradation
(sediment erosion) processes.
In this study, the elevations of the contact between the top of the Basement Complex and
the base of the Basin Fill Complex in the study area were interpreted from depth-tobedrock calculations, which were derived from interpretations of surficial gravity and
seismic reflection surveys. The contacts between each of the sequences in the Basin Fill
Complex were interpreted from the available surficial geologic mapping, soil surveys,
seismic interpretations, and a new, independent evaluation of more than 70 measured
sections of exposed outcrops, and more than 5,000 drillers’ or geologists’ logs. The
composite database was interpreted to extend the interpretations of sequence contacts
from the available well logs to a total of over 24,000 points which interpret the contacts
between Sequences 1 through 4 and thereby provide for two-dimensional plotting and
three-dimensional viewing of the interpreted sequence contacts.
This study provides context and terminology for further geologic analyses of the area as a
whole as well as for geologic analyses of constituent smaller geologic volumes.
Peter Mock Groundwater Consulting, Inc.
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Introduction

In flowing from its origins in the
forested mountains of west-central New
Mexico, across east-central Arizona, and
down to the broad desert expanses of
central Arizona’s Salt River Valley, the
Gila River and its enclosing sedimentary
deposits are typically tightly confined
within narrow canyons incised into
relatively low-permeability consolidated
rocks. One substantial exception is the
relatively broad extents of sedimentary
deposits crossed by the Gila River in the
Safford-San Carlos (SSC) Area of eastcentral Arizona. This perspective on the
Gila River was first stated by Samuel
Turner of the U. S. Geological Survey
(USGS) in the context of water resources
evaluations of the Safford area (Turner,
1941). The SSC Area also includes a
dense concentration of primarily
agricultural water use along the Gila
River.

Driven by the economic potential of
the State’s mineral resources,
investigations and interpretations of
Arizona’s geology to date have been
focused almost exclusively on the
discovery of economic mineral deposits
rather than on the assessment of water
resources. The balance of economic
forces in Arizona has shifted the need
for comprehensive geologic assessment
from minerals exploration to concise
regulation and management of water
resources under rapidly increasing
demand.
Robust water resources assessments
of linked groundwater-surface water
systems depend upon a comprehensive
understanding of the underlying geologic
framework for water flow. As the use of
water resources in Arizona intensifies
with population growth, increasingly
more concise assessments of the water
resources of areas with concentrated,
relatively-large, water demands will
become increasingly more necessary.

Previous studies of geology have had
larger or smaller geographic scope
compared to the SSC Area. Most
previous studies described only surficial
geology. No single study provides the
requisite surface and subsurface
interpretation of geologic units relevant
to analyzing the flow of water associated
with the Gila River throughout the SSC
Area.

Comprehensive and
concise geologic assessments
are needed to support robust
water management decisions
for areas in Arizona where
water uses are concentrated

Previous geologic studies
are helpful, but no one study
has addressed the SaffordSan Carlos (SSC) Area or has
interpreted all of the
available geologic data

Comprehensive and concise geologic
assessment focused on water resources,
rather than minerals exploration, is a
primary foundation for such assessments
and are therefore clearly needed for
many locations in Arizona.

Peter Mock Groundwater Consulting, Inc.
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rock of the type exposed in the local
mountain ranges underlie the SSC Area.
These depressions in the geologic
structure of the mountain rocks are
thousands of feet deep and are hidden by
the cover of weakly- to moderatelyconsolidated sedimentary deposits.
These deposits store and transmit
substantially more water than the
strongly-consolidated rock masses that
dominate the Gila River’s course
upstream and downstream of the SSC
Area. The depressions of the SSC Area
are numerous and closely joined, like
links in a chain, making the description
of a single groundwater “basin”
inaccurate. In describing the closelylinked combinations of geologic
structural depressions beneath the SSC
Area, the term subbasin is more
appropriate. Using this approach, the
SSC Area will be described in this report
as containing a combination or complex
of multiple structural subbasins.

depths to their lower surfaces. This set
of structural subbasins will be
collectively called the Safford-San
Carlos Subbasin Complex in this report.
Additional structural subbasins continue
uninterruptedly from the SSC Subbasin
Complex to the south-southeast beneath
the San Simon Valley and parallel to the
border between Arizona and New
Mexico.
Because this study is focused on
geologic characteristics that control
water flows interacting with the Gila
River, the structural subbasins extending
from the SSC Subbasin Complex south
and southeast beneath the San Simon
Valley are considered sufficiently distant
from the Gila River to justify neglecting
them for initial study. For water
resources data collection and
evaluations, the USGS (Anderson, 1986)
divided a Safford groundwater basin
from a San Simon groundwater basin,
and ADWR (Black, 1991) divided a
Safford Basin into a Gila Valley
Subbasin and a San Simon Subbasin.
Both the USGS and ADWR choose a
ridgeline near the site of Tanque for this
division and this is the division adopted
for this study.

Underlying much of the
SSC Area is a chain of
extraordinarily-deep
depressions in the types of
rocks exposed in the
mountain ranges. These
depressions are called
structural subbasins and are
filled with sedimentary rocks
that store and transmit more
water than the rocks of the
exposed mountain ranges.

Purpose
The purpose of this report is to
describe the data, methods and results of
a new, comprehensive, threedimensional geologic synthesis for the
SSC Area. This synthesis integrated the
previous relevant geologic studies,
independently interpreted the
accumulated volume of available
geologic data, while maintaining an
emphasis on the distribution of geologic
materials controlling the storage and

Figure 1 shows the location of the
SSC Area selected for this study and the
structural subbasins (Houser, 1990,
2004) interpreted from estimates of the
Peter Mock Groundwater Consulting, Inc.
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flow of water closely associated with the
Gila River.

established Geographic Information
System (GIS) format (ESRI [2005]defined shapefiles) for the interpretations
made here allows for efficient archival
as well as incorporation and
interpretation of additional data in the
future.

Additional purposes for this report
are to provide for the SSC Area:
•
•
•
•

A catalog of accumulating geologic
studies relevant to water flow,
A catalog of accumulating available
geologic data relevant to water flow,
Context for review of relevant
studies and interpretation of data,
and
Identification of the more fruitful
avenues for further investigation,
study and refinement of the synthesis
first developed here

The interpretation and synthesis of
this study focused more on younger,
shallower, and less consolidated units
with closer proximity to the Gila River
and its tributaries than on older, deeper,
and more consolidated units filling the
various structural subbasins. Such focus
is in keeping with the spatial density of
water withdrawals, diversions, etc. and
with the density of available subsurface
data.

Scope
Geologic Time Scale

The present study interprets the
geology surrounding and underlying the
Gila River from the Head of Safford
(Valley) near Sanchez down to the
Coolidge Dam (Figure 1). The study
considers the area surrounding the Gila
River up to the ridgelines of surrounding
mountain ranges, with the exception of
only considering the tributary drainages
of the San Simon River up to Tanque,
Arizona, of the San Carlos River up to
just north of the (new) Town of San
Carlos, and of Bonita Creek up to
approximately eight miles above its
confluence with the Gila River.

Numerous references are made in
this report to geologic time periods. The
reader unfamiliar with geologic time
periods may find it helpful to refer to
Table 1. Table 1 presents selected
quotes from the introduction to
Chronic’s (1983) book, which provides a
geologic time scale along with key
events interpreted for Arizona. The
Cenozoic Era is of primary interest for
this study as are its division into Tertiary
and Quaternary Periods, and their
divisions, called Epochs (e.g., Holocene,
Pleistocene, Pliocene, Miocene, etc.).
We are currently in the Holocene Epoch
of the Quaternary Period of the Cenozoic
Era. The earlier Eras – Paleozoic and
Mesozoic - are of lesser interest to this
study.

The geologic data and studies known
to and available to the public as of 20032004 were incorporated into the present
synthesis. A significant and relevant
USGS Report on the geology of the San
Carlos Indian Reservation (Wrucke and
others, 2004) became available in
December 2005 and was used to update
part of this study in 2006. The use of an
Peter Mock Groundwater Consulting, Inc.
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Table 1 Cenozoic Geologic Time Scale with Primary Events in Arizona*
Era
Cenozoic

Period
Quaternary

Epoch
Holocene

Age (years ago)
10K - 0

Events in Arizona
Present erosion cycle gouges Pleistocene
and Tertiary Deposits. Basalt volcanism
continues near San Francisco Peaks and a
few other sites.
Pleistocene
1.8M – 10K
Regional uplift accelerates erosion;
cyclic erosion creates terraces and central
troughs. Basalt volcanism occurs in
several areas; White Mountains and San
Francisco Peaks grow, collapse and are
glaciated. Colorado River flows through
to the Gulf of California. Pluvial lakes
occupy some valleys.
Tertiary
Pliocene
5.3M – 1.8M
Basins fill with stream, lake and swamp
deposits.
Miocene
23.8M – 5.3M
15 M – 8 M years ago: Basin and Range
Disturbance creates fault-block ranges
with NW-SE orientation, basalt
volcanism widespread.
30 M – 20 M years ago: Mid-Tertiary
Orogeny pushes up mountains with NESW orientation. Metamorphic Core
Complexes form. Explosive volcanism
common, especially from Chiricahua and
Superstition Mountains calderas.
Oligocene
33.7M – 23.8M
Tension faulting in southern Arizona is
accompanied by volcanism and intrusion
of dikes, stocks, and laccoliths.
Intermountain valleys fill with debris
from mountains.
Eocene
54.8M – 33.7M
Laramide Orogeny ends 50 M years ago
leaving undrained intermountain valleys,
some with lakes. No volcanism or
intrusions mark “Eocene magma gap”
Paleocene
65M – 54.8M
Laramide Orogeny creates mountains
with NE-SW orientation, over-thrusting
may have occurred. Explosive volcanism
occurs. Abundant igneous intrusions
with mineral-bearing solutions
* Events quoted from Geologic Time Scale Table in Chronic (1983). K = thousand, M = million.

Genetic Perspective and Terms

•

This report adopts a new perspective
on sedimentary deposits compared to the
standard depiction of Arizona’s
southwestern alluvial basins as being
filled by three units

•

Peter Mock Groundwater Consulting, Inc.
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a middle alluvial unit (fine silt
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deposited by the same physical
processes, will have similar grain-size
distributions and therefore similar
hydraulic characteristics.

This tripartite basin fill depiction
was first standardized in the 1970s by
the U.S. Bureau of Reclamation
(USBOR, 1976) and has since
dominated Arizona hydrogeology.
Though useful as a first approximation
for the Central Arizona Subbasin
Complex to which the USBOR (1976)
applied it, the standard depiction was
limited in representing the actually more
complex distributions of sediments
filling these basins and in explaining
how more complex distributions could
exist. The tripartite depiction also did
not apply as well to basins surrounding
the Central Arizona Subbasin Complex,
such as those beneath Tucson or Safford.
Application of the standard depiction
was commonly followed with a
statement to the effect that the
arrangement of sediments within these
units was entirely random and ultimately
unknowable. The petroleum industry
found a better perspective starting in the
late 1980s.

Analogies to exposed, modern
sedimentary depositional systems and
ancient outcrops each provide for
observation and cataloging of the
horizontal and vertical natural assembly
of sedimentary deposits, which can be
applied to subsurface deposits. Thus, a
catalog of globally-valid structures can
be accumulated and consulted to infer
shapes and assemblages of sedimentary
forms from a genetic perspective. As a
zoologist can say much from being
shown only the leg bone of an elephant
or the horn of sheep, so too can a
sedimentologist tell much about the
natural shapes, compositions and
assemblies of sedimentary deposits from
limited observation. This perspective
has resulted in tremendous descriptive
advances for what are often poorlyexposed sedimentary deposits.

Advances in sedimentary and
stratigraphic interpretations during the
last 20 years, driven primarily by
demands to find more oil in existing oil
fields, were made possible by changing
to a genetic perspective. The petroleum
and natural gas industry had been
hampered by conceptual models of oil
fields being circles or squares when real
oil fields were instead shaped like
natural sedimentary deposits. The
genetic perspective of sedimentary
deposits is not to be confused with the
common, biological use of the term
genetic, i.e., chromosomes, DNA, etc.
By genetic, it is meant that one considers
the physical processes that form a
sedimentary deposit when characterizing
it (Galloway and Hobday, 1996).
Materials having a similar genesis, i.e.,
Peter Mock Groundwater Consulting, Inc.

Genetic sedimentary forms can be
organized into a space-filling, nested
hierarchy or taxonomy relevant to
characterizing groundwater flow (Mock,
1997; 1998). Sedimentary basins can be
viewed as being filled with sets of
depositional systems complexes, which
in turn are composed of depositional
systems, which are composed of
architectural element complexes, which
in turn are composed of architectural
elements, which in turn are composed of
strata sets. The strata composing strata
sets are the basic building blocks of
sedimentary deposits as each stratum is
the result of one continuous pulse of
deposition.
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“Facies” (or “lithofacies”) is a term
that became popular and widespread at
about the same time that the genetic
perspective took hold. Preferred by
many because it is so widely applicable,
lithofacies is too general for useful
transfer of knowledge from one site to
another. Using the term lithofacies to
maintain generality in describing
sedimentary deposits is analogous to
describing each mammal encountered on
a safari as “muscle and bone” facies.
While absolutely correct and easy to
apply under the worst of observational
conditions, the chance for providing
much descriptive detail is lost. A better
approach is to name, catalog and
organize mammals into a taxonomy of
related forms and then use those terms
for observation: e.g., zebra, giraffe, lion,
mouse, etc. Then one would know from
the descriptive term much about the
mammal’s shapes, formation,
characteristics and relationships to one
another. In response to the widespread
interest in using the term lithofacies, a
lithofacies can be recognized from
within the hierarchy of genetic
sedimentary forms as set or coset of a
single type of strata. These would
represent a relatively homogeneous
collection of sediment and would have
the uniform aspect required of a
lithofacies.

Fluvial – the deposits of a flowing
river

•

Playa – the central terminus deposits
and evaporative remains near the
center of a closed basin

Peter Mock Groundwater Consulting, Inc.

Alluvial Fan – the sediments eroded
from a watershed discharged upon
land surface

•

Alluvial Fan Delta – the sediments
eroded from a watershed discharged
into a standing body of water or into
an active fluvial system

•

Lacustrine – the deposits in a
standing body of relatively
freshwater (as opposed to an ocean
or bay, i.e., a lake)

•

Palustrine – the deposits of a swamp,
marsh or cienega

Terms for architectural elements and
their complexes are used occasionally in
this report and are defined as necessary
as they occur. For example, channels,
bars, and sheets are appended with
adjectives to describe architectural
elements constituting depositional
systems. See Miall (1985) for an
introduction to architectural elements
and Miall (1996) for an exceptionally
thorough catalog of fluvial architectural
elements relied on for this study.

Regional Setting
Useful and reliable geologic
interpretations are based on
consideration of multiple scales of
context. Individual observations without
appropriate context have little meaning
or usefulness for further application in
understanding water flow. That is, the
continental, regional and local contexts
of the SSC Area help explain local
features and the applicability of findings
from surrounding studies to the study
area.

Genetic terms used in this report for
depositional systems and brief
descriptions include:
•

•
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shifted from direct collision and
subduction to sliding past one another
(i.e., the San Andreas transform fault
system of California). Only a few small
patches presently remain of the Farallon
Plate, which is still being subducted
beneath the North American Plate. Each
remaining fragment of the Farallon Plate
has been given a separate plate name.
For example, the fragment remaining
north of California is now called the
Juan de Fuca Plate (Figure 2A).

Continental Context
Although most readers are familiar
with continents, the earth’s surface is
more accurately and completely
understood when the location and
movement of large sections of earth
called tectonic plates are recognized.
Figure 2A (upper illustration in color)
shows the interpreted locations of the
major tectonic plates centered on the
Western Hemisphere. The outlines of
the major tectonic plates were
interpreted from geologic investigations,
but are also revealed in remarkable detail
by plotting the locations of earthquakes.
While earthquakes do also occur within
tectonic plates, there is a tremendous
concentration of earthquakes at tectonic
plate boundaries as these are locations of
concentrated slippage of large rock
masses past one another. Most of the
familiar continents are the highestelevation exposures of tectonic plates. A
tutorial on plate tectonics can be found
on the USGS’ Internet web site (Kious
and Tilling, 1996)

The study area has been
strongly affected by largescale geologic processes
associated with the boundary
between tectonic plates near
the present California Coast
The changes in the tectonic plate
interactions closest to the study area
strongly controlled the timing of
episodes of mountain building
(orogenies) and large-scale high-angle
faulting (disturbances) in the study area
despite its location seemingly well
inland from the plate boundaries. Strong
pulses of volcanic activity are common
along a line at which a subducted
(sinking) plate reaches a critical depth of
heating and pressure and becomes liquid.
The resulting liquid finds and breaks
through regions of weakness in the
overlying rock to find land surface and
discharge, often as a volcano. The string
of prominent volcanoes in the northwest
U.S. (Mt. Rainier, Mt. Hood, Mt. St.
Helens, etc) is a current example of this
phenomenon associated with the
collision of the Juan de Fuca Plate with
and subsequent subduction beneath the
North American Plate. The same
processes occurred when the Farallon

The SSC Area is located in the
southwestern edge of the North
American ([tectonic) Plate (see Figure
2A). This location is close to the
interactions of the sea floor spreading
center that formed the Pacific Plate
(spreading west) and the Farallon Plate
(spreading east) and subsequent collision
of the Farallon Plate with the North
American Plate. In this case, the
collision resulted in the Farallon Plate
sliding underneath the North American
Plate, a process termed subduction.
Over the past several tens of millions of
years, the interactions of these plates
closest to the study area (near the present
coast of California – see Figure 2B) have
Peter Mock Groundwater Consulting, Inc.
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Plate was being subducted beneath the
North American Plate as described
above and created tremendous volcanic
activity across the southwestern U.S.
This activity ceased after the plates
transitioned from colliding and
subducting to sliding past one another
(Figure 2B). This is the primary reason
that so much of Arizona is covered by
volcanic rocks and yet there are so few
active volcanoes in Arizona.

As the interaction of the plates
nearest to the study area shifted from
direct collision to slipping past one
another, the compression of the North
American Plate was relieved
dramatically and extension followed.
Both Spencer and Reynolds (1989) and
Menges and Pearthree (1989) report that
the total cumulative extensional strain
(stretching) since the Oligocene Epoch
in the tectonic province covering much
of southern Arizona may have been 50
to 100%. This time period includes both
the Mid-Tertiary Orogeny and the Basin
and Range Disturbances. During this
time, a strip of land oriented
approximately southwest-northeast that
measured 1 mile before these events
stretched to 1.5 - 2 miles. The result of
this activity is the pattern of northwestsoutheast oriented elongated mountain
ranges and intermontane valleys.

With respect to the southwestern
U.S. (and the study area), it is important
to note that the angle at which the
Farallon Plate was subducted beneath
the North American Plate probably
changed as the subduction progressed,
which lead to a change in the location of
the line connecting the depths of
temperature and pressure critical for
melting. This change in turn lead to a
sweeping of the line of greatest volcanic
activity back and forth across Arizona.
The earlier, eastward sweep of
significant volcanic activity during the
Tertiary period lasted from
approximately 75-80 to 40-50 million
years ago (MYA) in the study area. This
activity is called the Laramide Orogeny.
The later, westward, sweep of volcanic
activity back towards the surface
expression of the subduction zone lasted
from approximately 32-35 to 15-21
MYA in the study area. This activity is
called the Mid-Tertiary Orogeny. The
period between these two orogenies was
a time of relative quiescence called the
Eocene Magma Gap. Kring (2002)
provides a synopsis of these phenomena
and this paragraph is based primarily on
that summary. Nations and Stump
(1996) provide a similar synopsis of
plate tectonics affecting Arizona and the
two major Tertiary orogenies in the
southwest U.S.
Peter Mock Groundwater Consulting, Inc.

Figures 3A and 3B show conceptual
cross-sections of the structures created
by the extension that affected the SSC
Area. The extension started during the
Mid-Tertiary Orogeny (Spencer and
Reynolds, 1989), when it was expressed
primarily as detachment faults that break
at the surface at high angle, but
transition downward through a
rotational motion to much lower angle
surfaces (see Figure 3A). This was also
the time when the stretching caused
some local areas to thin sufficiently for
mountain ranges, called Metamorphic
Core Complexes, to begin rising. The
rise of the Metamorphic Core
Complexes was in sharp contrast to the
general fall of basin floors between
generally stable mountain ranges. The
Santa Catalina Mountains north of
Tucson and the Pinaleno Mountains

10

Revision 5
1/31/2008

south of Safford are two typical
Metamorphic Core Complexes.

Basin and Range Province Context
Early in the 20th century, regions of
the western United States were divided
for descriptive purposes into geographic
provinces, based on the physical
appearance of landforms. Applying only
geographic principles, Fenneman (1931)
named the Basin and Range Province
and divided it into five sections:

The first and strongest pulse of the
Basin and Range Disturbance (of which
there may have been multiple pulses of
lesser and greater activity) propagated
across southern and western Arizona
starting between 15 and 10 MYA and
lasting until approximately 5 MYA
(Menges and Pearthree, 1989). The
main effect of the Basin and Range
Disturbance was that the basin floors fell
along high-angle normal faults
thousands of feet while the intervening
mountain ranges remained relatively
stable or in the limited cases of the
Metamorphic Core Complexes rose
thousands of feet.

•
•
•
•
•

Figure 4 shows Fenneman’s
divisions with minor revisions from
Menges and Pearthree (1989). The
study area is located within the Mexican
Highland Subprovince of the southern
Basin and Range Province. Later in the
20th century, a geologic basis for these
landforms was revealed.

The three primary geologic
events resulting from the
plate interactions affecting
the SSC Area were:
the Laramide Orogeny,
the Mid-Tertiary Orogeny,
and the Basin and Range
Disturbance

Figure 5 is a map of sediment-filled
structural basins in the western United
States plotted by Eaton (1979), which
shows the overall pattern of extension
evident from the outlines of the basins.
The overall pattern looks like what is
commonly observed when semi-brittle
materials are pulled apart and supports
the idea that the basins were created by
regional extension as described above.
The study area is at the northern edge of
the Basin and Range Province. Note that
Eaton (1979) includes Arizona’s
Transition Zone in the Basin and Range
Province, which is appropriate for the
very large extent of geologic features
discussed in his article. For more
detailed, local evaluations of basin
structure, the concept of a separate
Transition Zone between the Basin and

In contrast to the detachment faults
of the Mid-Tertiary Orogeny, the highangle faults of the Basin and Range
Disturbance had little to no rotational
components to their motion (Nations and
Stump, 1996). Figure 3B shows the
arrangements of high-angle faults typical
of the Basin and Range Disturbance. Of
the 50% - 100% in horizontal surface
extension that developed since the
Oligocene Epoch, only 5 - 20% is
interpreted to have occurred during the
Basin and Range Disturbance (Menges
and Pearthree, 1989).

Peter Mock Groundwater Consulting, Inc.

Great Basin,
Sonoran Desert,
Salton Trough,
Mexican Highland and
Sacramento.
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Range Province and the Colorado
Plateau is more accurate and useful.

2001). The Tucson Basin has been
extensively studied and much of what
has been inferred for the geologic
structures of the Tucson Basin can be
followed in interpreting the geologic
structures of the SSC Area. Both basins
have exceptionally tall Metamorphic
Core Complex mountain ranges on one
side and relatively low volcanic
mountain ranges on the other side. This
arrangement leads to an asymmetrical
configuration to these basins. This
arrangement exerted a strong control
during deposition of sediments in the
study area during the Tertiary Period,
causing the sequences to slope towards
and thicken towards the adjacent
Metamorphic Core Complex. This
control probably exerted little effect on
sedimentary deposition during the
subsequent Quaternary Period.

The SSC Area is on the boundary
between the southern Basin and Range
Province and the Transition Zone in a
location where the Transition Zone is
relatively narrow and dominated by
thick sequences of extrusive igneous
rocks.

The SSC Area is in the
Basin and Range Province,
where the land was pulled
apart and numerous
structural basins fell
thousands of feet as they were
filled with sediment from
adjacent mountain ranges.
Strong similarities can be found in
the sedimentary sequences accumulated
in structural basins aligned along this
boundary between the Basin and Range
Province and the Transition Zone.
Chronic (1983) and Houser (1990) point
out the similarity of the shapes and
sedimentary fill of the basins now
oriented parallel to and adjacent to the
axis of the Transition Zone. This
alignment of basins extends from
approximately the Big Chino and Verde
Basins on the northwest through the
Tonto and San Carlos Basins to the
Safford and Duncan Basins on the
southeast. Other basins along extensions
of this alignment farther to the northwest
and farther to the south-southeast may
have similar features.

Plan of Development
The remainder of this report presents
a new synthesis of geology for the SSC
Area with a focus on the flow of water,
organized as follows:
•
•
•
•
•
•

Four appendices are attached that
provide supporting detail:
•

Within the Basin and Range
Province, the study area is remarkably
similar to, but a mirror image of, the
Tucson Basin (Spencer and Johnson,
Peter Mock Groundwater Consulting, Inc.
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be synthesized from them in a straightforward manner. The remainder of this
section provides an overview of the most
relevant findings extracted from the
extended discussions provided in
Appendix A.

Relevant Previous Geologic
Studies: Overview
Geologic studies conducted in or
encompassing the SSC Area that were
available to the public during 2003-2004
were obtained. Relevant findings were
extracted from these studies prior to
commencing integration and synthesis of
a new, comprehensive geologic study.
Throughout the interpretation of
geologic data described here, the
relevant available geologic reports were
consulted and their implications for the
new study were assessed. After initial
completion of the geologic study, an
additional report was released by the
USGS that was reviewed and provided
the basis for some refinements of
nomenclature, but not primary structure,
in the northwest portions of the study
area (Wrucke and others, 2004).

More than forty geologic
studies relevant to the SSC
Area were reviewed and the
most useful data and
interpretations were extracted
to form the basis of this study.
The relevant previous geologic
studies support an overall division of
geologic units in the study area as
follows:
•
•

Appendix A presents extended
discussions of three regional geologic
studies, eleven primary geologic studies
and 32 secondary geologic studies
relevant to the SSC Area. The primary
studies comprise a modern framework
for understanding and mapping the
geology of the SSC Area, but none by
itself provides a comprehensive
interpretation of the entire SSC Area and
is thus sufficient to support
interpretations of water flow throughout
the SSC Area. In addition, substantial
volumes of geologic data, particularly
data from well drilling, are available that
have not been interpreted to date in the
context of the accumulated reports.

•
•
•

Figure 6A shows the extents of the
Basin Fill versus the Quaternary Trough,
northwestern versus southeastern regions
of Upper Basin Fill, and locations of two
overall conceptual cross sections. Figure
6B presents two overall conceptual
cross-sections illustrating the
arrangement of the geologic units
extracted from the previous relevant
geologic studies. The upper illustration
is an overall conceptual cross-section
oriented southwest-northeast through the
Upper Safford Valley; the lower
illustration is an overall conceptual
cross-section oriented southwest-

Fortunately, consistent observations
and concepts dominate the accumulated
reports such that a comprehensive
framework for interpreting geology can
Peter Mock Groundwater Consulting, Inc.

Basement Complex intrusive and
extrusive igneous rocks
Miocene Lower Basin Fill
sedimentary deposits
Pliocene Upper Basin Fill
sedimentary deposits
Pleistocene sedimentary deposits and
extrusive igneous rocks
Holocene sedimentary deposits
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the area north of San Carlos Reservoir
east to Bylas and areas surrounding parts
of the Whitlock Mountains near 111
Ranch east of Safford.

northeast through the Lower Safford/San
Carlos Valley. The Basement Complex
contains the Basin Fill Complex both
laterally and from below. Pleistocene
sediments and extrusive igneous flows
form a veneer over limited areas of the
Basin Fill Complex. Holocene
sediments also form a veneer over
limited areas of the Pleistocene
sediments or fill a network of troughs
cut into the Basin Fill Complex during
the Quaternary Period. Above each
conceptual overall cross section is an
expanded conceptual cross section of the
Holocene sediments in the Quaternary
troughs.

The remnants of coarse-grained
alluvial fan and fluvial depositional
systems of Pleistocene age mantle many
terraces above the floodplain of the Gila
River. Tremendous amounts of sand and
gravel were shed from the surrounding
mountain ranges as fans and then were
subsequently dissected and partially
stripped away during the Pleistocene.
The repeated, cyclic spreading and
removal of alluvial fans in the SSC Area
during the Pleistocene was likely
synchronous with the advance and
retreat of glaciers in the Northern U.S.
The Gila River depositional system was
wider during the Pleistocene than it is
during the Holocene, particularly
through the Safford area. The evidence
remains of the Pleistocene trough as
bands of fluvial deposits on terraces
above the current Gila River floodplain.

Lower Basin Fill is exposed only at
the margins of the Safford-San Carlos
Subbasin Complex where overlying
Pleistocene/Holocene alluvial fans are
absent or are cut by deep washes. The
Lower Basin Fill generally grades from
coarser-grained alluvial fan depositional
systems at the basin margins to finer
playa depositional systems along the
axis of the SSC Subbasin Complex. In
essence, this sequence or set of
sequences consists of stacks of alluvial
fan and playa depositional systems.

The Holocene alluvial fan
depositional systems are found primarily
on the highest terraces of the eroded
Upper and Lower Basin Fill Sequences.
Many such fans are probably
reactivations of Pleistocene alluvial fans.
The Holocene fluvial depositional
systems are found beneath and adjacent
to the Gila River and its tributaries (see
the extents of the Quaternary Trough
Network in Figure 6A). Figure 6C
presents expanded cross sections through
the Holocene deposits of the Quaternary
Trough. Whereas the Gila River fluvial
depositional system once dominated the
Quaternary Trough in the Upper and
Middle Safford Valleys (see the upper
portion of Figure 6C) with a broad
braidplain, collecting and carrying away

Upper Basin Fill is exposed over
much of the center of the SSC Subbasin
Complex where overlying
Pleistocene/Holocene alluvial fans are
absent or are cut by deep washes.
Alluvial fan depositional systems
dominate the Upper Basin Fill over
much of the SSC Subbasin Complex
with a few exceptions. A Pliocene
lacustrine (i.e., lake) depositional system
is present beneath the area surrounding
Safford. This now vanished lake has
been called Lake Graham (Houser, 1985;
Kruger, 1995). Pliocene palustrine
depositional systems are present beneath
Peter Mock Groundwater Consulting, Inc.
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most if not all tributary sediments, it’s
sediments now compete with terminal
tributary deltas discharging from
tributaries onto its floodplain. The upper
subsequence in the Upper and Middle
Safford Valleys is now dominated by
floodplain sheets with relatively minor
channel architectural elements. The
change is likely due to a transition from
much larger discharge rates on the Gila
River during the Pleistocene that
declined as the Holocene progressed.

area. More recent work (Wrucke and
others, 2004) indicates that the Terrace
Alluvium is Holocene in age. The
Terrace Alluvium of Weist is probably a
tract or complex of merged terminal
tributary deltas, which relatively rare and
widely spaced in the Safford area.
Based on these and other
observations gleaned from the available
relevant geologic and soil survey studies,
a new, comprehensive geologic
synthesis for the SSC Area relevant to
water flow was developed. The
remainder of this report discusses this
new synthesis.

In the Lower Safford/San Carlos
Valley, the fluvial depositional systems
have remained relatively constant in
extent, though they have changed in
character with time, as shown by the
three subsequences. The changes in
Holocene deposits of the Quaternary
Trough over time in the Lower
Safford/San Carlos Valley are the result
of complex interactions between flow
above and within this section relative to
tributary discharges.

Data Sources and Use
The following primary data sources
were obtained, inspected and interpreted
for this study:
•

The previous relevant
geologic studies as a whole
provide a consistent,
reasonable interpretation of
the geologic units of the study
area.

•
•
•

In their Phreatophyte Study, Weist
(1971) described a Terrace Alluvium of
Pleistocene age, present as broad bands
bordering the floodplain alluvium of the
Gila River downstream from the current
town of Geronimo. Inspection of aerial
photography indicates that the direction
of transport evident on these surfaces is
transverse to as opposed to along the
course of the Gila River. This type of
deposit is not as extensive in the Safford
Peter Mock Groundwater Consulting, Inc.

•

Surficial mapping (geologists’ and
soil scientists’ descriptions of
surficial materials),
Stratigraphic sections (geologists’
description and measurements of
exposed rock outcrops),
Well logs (geologists’ and drillers’
descriptions of drilling returns and
drilling rig action),
Gravity interpretations
(geophysicists’ calculations of depth
to Basement Complex) and
Seismic reflection interpretations
(geophysicists’ calculations of
depths to various horizons).

Each relevant data source was
incorporated into geographic
information systems (GIS) files to
enhance visualization and integration of
the data.
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the SSC Area, satellite imagery and
aerial photography were also viewed to
refine boundaries in areas between those
addressed by the available studies and to
fill in areas not previously mapped.

There is a large quantity of
geologic data available for
the study area, consisting
primarily of stratigraphic
descriptions of outcrops,
descriptions of materials
encountered during drilling,
and geophysical surveys.

Geologic Mapping
The primary geologic maps used in
this study were those of the Safford 15Minute Quadrangle (Houser and others
(1985), the Phreatophyte Study area by
Weist (1971), and the San Carlos Indian
Reservation (Wrucke and others, 2004).
Other geologic maps reviewed here
include:

Specifically, vector (shapes) and
raster (images) files were created from
individual data sources and
combinations of data sources. ESRI
ArcGIS (ArcMap and ArcCatalog)
software (versions 8.x to 9.1) was used
to create and refine the geologic
interpretations discussed in this report.

•
•

Surficial Mapping

•

Surficial mapping consists of
identifying and describing the extents of
selected exposed geologic units in plan
view. The selections of units and
methods used in each geologic study
were reviewed and accepted or modified
as appropriate. Soil surveys were
examined in a similarly critical manner
and were incorporated as appropriate
into the geologic interpretations of this
study.

•

•

The level of detail in unit delineation
and the certainty of age dates both
increased as the 20th Century progressed,
but the observations and descriptions of
overall structures and type occurrences
remained relatively consistent for studies
across the SSC Area. This is probably
due to the influence of USGS standards
in geologic mapping studies in the U.S.

Both surficial geologic
maps and soil surveys are
useful sources of geologic
observations.
Based on the available surficial
geology and soil survey descriptions of
Peter Mock Groundwater Consulting, Inc.

Geologic Map of the Whitlock
Mountains and Vicinity (Richter and
others, 1981)
Geologic Map of the Guthrie
Quadrangle, Graham and Greenlee
Counties, Arizona (Richter and
others, 1983)
Geologic Map of the Black Rock
Wilderness Study Area, Graham
County, Arizona (Simons, 1987)
Geologic Map of the Jackson
Mountain Quadrangle, Graham
County, Arizona (Blacet and Miller,
1978)
Geological Map of the Black Rock
Detachment, Santa Teresa
Mountains, SE Arizona (Toro and
others, 1990)
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Soil Surveys

Inspection of satellite
imaging and aerial
photography helps extend
and refine geologic surficial
mapping.

Federal agencies conducted four
major soil surveys for the SSC Area, of
which three were published:
•
•
•
•

USDA – Lapham and Neill (1903)
SCS - unpublished regional soil
survey (1935)
USDA - Poulson and Youngs (1938)
SCS – most recent soil survey (1970)

Aerial Photography
Digital “orthophotoquad” black and
white aerial photographs (1:12,000 scale,
typically 1990s) are available from the
U.S. Geological Survey. These
photographs were assembled and viewed
in GIS to refine the limits of the troughs
cut into the Upper Basin Fill in the study
area. Other historical sets of aerial
photography, most notably those of 1935
and 1952, were compiled, but are not as
useful for geologic mapping as the more
recent, higher resolution photography.
In general, the USGS DOQQs have
higher resolution than the available
LandSat imagery, but the color of
LandSat is of great value. Other types of
satellite imaging may be of higher
resolution and be more useful in future
geologic work.

As discussed above, soil surveys
provide a level of mapping of surficial
units that is relatively more detailed than
typical geologic maps. Comparison of
the various soil surveys indicates that the
survey published in 1970 is the most
detailed, but covers the smallest extent.
The unpublished 1935 survey, obtained
as map sheets from the NRCS office in
Safford, covers the broadest extent and
has the least detail. As noted in the
discussion of the survey published in
1970, inspection of the soil surveys
indicates that sedimentary depositional
system features can be delineated from
appropriate groupings of soils units. The
available soil surveys provide similar
interpretations, but the detail of mapping
increases with time.

Stratigraphic Sections
Satellite Imagery
Perhaps the most detailed geologic
data for this area come from descriptions
of measured stratigraphic sections.
These descriptions are created by a
geologist while traversing a line of
exposed rock and describing and
measuring each geologic unit
encountered. These exposures are
affected by weathering, but they are
relatively undisturbed and present a
much expanded view of deposits in place
compared to drilling returns. The

The LandSat panel for the study area
from 1990 was used to delineate
geologic units between areas covered by
available geologic mapping. Alluvial
fans and the limestone of the
palustrine/lacustrine depositional
systems north of San Carlos Reservoir
are particularly apparent in this image.

Peter Mock Groundwater Consulting, Inc.
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erosion and removal of hundreds of feet
of Tertiary deposits during the
Pleistocene makes the SSC Area an
attractive place to conduct numerous
stratigraphic section measurements.
Unfortunately for measurement efforts,
much of the thickness of the Tertiary
basin fill has not been penetrated by the
erosion to date.

Stratigraphic sections are
detailed geologic descriptions
of exposed rock units. There
are many such sections for
the study area because of
hundreds of feet of erosion
and numerous academic
studies.
Stratigraphic sections for the study
area were measured primarily for
graduate theses and dissertations, but
also for USGS studies. There is a
relatively dense concentration of
stratigraphic sections in the study area as
the study area is convenient for study by
graduate students in the nearby
University of Arizona (Tucson) geology
program. Despite the precision of
stratigraphic sections, they are widely
spaced across the study area (see the
distribution plotted on Figure 6A) and
many important features (deeper basin
fill and Holocene deposits) are not
exposed for measurement.

Clay, 1960 – “Late Cenozoic
Stratigraphy in the Dry Mountain
Area, Graham County, Arizona”.

•

Marlowe, 1961 – “Late Cenozoic
Geology of the Lower Safford Basin
on the San Carlos Indian
Reservation, Arizona”.

•

Seff, 1962 – “Stratigraphic Geology
and Depositional Environments of
the 111 Ranch Area, Graham
County, Arizona”.

•

Harbour, 1966 – “Stratigraphy and
Sedimentology of the Upper Safford
Basin Sediments”.

•

Galusha and others, 1984 –
“Biostratigraphy and
Magnetostratigraphy, Late Pliocene
rocks, 111 Ranch”.

Each of these studies is discussed in
Appendix A. The available sections
were reviewed and coded in a consistent
format (provided in Appendix C) and
their locations were plotted in GIS to
provide for consideration during
interpretation of the extent of various
units. See Figure 6A for the locations of
the stratigraphic sections.
The stratigraphic section
observations are consistently of great
detail and are considered accurate for
these locations. Of particular usefulness
are the sections by Harbour (1966) in the
vicinity of the boundary between the
lacustrine depositional systems beneath
the Upper Safford Valley to the alluvial
fan depositional systems more common
beneath the Lower Safford/San Carlos
Valley and western portion of the
Middle Safford Valley.

Graduate Research
Graduate work at the University of
Arizona was the primary source of
relevant stratigraphic sections for the
study area:
Peter Mock Groundwater Consulting, Inc.
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observations are recorded only for oil
exploration, minerals exploration,
contamination investigation, dam
foundation exploration and some large
municipal water supply well drilling
programs. Most of the wells in the SSC
Area were drilled for agricultural or
domestic water supply and did not
employ a geologist during their
installation.

USGS
Stratigraphic sections were prepared
by Davidson on the San Carlos Indian
Reservation (Weist, 1971) and by Heindl
on Bonita Creek (Heindl and
McCullough, 1961). The locations of
these stratigraphic sections are also
shown on Figure 6A. As with the
graduate study sections, the USGS
sections were reviewed and coded in a
consistent format (and provided in
Appendix C) and their locations were
plotted in GIS to provide for
consideration during interpretation of the
extent of various units. The observations
are consistently of significant detail and
are considered accurate and
representative for these locations.

Descriptions of materials
encountered when drilling
thousands of wells in the SSC
Area are available and were
evaluated based on the
relevant previous geologic
studies.

Well Logs

Many drillers collect careful logs of
drilling returns from each well they drill
in order to accumulate the ability to
predict what will be encountered in new
wells and accurately project drilling
costs and expected well performance for
individual bids. The tremendous density
of wells drilled in the study area lends
itself to drillers paying close attention
and keeping good records of drilling
returns. Most of the drillers’ logs for the
study area were obtained from the
Arizona Department of Water Resources
(ADWR), though some were obtained
from the files of the USGS Water
Resources Division in Tucson and from
appendices of USGS reports. When
many drillers’ logs are available in an
area, the consistency in their
descriptions, as is found for the logs
from the SSC Area, lends confirmation
that drillers are keeping accurate records.
The author’s experience in first
developing geologic models from
drillers’ logs for the Tucson

The drilling of wells is the primary
means of investigating the subsurface in
the study area. Figure 7 shows the
distribution of the more than 5,000
known wells in the study area. When a
well is drilled, the returns from drilling
operations are typically described by
drillers and/or geologists. Geologists
prepare lithologic descriptions for the
drilled interval from inspection of
drilling returns and observation of
drilling rig action (e.g., chatter when
drilling gravels, relative calm when
drilling well-sorted silts and clays, etc.)
and when available, from consideration
of geophysical logs and analyses of core
samples,
The logs of lithologic descriptions
prepared by a geologist from the full
suite of observations described above are
preferred over driller’s logs. However,
geologists are hired and the full suite of
Peter Mock Groundwater Consulting, Inc.
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International Airport Area, PhoenixGoodyear Airport and Indian Bend
Wash (Scottsdale) Superfund sites and
subsequently conducting intensive
investigations including geologists’
description of drilling returns and
borehole geophysics indicates that, when
considered en masse, Arizona drillers
logs are typically quite useful for
primary geologic characterization.

monitoring wells/piezometers for USGS
investigations.

Borehole Geophysical Logs
Very few borehole geophysical logs
are available for the study area. They
are typically only the basic electric suite
(short-, long- and normal-resistivity;
spontaneous potential). An example is
the Smithville Canal Well log, presented
in Harris (1999). Extensive borehole
geophysical logging was conducted for
the Phillips Well (Kruger and others,
1995). The logs for the Phillips well
made available to the AGS and kept at
their offices in Tucson were incomplete
compared to what is described in Kruger
and others (1995).

Geologists’ Logs
Geologists’ logs are rare in the
Safford area, and are typically available
for only the deepest wells. Oil
exploration wells drilled primarily in the
early 1900s are scattered across the area,
typical of a broad search pattern for
likely oil reservoirs. An exception is the
Phillips well (shown as a star on Figure
9 south of Safford), drilled when the
potential for oil in an overthrust belt was
being explored by major oil companies.
Information on the Philips well was
reviewed at the Arizona Geological
Survey (AGS) in Tucson, and is also
summarized in Kruger and others
(1995). Minerals exploration wells are
concentrated in the area of the copper
prospects north of Safford in the Gila
Mountains and their adjacent subsurface
extensions beneath Basin Fill - piedmont
(see the location of the Phelps Dodge
Dos Pobres/San Juan properties on
Figure 7). Drilling for the Coolidge
Dam foundation resulted in a set of
geologists’ logs for that area. The other
available geologists’ logs for the area are
typically shallow (<30 feet) and
associated with: geotechnical
investigations for smaller reservoirs,
leaking underground fuel storage tank
investigations, and installation of

Peter Mock Groundwater Consulting, Inc.

In general, the available geophysical
logs assist in confirming deep contacts
between the Upper and Lower Basin Fill
and the locations of some evaporite and
sand/gravel beds within primarily finegrained sequences. The scarcity of
borehole geophysical logs in the study
area makes them a minor source of data
for the study area at this time.

Drillers’ Logs
Drillers’ logs for the study area were
obtained from the ADWR Records
Center, the files of the USGS Water
Resources Division in Tucson, and as
they were found in reports for the area
(e.g., Knechtel, 1938). In the study area,
there are two areas of denselyconcentrated well locations with
associated drillers’ logs (see Figure 7):
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domestic well. The interest in this area
that lead to so many installed wells may
be due to the historical presence of
flowing wells. Early production and the
later common practice of leaving the
flowing wells uncapped resulted in a
decline in the flows compared to rates at
the beginning of the 20th Century (see
Halpenny and Cushman, 1947). The
lithology beneath the Cactus Flat-Artesia
area is predominantly Lower Basin Fill
dominated by what drillers locally call
“honeycomb formation” which is an
alternation of thin beds of cemented
gravel and thin beds of silt/clay.

1. Floodplain of the Gila River,
primarily in the area from Ft.
Thomas to San Jose
2. Cactus Flat-Artesia area
The floodplain of the Gila River
from Ft. Thomas to San Jose has been
the site of intensive drilling of water
supply wells since 1938 (Hem, 1950).
Over 1,000 carefully-written drillers’
logs are available from drilling in this
area. The density of drillers’ logs in the
area where groundwater and the Gila
River interact is fortunate for this study.
The drillers’ logs for wells in the
floodplain of the Gila River from Ft.
Thomas to San Jose were reviewed and
the occurrence of sedimentary materials
was typically found to be consistent.
Several predominant features were noted
in these logs:
•

Numerous wells are scattered across
the Safford area outside of the two areas
discussed above. In general, few of
these wells penetrate to the Basement
Complex. The logs of these wells are
nonetheless useful in confirming general
trends in Basin Fill more clearly
described in stratigraphic sections of
exposed Basin Fill, and in defining the
contact between the Upper and Lower
Basin Fill sequences where it is
penetrated.

The base of the Holocene floodplain
alluvium of the Gila River and its
major tributaries is an abrupt
downward change from very coarse
to very fine sediments. An exception
is the vicinity of Buena Vista where
the Upper Basin Fill extending for a
few hundred feet beneath the
Holocene floodplain alluvium is
dominated by sandy gravels.

•

The Holocene floodplain alluvium
(fluvial deposits) of the Gila River
and its major tributaries is typically
composed of two relatively distinct
sets. The upper set is finer-grained
compared to the lower set.

•

Upward fining typically
characterizes each of the two parts.

Surface Geophysical
Measurements
Geophysical measurements collected
at land surface can be important tools for
characterizing the subsurface. Many
geophysical properties can be measured
and interpreted to delineate subsurface
contacts: electromagnetic waves, seismic
waves, electrical resistivity, gravity, etc.
The usefulness of geophysical
measurements depends on the reasoned
and/or fortuitous matching of field
method and interpretation to a specific
volume of rock or sediments. Three
types of geophysical measurements

The Cactus Flat-Artesia area (labeled
on Figure 7) is the site of numerous
separate home sites, each with a
Peter Mock Groundwater Consulting, Inc.
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collected in the study area as part of
large-scale regional investigations
include aeromagnetic, gravity and
seismic.

In a seismic reflection survey,
explosives are detonated in shallow
holes (essentially creating a miniature
earthquake) and the resulting seismic
waves traveling through the ground are
recorded along lines of geophones. The
seismic wave measurements are
processed to reveal lines/curves in cross
sections or surfaces in three-dimensional
arrays that often coincide with contacts
between sedimentary sequences within
basin fill.

In an aeromagnetic survey, the
magnetic field is measured from an
airplane flying at approximately 10,000
feet and the results are processed to
remove extraneous, regional
trends/effects. The remaining local
anomalies in the measured magnetic
field are plotted. In general, the
distributions of crystalline rocks have
the largest effects on the aeromagnetic
field, but so too do important, localized
metallic ore deposits.

Resistivity, nuclear magnetic
imaging and ground penetrating radar
surveys can also provide useful
subsurface information, but no such
measurements are known to be available
for this study area.

In a gravity survey, a sensitive
gravimeter is used to measure the local
force of gravity. The instrument is
moved about on the land surface and the
resulting measurements are processed to
remove extraneous, particularly regional,
trends (e.g. crustal thickness variations,
etc.). Anomalies in the gravity field are
plotted and contoured. Areas underlain
by thick sequences of low density rock
(typically sedimentary basin fill
sediments, but also some very low
density volcanic rocks) lead to lower
gravity anomalies distinctive from areas
of exposed dense crystalline rock (i.e.,
mountain ranges).

Aeromagnetic Measurements
Contours of equal residual magnetic
field intensity values from a 1968 flight
were plotted for the State of Arizona by
Sauck and Sumner (1970). Greater
detail in the contours of equal residual
magnetic field intensity values was
provided by the 1:250,000 scale map of
the Silver City quadrangle (Klein, 1987)
which combines numerous flights up to
that time. In general, the distribution of
magnetic intensity is not helpful for the
present study, as it primarily indicates
the variation in composition of igneous
rocks. For example, in the SSC Area,
the values for the top of Mt.Graham are
similar to those at the bottom of the
deepest structural basin south east of
Safford. Anomalies in aeromagnetic
measurements are more useful for
identifying intrusive igneous bodies and
thereby locate their associated
mineralization (such as are found north
of Safford) than for delineating basin

Geophysical surveys measure
various properties over large
areas and assist in defining
the shapes of the subbasins
and in some cases the
boundaries of sedimentary
deposits in the subbasins.

Peter Mock Groundwater Consulting, Inc.
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structure relevant to water flow in the
SSC Area.

interval (2.5 milligals) and the same
assumed value for average rock density
(2.67 g/cm3) as Lysonski and others
(1981). Figure 8 is a compilation of
Complete Bouguer gravity anomaly
contours provided by Houser and others
(2004). The features noted from the
Lysonski and others (1981) map for the
Silver City Quadrangle are also the
primary features noted from inspection
of the Wynn (1981) map with the
exception that Wynn (1981) interprets an
isolated deep area immediately east of
Bryce.

Gravity Measurements
Contours of equal residual Bouguer
gravity anomaly values were plotted for
the State of Arizona by Lysonski and
others (1980). The base of the structural
subbasin complex in the SSC Area is
roughly evident as values ranging from
approximately +20 milligals on the
edges to less than -10 milligals at their
greatest depths. In the Safford area, the
greatest depths are shifted to the
southwest from the central axis of the
basin, and Safford is just north of a
saddle between the two deepest
subbasins. Relative symmetry in the
basin is apparent westward towards the
San Carlos Reservoir.

Muller and others (1973) reported on
a few cross sections of gravity
measurements taken by hydrology field
camp students. The results are
qualitatively similar to those later found
in more extensive analyses discussed
above.
Based on some simplifying
assumptions about the contrast in density
between sedimentary basin fill deposits
and underlying basement complex rocks,
Oppenheimer and Sumner (1980)
calculated depth to bedrock from gravity
measurements across the Basin and
Range Province of Arizona for the
USGS Southwest Alluvial
Basins/Regional Aquifer Systems
Assessment (SWAB/RASA) project.
They worked from the Bouguer gravity
anomaly estimates reported by Lysonski
and others (1981) and constrained their
estimates where deep boreholes reached
Basement Complex beneath basin fill.
This process is relatively accurate on a
regional scale, but can be made
inaccurate by low density volcanics,
which aren’t a pervasive problem in this
study area. See Figure 9 for the contours
of estimated depth-to-bedrock provided
by Oppenheimer and Sumner (1980) in

Greater detail is provided in the
contours of equal residual Bouguer
gravity anomaly values by a series of
1:250,000 scale maps plotted by
Lysonski and others (1981). The
features noted from the Arizona state
map are also the primary features noted
from inspection of the 1:250,000 scale
maps of the study area. The available
data points were plotted on the
1:250,000 scale maps and it appears that
there are very few gravity measurements
in the area north and west of Calva.
Based on an independent processing
of gravity data for the Silver City
1:250,000 Quadrangle (which covers the
study area east and south of a point
approximately 4 miles southeast of Ft.
Thomas), Wynn (1981) presented a map
of Complete Bouguer Anomaly with
more detail in presented contours.
Wynn (1981) used the same contour
Peter Mock Groundwater Consulting, Inc.
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the SSC Area. The asymmetrical and
deep structural subbasins in the Safford
area and the more symmetrical and
shallower subbasins to the northwest are
apparent in Figure 9.

be helpful in interpretation, but the
potential for success in obtaining the
data from Amoco was thought to be
unlikely and the effort to process the
remaining lines was thought to exceed
the potential benefits at this time. Of all
the surface geophysical measurement
methods applied to the Safford Basin,
seismic reflection has provided the
clearest picture of stratigraphic units.
The time of travel contours of
Kruger and others (1995) were
converted to depths to the contacts and
then to elevations in GIS for this study.
The results formed the basis for the
interpretations shown in Figures 10 and
12.

Houser and others (2004) report a
depth to bedrock of over 15,000 feet for
the deepest part of the structural
subbasin southeast of Safford, and a 760
meter (2,500 feet) depth-to-bedrock in a
borehole south of Thatcher. These data
were not available to or considered by
Oppenheimer and Sumner (1980) as they
were first provided in Kruger’s
dissertation (1991).
No attempts were made to procure
and re-analyze the gravity values in the
Arizona gravity database for this study.
Interest in a particular area’s depth to
basement complex would start with
analysis of the local gravity values, and
may benefit from collection of additional
values in the field. The primary source
of accumulating gravity measurements is
a cooperative database accessed most
easily from the PACES (2005) Online
Gravity database.

Seismic surveys have
provided the clearest picture
of the subsurface for the SSC
Area.
Seismic Measurements
Kruger and others (1995) presented
interpreted seismic lines and isochronal
(equal time of seismic wave travel)
contours for the bases of the Upper and
Lower Basin Fill sequences south of
Safford. The other seismic lines noted
by Kruger and others (1995) would also
Peter Mock Groundwater Consulting, Inc.
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Geologic Units of the
Safford-San Carlos Area

Subbasins
The subbasins of the SSC Subbasin
Complex were described in previous
sections and shown in Figure 1. Their
boundaries were identified based on the
shapes of contours of the elevation of the
base of the Upper and Lower Basin Fill
described in more detail later. In
essence, they were watersheds where
basin fill accumulated.

This section presents a
comprehensive, new synthesis of
geologic units for the SSC Area. The
focus of this synthesis is on the
characteristics of geologic units that
control the flow of water in the SSC
Area. Because water flow is
concentrated in the immediate vicinity of
the Gila River and its tributaries, a
greater effort is focused in this study
towards evaluating younger and
shallower geologic units enclosing the
Gila River and its tributaries.
Fortunately, the available subsurface
information (primarily over 1,000
drillers’ logs) primarily describes
sediments in the volumes immediately
surrounding the Gila River and its
tributaries.

Northwest versus Southeast
Upper Basin Fill
The numerous stratigraphic sections
measured by Harbour (1966) located a
boundary in what is later defined here as
the Upper Basin Fill that divides
sediments more typical of the San Carlos
Reservoir area (northwest) from those
more typical of the Upper Safford Valley
(southeast). This boundary is shown on
Figure 6A and is interpreted from the
genetic perspective as the terminus of
alluvial fan depositional systems
originating west of the boundary. This
line runs through the lowest interpreted
elevations in the Bear Springs Subbasin,
which would be a stopping point for
sediments being transported from the
east or west.

The SSC Area has considerable
extent and contains considerable
diversity of geology and landscape. To
assist in the following discussions,
several divisions are helpful,
particularly:
•
•
•
•

Subbasins
East versus West Upper Basin Fill
Quaternary Trough versus Basin Fill
Inner Valleys

Each of these divisions for
discussion is described separately in the
following subsections prior to
commencing a detailed discussion of the
geologic units in the SSC Area relevant
to water flow.

Peter Mock Groundwater Consulting, Inc.

Quaternary Trough versus Basin
Fill
The troughs cut and filled by the
Gila River and its tributaries are
distinctive from the Basin Fill. The
Quaternary Trough Network in the SSC
Area is the set of interconnected
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incisions into the Tertiary sediments of
the Upper or Lower Basin Fill. The
edges of the Quaternary Trough
Network are typically defined by steep
bluffs of exposed Upper Basin Fill
between the entrances of tributaries.
The Quaternary Trough Network
interpreted for the SSC Area is shown on
Figure 6A. The Quaternary Trough
Network is currently filled from its base
to land surface (typically 50 to 100 feet
in total thickness) with Holocene age
sediments.

River and its tributaries into the Basin
Fill together form a network of troughs
for which the trough beneath the Gila
River forms the backbone.

Inner Valleys
“Inner Valley” is a common term for
the landforms filling Quaternary troughs
in southeastern Arizona. Fair (1961)
applied the term to the sediments
surrounding the Gila River in the Safford
area. The Inner Valley of the Gila River
in the SSC Area can be divided based on
geomorphology into three Inner Valleys
(see blue-colored boundaries and labels
on Figure 1):

The term “Quaternary
Trough Network” describes
the volumes incised into the
Upper and Lower Basin Fill
of the SSC Area by flows
much larger than those of
modern day on the Gila and
its tributaries

•

•

The adjective Quaternary recognizes
that the incision was first scoured during
the Pleistocene and repeated during
multiple cycles of glaciation north of
Arizona during the remainder of the
Pleistocene period. The distribution of
remnant fluvial deposits on current
terraces above the Gila River floodplain
indicate that the Quaternary Trough
Network was once much broader and at
higher elevation than it is today. The
latest and deepest scouring and refilling
of this Quaternary Trough Network
occurred at the beginning of the
Holocene Period. These scouring flows
were much larger than those historically
experienced on the other streams of the
SSC Area. The adjective Trough
recognizes the shape of the partially
filled incisions. The term Network
recognizes that the incisions of the Gila
Peter Mock Groundwater Consulting, Inc.

•

Upper Safford Valley – from
Sanchez to the Narrows of the
Safford Valley (between Eden
and Glenbar, Arizona)
Middle Safford Valley - from the
Narrows of the Safford Valley to
Geronimo
Lower Safford/San Carlos Valley
– from Geronimo, Arizona to the
Coolidge Dam

The spatial relationships between the
surficial Inner Valley divisions and the
structural subbasins beneath the SSC
Area are as follows:
•

•

•
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Upper Safford Valley – far
removed to the north of the
deepest parts of the 111 Ranch
structural subbasin
Middle Safford Valley – located
adjacent to the deepest parts of
the Bear Springs structural
subbasin
Lower Safford/San Carlos Valley
– located directly over the
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deepest parts of the San Carlos
structural subbasin

Overview of Geologic Sequences
of the SSC Area

The distinctive geomorphologies of
the three SSC Area valley divisions are
likely related to distinctive rates and
locations of diminishing subsidence in
the structural subbasins during the
Pleistocene. Though Basin and Range
subsidence typically is characterized as
ceasing approximately 6 MYA, faulting
in Pleistocene sediments in the SSC
Area (see Houser and others, 2004)
indicates that subsidence continued into
the Pleistocene Epoch, though probably
limited to infrequent episodes and at
substantially reduced rates compared to
subsidence during the Miocene and
Pliocene Epochs of the Tertiary Period.
That the Upper Safford Valley is located
well away from the deeper areas of the
111 Ranch Subbasin may explain the
distinctive presence of nearlycontinuous, relatively-high, bluff
exposures of Upper Basin Fill bounding
the Quaternary Trough Network. The
other two valley divisions, over deep
areas of structural subbasins, present
much more limited bluff exposures. A
similar transition from high, continuous
bounding bluffs to more gentle
boundaries can be found surrounding the
Inner Valley of the Santa Cruz River in
the Upper Santa Cruz Basin south of
Tucson, Arizona as it crosses the Santa
Cruz County – Pima County line
(Halpenny, 1988). The upper surface of
the underlying Basement Complex in the
Upper Santa Cruz Subbasin drops
sharply at the county line indicating a
link between waning basin subsidence
and overlying erosion and filling of
Quaternary troughs in southeastern
Arizona.

Peter Mock Groundwater Consulting, Inc.

The units described here are
essentially those persistently described
in previous geologic studies of areas
within or including the SSC Area. Little
modification was needed to merge units
described for different areas with
different names. The units defined by
Kruger and others (1995) and Houser
and others (2004) formed the core
definitions for geologic sequences which
were then applied across the SSC Area
as appropriate for local observations.

The various geologic units
described in previous studies
were organized according to
the modern interpretive works
of Kruger and others (1995)
and Houser and others
(2004).
The geology relevant to hydrology of
the SSC Area consists of a Basement
Complex of pre-Tertiary to Tertiary,
strongly-consolidated, rocks overlain by
a Basin Fill Complex of sedimentary
deposits. Finally, these two units are
mantled with sequences of remnant
Pleistocene fluvial deposits and
Pleistocene and Holocene alluvial fans
on the edges and incised and filled with
Holocene fluvial depositional systems in
a network of troughs near the central
axis of the SSC Area.
Overlying the Basement Complex in
the SSC Area is a large volume of
sediments comprising the Basin Fill
Complex.
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the foundation for identifying Lower and
Upper Set sediments for a region
including the SSC Area. From a
comprehensive interpretation of seismic
imaging, Eberly and Stanley (1978) were
the first to provide a comprehensive
framework for the dual basin fill
sequence concept across the southern
Basin and Range Province and identified
a Unit I (Lower Basin Fill in the SSC
Area) and a Unit II (Upper Basin Fill in
the SSC Area). Kruger and others
(1995) more recently showed from local
seismic imaging the two dominant
sequences in the SSC Area and
interpreted them to be two activations of
a regional fault system. Heindl’s (1958)
upper and lower sets, Eberly and
Stanley’s (1978) Units I and II, and
Kruger’s (1995) Lower and Upper Basin
Fill are consistent and apply aptly to the
sediments of the SSC Area.

The geology relevant to
hydrology of the SSC Area
consists of a Basement
Complex of pre-Tertiary,
strongly consolidated rocks
overlain by a Basin Fill
Complex of Tertiary Upper
and Lower Basin Fill
sequences. These complexes
in turn are mantled by
sequences of remnant
Pleistocene fluvial deposits
and Pleistocene and
Holocene alluvial fans on the
edges and incised and filled
with Holocene fluvial
depositional systems in a
network of troughs near the
central axis of the SSC Area.

Division of the Basin Fill in the SSC
Area beyond that of two sequences is
certainly possible as the constituent
deposits are a complex assembly of
genetic units extending down in scale to
millions of individual strata. The
general bias of individual geologists
resulting in either “lumping” or
“splitting” is best resolved by finding a
balance between the purpose of the
geologic study and the available data. In
this regard, this study found that balance
in identifying two depositional system
complexes in the Lower Basin Fill
Sequence and four to five depositional
system complexes in each of two
subsequences of the Upper Basin Fill
Sequence. Less division would ignore
the unique volumes of limestones and
clays and the boundaries of unique
alluvial fan depositional systems known
to exist in the Basin Fill Complex of the
SSC Area. Additional divisions were

The two-part division of the
sedimentary basin fill deposits
commonly identified in interpretations of
basins in Arizona’s Basin and Range
Province (See Appendix A) and
specifically in recent studies of the SSC
Area was also adopted here: a Lower
Basin Fill - Sequence 1 - and an Upper
Basin Fill - Sequence 2.
The Basin Fill of the SSC Area is not
accurately portrayed as a single unit.
Although all Basin Fill in east central
Arizona was lumped under the single
term Gila Conglomerate for much of the
20th century, Heindl (1958) made the
case for a two part division of Basin Fill
for a region including the SSC Area.
While allowing for considerable latitude
in local delineation, Heindl (1958) set
Peter Mock Groundwater Consulting, Inc.
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not pursued for this study, but could be
in future work or refinements to this
study.

Descriptions of each geologic unit
follow in ascending order (decreasing
age).

The sedimentary Basin Fill of
the SSC Area can be divided
into two primary parts: a
Lower Basin Fill Sequence
and an Upper Basin Fill
Sequence.

Sequence 0 – Basement Complex
The oldest and sequentially lowest
geologic units considered here are those
of the Basement Complex. The
Basement Complex of the SSC Area is
assigned Sequence 0 as a convenient
basal starting point and is the least
divided and described Sequence of the
SSC Area.

For this study, the Pleistocene and
Holocene deposits are not included in
the Basin Fill Complex. Although these
deposits can in one sense be viewed as
fill of the basin, the Pleistocene and
Holocene deposits are more accurately
viewed as sediments being transported
(albeit seemingly very slowly in most
cases) through and out of the structural
subbasin complex in a through-flowing
drainage. These are degradational
processes. In contrast, the Lower and
Upper Basin Fill sequences were the fill
of a complex of closed basins, i.e., by
aggradational processes. This division
between aggradational phases and
degradational phases of sediment
transport was first expressed by Harbour
(1966) for the Upper Safford Valley.

The Basement Complex is present
throughout the study area, though it is
covered in much of the study area by
Tertiary and younger sedimentary
deposits. The Basement Complex
comprises strongly consolidated rocks
typical of the exposed mountain ranges.
The dark gray areas of Figure 1 indicate
the extent of exposed Basement
Complex in the study area. In general,
the Precambrian and Tertiary graniticgneissic rocks typical of the Pinaleno
and Santa Teresa Mountains dominate
the southern side of the study area and
the Tertiary volcanic rocks typical of the
Gila Mountains dominate the northern
side of the study area.

The Holocene and
Pleistocene sequences are
considered separately from
the Basin Fill Complex, as
they are erosion products
being moved through and out
of the SSC Area, albeit very
slowly.

Peter Mock Groundwater Consulting, Inc.

The Basement Complex
comprises all rocks that make
up the surrounding mountain
ranges and that contain the
sedimentary deposits of the
structural subbasins.
Because of their stronglyconsolidated nature, the rocks of the
Basement Complex have a relatively
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limited capacity to store and transmit
water. Therefore, groundwater flow will
be much less in the Basement Complex
and surface runoff will be greater for
precipitation falling on exposed or
shallow Basement Complex compared to
these phenomena interacting with other
sequences. Exceptions include localized
highly-fractured and faulted zones of
Basement Complex.

adjacent areas, groundwater in such a
system remains in the subbasin. Figure
10 shows the elevations of the base of
the Lower Basin Fill Sequence in the
study area interpreted from multiple data
sources available to this study.
Whereas the distributions of Lower
Basin Fill-type sediments in surrounding
basins (e.g., Tucson) commonly indicate
drainage and depositional basin shapes
very different from those of today, the
general pattern in the SSC Area of
thinner, coarser-grained alluvial fan
depositional systems on the subbasin
edges and thicker, finer-grained playa
depositional systems of the Lower Basin
Fill sequence in and surrounding the
subbasin centers indicates that the SSC
Area’s structural subbasins remained in
essentially the same location and kept
their essential shapes through both the
Mid-Tertiary Orogeny and the later
Basin and Range Disturbances.
Consistent with this interpretation,
Kruger and others (1995) interpret the
two primary basin fill sequences in the
Safford area as the result of two
activations of the same detachment fault
system. Kruger and others (1995)
present detailed seismic images showing
only minor overall lateral offsets in the
deepest parts of the 111 Ranch Subbasin
southeast of Safford throughout the
times of Lower Basin Fill and Upper
Basin Fill deposition.

Sequence 1 - Lower Basin Fill
The Lower Basin Fill Sequence is
investigated and described in more detail
in this study than the underlying
Basement Complex, but less so than the
overlying Upper Basin Fill Sequence.
This is because the Lower Basin Fill is
deeply buried beneath Upper Basin Fill
within much of the SSC Area and few
wells have penetrated it to date. Also,
the details of flow of water within the
Lower Basin Fill are of less importance
than within overlying units with respect
to the interaction of water flows with the
Gila River due to relative proximity.
The Lower Basin Fill (Sequence 1)
was deposited before the Basin and
Range Disturbance events and is
therefore more consolidated and
deformed than later deposits (e.g. Upper
Basin Fill [Sequence 2], etc.). The
Lower Basin Fill Sequence comprises
depositional systems in which all surface
water drainage was forced to central
portions of the structural subbasins.
Water escaped from these subbasins
primarily through evaporation. With the
exception of relatively minor wind
transport, all sediments in such a system
remain in the subbasin. With the
exception of negligible groundwater
flow through the Basement Complex to
Peter Mock Groundwater Consulting, Inc.

Two types of depositional systems
are interpreted from the available data
for the Lower Basin Fill Sequence in the
SSC Area:
•
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Alluvial fan depositional systems
around the structural subbasin
edges, proximal (relatively close)
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to the mountain range sources of
the sediments
•

systems in large basins is the primary
basis for delineating the Lower Basin
Fill Sequence depositional systems
shown in Figure 11.

Playa depositional systems near
and surrounding the central
portions of the structural
subbasins, distal (relatively
distant) with respect to the
mountain range sources of the
sediments

A distinctive hydrologic feature
associated with the Lower Basin Fill
Sequence in the SSC Area is the
occurrence of artesian flowing wells
open to this sequence in limited areas.
Three situations have been identified to
explain the occurrence of flowing
artesian wells in the SSC Area:

The Lower Basin Fill
Sequence was created by two
concurrent types of
depositional systems: alluvial
fans along the edges, which
emptied out onto playas (salt
flats) centered over the
deepest parts of the structural
subbasins.

1. The Lower Basin Fill Sequence
is exposed at the edges of the
subbasins, but is overlain by
clays of the Upper Basin Fill
Sequence lacustrine depositional
systems near more central
subbasin locations. In this case,
the wells are short circuiting the
low permeability Upper Basin
Fill Sequence. Water then seeks
the same pressure level through
the wells as it experiences at
higher elevations on the basin
edges. Examples of this situation
would include the flowing wells
in the Pima area.

Figure 11 shows the extents of
Lower Basin Fill Sequence depositional
systems interpreted for the study area
from the available reports and data.
Although not investigated in this study,
there is likely an irregular transition
between the two types of depositional
systems described here. Little is known
about the lateral distribution of
depositional systems in the Lower Basin
Fill Sequence as it is typically covered
by Upper Basin Fill Sequence deposits
and is rarely penetrated by wells in the
subsurface. Seismic interpretation of the
type and quality of that presented by
Kruger and others (1995) would allow
definition of depositional system
boundaries in the Lower Basin Fill
Sequence, but such information was not
published for all parts of the SSC Area.
Analogy to current arrangements of
alluvial fan and playa depositional
Peter Mock Groundwater Consulting, Inc.

2. Thin beds of coarse sediments of
the proximal alluvial fan
depositional systems extend
down and into the updip edges of
distal playa depositional systems.
The alternating stacking of fine
and coarse-grained beds of the
Lower Basin Fill Sequence at the
transition between proximal
alluvial fan depositional systems
and distal playa depositional
systems in the SSC Area is
locally referred to by drillers as
“Honeycomb Formation”. Water
pressure is transmitted down dip
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along the thin coarse-grained
beds, which are enclosed at their
lower extents by thin finegrained beds. Wells short circuit
the fine-grained deposits near the
lower extents of the coarsegrained beds and the water seeks
the same pressure level in the
wells as it experiences at higher
elevations, closer to the basin
edges. Some or all of the wells
in the Cactus Flat-Artesia area
may be examples of this
situation.

conglomerates dominate, though in some
locations the overlying Upper Basin Fill
and/or Pleistocene and Holocene
Sequences cover the Lower Basin Fill
Sequence adjacent to the mountain
fronts. Deep washes cut through the
Upper Basin Fill or Pleistocene
Sequences in some locations, especially
in locations closer to the mountain
fronts, revealing the underlying Lower
Basin Fill Sequence.
Where exposed, the proximal
alluvial fan depositional systems of the
Lower Basin Fill Sequence have
infiltration rates that depend on the
location of distributary channel (coarser
sediments) or floodplain sheet (finer
sediments) elements. Groundwater
flows at relatively high rates in these
systems as a whole.

3. Water is trapped in discontinuous
coarse lenses beneath
accumulations of otherwise finergrained deposits. As the
overlying sediments accumulate,
the water in the isolated coarse
lens is “over-pressurized” by the
increasing overlying weight. A
well penetrating such an isolated
lens and left uncapped would
relieve the excess pressure by
flowing at the surface. The
resulting flowing well may
rapidly decline in flow rate at the
surface, depending on the extents
of the lens and the magnitude of
the excessive pressure. Due to
its isolation, pressure is not
readily restored in the lens by
recharge events at higher
elevation. Some or all of the
wells in the Cactus Flat-Artesia
area may be examples of this
situation.

Distal Playa Depositional Systems
Drillers’ and geologists’ logs of deep
wells near the centers of the structural
subbasins indicate a complex
arrangement of playa evaporites
interbedded with minor lacustrine and
palustrine deposits in the Lower Basin
Fill. An area of evaporites interpreted
by Harris (1997) forms the basis for
delineating these depositional systems in
the study area. Harris’ (1997) study
pursued answers to locally very poor
water quality in wells, which he
attributed to dissolution of evaporites in
flowing groundwater. Based on
inspection of the contours of elevations
of the base of the Lower Basin Fill
Sequence, the distal playa depositional
systems may extend farther to the
southwest than the extents inferred by
Harris (1997).

Proximal Alluvial Fan Depositional
Systems
Around the edges of the structural
subbasins, coarse sandstones and
Peter Mock Groundwater Consulting, Inc.
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Groundwater as a whole in the distal
playa depositional systems of the Lower
Basin Fill Sequence flows at relatively
low rates in these systems. These
systems are not exposed, so runoff is
irrelevant in discussing the distal playa
depositional systems of the Lower Basin
Fill.

Sequence due to proximity with respect
to water flow interacting with the Gila
River.
The Upper Basin Fill Sequence is
similar to those found at similar horizons
in other southeast Arizona basins. The
Upper Basin Fill (Sequence 2) in the
SSC Area comprises depositional
systems in which all drainage was forced
to central portions of the subbasin.
Therefore, sediments typically remain
within the subbasin complex and water
escapes primarily through evaporation.
There are two minor exceptions to this
conceptual picture. During the last
Epoch (the Pliocene) of the Tertiary
Period, the Gila River began to cut its
way headward - eastward into the SSC
Subbasin Complex from the present site
of Coolidge Dam. The Basin and Range
Disturbance had largely ceased by the
Pliocene and substantial deposition
probably ceased at the same time.
Therefore, sediments began to be eroded
and carried out of the far west edge of
the SSC Subbasin Complex for a very
brief duration of the very latest part of
the Tertiary Period. A second exception
is that eolian (wind-borne) transport
could provide for sediments (primarily
silts) entering or leaving the SSC
Subbasin Complex.

In a comprehensive study of water
quality in the SSC Area, Hem (1950)
observed that the total dissolved ion
concentrations in Gila River water
increase abruptly and persistently as it
flowed past Ft. Thomas. The increase
was an approximate doubling of total
dissolved ions, and comprised primarily
sodium, chloride and sulfate, which is
consistent with dissolution of evaporite
minerals as they are primarily composed
of these ions. This location is
coincidental with the far western edge of
the SSC Area’s known distal playa
depositional systems. The juxtaposition
of the sudden increase in total dissolved
ions and the downgradient edge (with
respect to overall groundwater flow) of
the evaporites of the distal playa
depositional systems is consistent with
groundwater flowing throughout the
distal playa depositional systems,
dissolving the interbedded evaporites,
and carrying the resulting high
concentrations of total dissolved ions up
through the Quaternary Trough Network
sediments and into the Gila River in this
area.

Figure 12 shows the elevations of the
base of the Upper Basin Fill Sequence in
the SSC Area interpreted from multiple
data sources in this study. The three
primary characteristics distinguishing
Upper from Lower Basin Fill are that: 1)
the Upper Basin Fill is less consolidated
than the Lower Basin Fill, 2) the lowest
part of the 111 Ranch Subbasin was
located farther southwest for the Upper
Basin Fill than for the Lower Basin Fill,

Sequence 2 - Upper Basin Fill
The Upper Basin Fill Sequence is
investigated and described in more detail
in this study than the underlying Lower
Basin Fill Sequence. It is exposed in
many more locations and is more
important than the Lower Basin Fill
Peter Mock Groundwater Consulting, Inc.
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the Upper Basin Fill Sequence.
Consideration of several studies of the
SSC Area indicates that one Upper
Subsequence and one Lower
Subsequence of depositional systems can
be identified for the Upper Basin Fill
Sequence. Figure 13 (A and B) shows
the extents of Upper Basin Fill Sequence
features interpreted for the study area
from the available reports and data.

and 3) the Upper Basin Fill does not
contain thick sequences of evaporites.
Four primary types of depositional
systems are interpreted for the Upper
Basin Fill Sequence from the available
data in the SSC Area:
•

Lacustrine depositional systems Lake Graham was the dominant
such system in the 111 Ranch
Subbasin during early periods of
the Upper Basin Fill deposition.

•

Alluvial fan depositional systems
- These systems in the Upper
Basin Fill Sequence typically
remained close to the edges of
the 111 Ranch Subbasin, while
these systems extend as large
complexes of alluvial fan
systems dominating the San
Carlos and Bear Springs
Subbasins.

•

Alluvial fan delta depositional
systems - The primary type of
this depositional system is the
fan delta spreading south and
west into the 111 Ranch
Subbasin and northeastern Bear
Springs Subbasin from the mouth
of the current Bonita Creek
drainage.

•

Palustrine depositional systems These systems distinguished by
concurrent biological/chemical
precipitation of carbonates are
limited to small areas on the
edges of the San Carlos and
eastern 111 Ranch Subbasins.

The Upper Basin Fill
Sequence was created by four
types of depositional systems
during two primary times:
during an initial period of
Upper Basin Fill Sequence
deposition, a large alluvial
fan complex from the west
and an alluvial fan delta from
the northeast emptied into a
large, relatively permanent
lake. During the final period
of Upper Basin Fill Sequence
deposition, alluvial fans
developed around more edges
as the lake disappeared,
swamps developed along
some edges, and the Gila
River began to cut into the
SSC Area from the southwest.
The left illustration on Figure 13 (A)
is for the Lower Subsequence of the
Upper Basin Fill Sequence and the right
illustration on Figure 13 (B) is for the
Upper Subsequence of the Upper Basin
Fill Sequence. The primary differences
between the Lower and Upper
Subsequences of the Upper Basin Fill

The types and extents of depositional
systems appear to have experienced a
shift part way through the deposition of
Peter Mock Groundwater Consulting, Inc.
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Sequence are the disappearance of Lake
Graham and local shifts to greater
extents of palustrine and alluvial fan
depositional systems, primarily near the
subbasin edges.

originating farther east developed at the
lowest part of the Bear Spring Subbasin.
The deposits of the 111 Ranch and
eastern Bear Springs Subbasins include
the Piedmont Facies of Harbour (1966).
Compare the left and right illustrations
of Figure 13 for the arrangement of
depositional systems interpreted for the
Upper Basin Fill Sequence and how they
are interpreted to have transitioned from
Lower Subsequence arrangements to
Upper Subsequence arrangements with
time.

Lacustrine Depositional Systems
A lacustrine depositional system of
the Tertiary Period limited to the 111
Ranch Subbasin has been called Lake
Graham (Houser, 1985; Kruger, 1995).
This is the green-filled area in the Lower
Subsequence features shown on Figure
13A. Lake Graham was an alkaline,
fresh to somewhat saline, lake perhaps
hundreds of feet deep that existed during
parts of the Tertiary Period. It is
possible that at times the lake dried up
completely, in which case the
depositional system temporarily shifted
to a playa. In some areas, it appears that
the lacustrine deposits of Lake Graham
may have abutted the mountain fronts
without bordering alluvial fan or alluvial
fan delta depositional systems.

Where exposed, the alluvial fan
depositional systems of the Upper Basin
Fill Sequence have infiltration and
runoff rates that depend on the location
of distributary channel (coarser
sediments) or floodplain sheet (finer
sediments) elements. Groundwater
flows as a whole at relatively high rates
in these systems.

Alluvial Fan Delta Depositional
Systems

Where exposed, the lacustrine
depositional systems of the Lower
Subsequence of the Upper Basin Fill
Sequence allow relatively small
infiltration rates and thereby
substantially enhance runoff.
Groundwater flows as a whole at
relatively low rates in these systems.

Alluvial fan delta depositional
systems differ from alluvial fan
depositional systems only in their
termination into a standing body of
water or into an active fluvial
depositional system. In the study area,
the fan delta system emerging from the
current Bonita Creek drainage is the
primary example of a fan delta
depositional system. This type of system
probably includes the Orange Silt and
Conglomerate of Harbour (1966).
Smaller examples probably also exist
within the extents of the now vanished
Lake Graham.

Alluvial Fan Depositional Systems
The San Carlos and Bear Springs
Subbasins were dominated by one large
alluvial fan depositional system or by a
large complex of alluvial fan
depositional systems. These are the Red
Facies of Marlowe (1961). A boundary
between these systems and systems
Peter Mock Groundwater Consulting, Inc.

Where exposed, the alluvial fan delta
depositional systems of the Upper Basin
Fill Sequence allow a wide range of
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infiltration rates that depend on the
location of distributary channel (coarser
sediments) or floodplain sheet (finer
sediments) elements. Groundwater
flows as a whole at a wide range of rates
in these systems for the same reason.

the Pleistocene were large scale erosion
and deposition of sediments that largely
continued in transit through and out of
the basin.
The SSC Area is relatively central
within a band of deeply dissected
intermontane basins that stretch from
the area south of Tucson up through the
SSC Area and far eastern Salt River
Valley and then towards Lake Mead near
Las Vegas, Nevada. Regional uplift
along this band, starting during the late
Pliocene and continuing through the
Pleistocene Epoch, is one viable
explanation for this band of deeply
dissected basin fill (Menges and
Pearthree, 1989).

Palustrine-Biological/Chemical
Precipitate Depositional Systems
Later in the deposition of the Upper
Basin Fill Unit, palustrine depositional
systems developed in limited areas. A
distinctive characteristic of these
systems is the biological/chemical
precipitation of carbonates in standing
water. Areas of these systems identified
in the available studies (and shown on
the right illustration of Figure 13 [B])
include an area north of San Carlos
Reservoir and an area east of Safford
near 111 Ranch.

The purple-filled areas on Figure 14
are remnant Pleistocene fluvial deposits
of the ancestral Gila River. The light
brown-filled areas are remnant
Pleistocene proximal pediment alluvial
fan deposits while the dark-brown-filled
areas are remnant Pleistocene distal
pediment alluvial fan deposits. Blackfilled areas on Figure 14 are those of
basaltic flows that were extruded in the
Lower Safford/San Carlos Valley during
the Pleistocene Epoch. Light gray-filled
areas on Figure 14 are basalt colluvium
that collected at the base of basalt
exposures.

Where exposed, the palustrine
depositional systems of the Upper Basin
Fill Sequence allow relatively small
infiltration rates and thereby
substantially enhance runoff.
Groundwater flows as a whole at
relatively low rates in these systems.
The exceptions would be where
fracturing and dissolution have opened
significant cavities in these systems.
Large fractures and cavities consume
runoff and create a framework for very
rapid localized groundwater flow.

The Pleistocene Sequence is a
collection of the widely-separated
sediments deposited under conditions of
a transition from primarily closed
subbasins to fully-established throughflowing drainage. As noted above, the
head-ward progress of the Gila River
began during the end (latest Pliocene) of
the Tertiary Period, after deposition of
the Basin Fill Sequence had largely
ceased.

Sequence 3 – Pleistocene Deposits
Although extensively removed by
erosion, Pleistocene deposits remain in
the study area from pre-Holocene
alluvial fan and fluvial depositional
systems. The dominant processes during
Peter Mock Groundwater Consulting, Inc.
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North America north of Arizona.
Glaciation occurred only at the highest
elevations of Arizona’s mountains (e.g.,
San Francisco Peaks and Mt Baldy
[White Mountains]). More importantly
for sediment transport and deposition in
the SSC Area was that precipitation in
Arizona was much larger during glacial
periods than during interglacial periods.

Therefore, in contrast to conditions
under which the Upper and Lower Basin
Fill Sequences were deposited, the
conditions for Pleistocene Sequence
deposition were dominated by transport
of water and sediments through and out
of the SSC Subbasin Complex. Based
on noting the differences in depth of
eroded Basin Fill (increases in a
westward direction), through-flowing
drainage in the study area is thought to
have been established by head-ward
erosion of the Gila River spreading
upstream from the site of Coolidge Dam
up to the Safford area where drainages
of the upper Gila River, Bonita Creek
and the San Simon Rivers were
captured. The current head-ward erosion
and capture of drainage from the Wilcox
Basin by Aravaipa Creek is a modernday analog for the Gila River’s capture
of drainages in the SSC Area.

During the Pleistocene
Epoch, the Gila River cut its
way eastward across the SSC
Area, captured drainages as it
advanced, and carried away
hundreds of feet of primarily
Upper Basin Fill. Alluvial
fans spread from the
mountain fronts and the
ancestral rivers and washes
repeatedly cut and filled a
Quaternary Trough Network
with coarse sediments.
Basaltic lava spilled across
the surface in a few locations
north of what is now San
Carlos Reservoir.

The timing of the onset of
widespread erosion has been inferred as
ranging from 3.6 MYA near the
confluence with the San Carlos River
(Anderson, 1990) to 0.6 MYA at three
locations in the Safford area (Houser,
1990; Houser and others, 2004).
Therefore, dissection and degradation
processes in the SSC Area started 1.8
million years before the Pleistocene.
Based on a variety of observations,
Houser and others (2004) interpret a
relatively full integration of drainage
between the Duncan-Virden and Safford
areas before the Gila River captured
drainage of the Safford area from the
west.

Increased discharges of water and
coarse sediments from the mountain
watersheds surrounding the SSC Area
provided the source for alluvial fan
depositional systems during the
Pleistocene Epoch. These systems were
probably built in pulses during glacial
periods with timing synchronized with
the cutting and filling of the troughs
along the Gila River and its tributaries.
Stripping of the alluvial fan depositional
systems probably followed each major
spreading episode. Hollander (1960)

The repetitions of cutting and filling
of the SSC Area’s Quaternary Trough
Network were a function of the advance
and retreat of massive ice sheets during
the Pleistocene Epoch over much of
Peter Mock Groundwater Consulting, Inc.
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hypothesized that the Quaternary Trough
Network in the Safford area was filled
with sorted sediments stripped from the
alluvial fans of the overlying terraces.
This process may have been repeated
with each glacial-interglacial cycle of
the Pleistocene.

Where exposed, the alluvial fan
depositional systems of the Pleistocene
Sequence have infiltration and runoff
rates that depend on the location of
distributary channel (coarser sediments)
or floodplain sheet (finer sediments)
elements. Groundwater flows at
relatively high rates in these systems as a
whole. Because of their locations
perched at the tops of terraces and high
groundwater flow capacity, these
systems would not contain groundwater
except soon after infiltration events. For
some time after precipitation events,
springs and seeps develop at the down
slope edges of these systems.
Exceptions include strongly-cemented
horizons (noted in stratigraphic
measurements with thicknesses of a few
feet), which limit the infiltration of
water.

A few extrusions of basaltic lavas
occurred in a limited area in the
northwest SSC Area during the
Pleistocene and became interbedded
with sediments in that area.

Alluvial Fan Depositional Systems
Remnant Pleistocene alluvial fan
depositional systems are typically
proximal. They are found spreading
inward from the edges of the exposed
Basement Complex rocks. Figure 14
shows these occurrences as light brownfilled areas. Fans that start down slope
from the proximal fans are called distal
alluvial fans.

Fluvial Depositional Systems
In the Upper Safford Valley, remnant
Pleistocene fluvial depositional systems
of the Gila River and its largest
tributaries mantle large areas of terraces
at several levels left after large-scale
erosion of the Upper and Lower Basin
Fill Sequences. These are distinguished
from alluvial fan depositional systems
by the orientation of lamina and beds
parallel to the current Gila River’s
course. There are also a few occurrences
of remnant Pleistocene fluvial
depositional systems in the Middle
Safford Valley, which are concentrated
along Markham Wash near the Narrows
of the Safford Valley.

For this study, the proximal alluvial
fan depositional systems have not been
separated in terms of Holocene versus
Pleistocene deposits. The extents of
Pleistocene alluvial fan depositional
systems are probably much larger that
those of Holocene alluvial fans. Houser
and others (1985) and Drewes and others
(1985) assigned Pleistocene to Holocene
ages to these alluvial fan systems. The
fans are currently assumed to be mostly
Pleistocene in age due to a longer time
and greater volume of water available
for transport from the surrounding
mountain watersheds during glacial
periods of the Pleistocene Epoch than
during the current Holocene Epoch. The
distal alluvial fans are probably
primarily Pleistocene in age.
Peter Mock Groundwater Consulting, Inc.

Where exposed, the fluvial
depositional systems of the Pleistocene
Sequence allow relatively large
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infiltration rates and thereby
substantially reduce runoff.
Groundwater flows as a whole at
relatively high rates in these systems.
Because of their locations perched at the
tops of terraces and high groundwater
flow capacity, these systems would not
contain groundwater except soon after
infiltration events. Springs and seeps at
the down slope edges of these systems
develop for some period of time after
precipitation events. Exceptions include
strongly-cemented horizons (noted in
stratigraphic measurements with
thicknesses of a few feet), which limit
the infiltration of water.

continued to be alluvial fan and fluvial
depositional systems. Through-flowing
drainage as observed today was likely
established throughout the study area
before the start of the Holocene.
Figure 15 shows the extents of
Holocene Epoch depositional systems
interpreted for the study area from the
available reports and data. The
Holocene alluvial fans are essentially a
thin veneer over Pleistocene alluvial
fans. The dominant location for
Holocene deposition is the filling of the
Quaternary Trough Network. Holocene
sediments completely surround the Gila
River and its tributaries in the
Quaternary Trough Network, controlling
flow to and from these streams.

Sequence 4 –Holocene Deposits
The dominant processes of the
Pleistocene Epoch continued into the
Holocene Epoch. Indeed, the Holocene
Epoch can be viewed as the latest of the
many interglacials of the Pleistocene
Epoch.

Alluvial Fan Depositional Systems
As noted in the section describing
Pleistocene alluvial fan depositional
systems, the alluvial fan depositional
systems mantling the edges of the
structural subbasins were not separated
for this study in terms of Holocene
versus Pleistocene deposits. Houser and
others (1985) and Drewes and others
(1985) assigned Pleistocene to Holocene
ages to these alluvial fan systems. These
proximal systems are shown as light
brown-filled areas on Figure 15.
Holocene deposits probably dominate
the apexes of these alluvial fans. The
distal fan systems are assumed to be
Pleistocene in age based on noting that
they are typically deeply dissected.

The Holocene Epoch
represents the most recent of
several glaciation-driven
cycles that dominated the
Pleistocene Epoch. During
the Holocene Epoch, the
Quaternary Trough Network
was once again cut and filled
and deposits spread out once
again upon a few alluvial
fans near the mountain
fronts.

In this report, the terminal alluvial
fan deltas of the Gila River’s tributaries
found in the Quaternary Trough
Network are considered not as alluvial
fan depositional systems, but as

The dominant depositional systems
of the Holocene Epoch in the SSC Area
Peter Mock Groundwater Consulting, Inc.
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architectural element complexes of those
tributaries’ fluvial depositional systems.

Network of the SSC Area outline the
streams that cut and filled them.
Holocene fluvial depositional systems
fill the Quaternary Trough Network in
the SSC Area area. Windborne (eolian)
Holocene deposits are present, but are
negligible in the Quaternary Trough
Network of the SSC Area. The major
streams of the SSC Area have associated
Holocene fluvial depositional systems:

Where exposed, the alluvial fan
depositional systems of the Holocene
Sequence have infiltration and runoff
rates that depend on the location of
distributary channel (coarser sediments)
or floodplain sheet (finer sediments)
elements. Because of their locations
perched at the tops of terraces and high
groundwater flow capacity, these
systems would not contain groundwater
except soon after infiltration events.
Springs and seeps at the down slope
edges of these systems develop for some
period of time after precipitation events.
Exceptions include strongly-cemented
horizons (noted in stratigraphic
measurements with thicknesses of a few
feet), which limit the infiltration of
water.

•
•
•
•
•
•
•
•
•
•
•
•

Fluvial Depositional Systems

The major streams were selected as
those with the largest and most sustained
historic flows in the SSC Area. The
Holocene fluvial depositional systems of
the major streams are shown as bluefilled areas on Figure 15; the Holocene
fluvial depositional systems of the
tributary streams and washes are shown
as green-filled areas on Figure 15.

Created by and enclosing the Gila
River and its larger tributaries in the
Quaternary Trough Network of the SSC
Area are Holocene fluvial depositional
systems. Throughout the Holocene, and
continuing to this day, the Gila River
and its tributaries have been performing
the work of carrying sediments into and
out of the SSC Area. Therefore, the
resulting fluvial depositional systems are
snapshots of the sediments on their way
through and out of the SSC Area. The
sediments of the Holocene fluvial
depositional systems are relatively
unconsolidated and therefore could
continue their transport with the next
runoff event or sets of events of
sufficient magnitude.

Where a stream joins the Gila River
and its associated fluvial depositional
system discharges sediments onto the
floodplain of the Gila River, a tributary,
terminal, alluvial fan delta is formed.
For brevity in the remainder of this
report, a tributary, terminal, alluvial fan
delta will be called simply a tributary
terminal delta.

In plan view, the main stem and
branches of the Quaternary Trough
Peter Mock Groundwater Consulting, Inc.

Gila River,
San Carlos River,
San Simon River,
Bonita Creek,
Goodwin Wash,
Black Rock Wash,
Tripp & Underwood Wash,
Cottonwood Wash,
Ash Creek,
Frye Creek,
Graveyard Wash, and
Stockton/Marijilda Wash.

The larger the sediment load of the
tributary stream is relative to the
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The Holocene fluvial depositional
system of the Gila River is a primary
interest of this study and appears to have
three areas of distinctive form in plan
view:

sediment-carrying power of the Gila
River, the larger the visible
accumulation of tributary terminal delta
sediments. Many of the towns of the
SSC Area are located on these tributary
terminal deltas as they are located close
to the Gila River, but provide some
protection from flooding consistent with
slightly increased elevation relative to
the surrounding floodplain. In some
cases, particularly in the Middle Safford
Valley and Lower Safford/San Carlos
Valleys, the sediments of the tributary
terminal deltas are similar to the
sediments of the flood plain architectural
element complexes of the Gila River’s
fluvial depositional system, making their
discernment difficult.

•

o The bluffs of the exposed
Upper Basin Fill Sequence
bounding the Quaternary
Trough form a nearly
continuous and smooth curve.
o The tributary fluvial
depositional systems are
relatively narrow, extend
miles above the Quaternary
Trough, and empty into the
Quaternary Trough through
narrow, widely separated
gaps.
o The tributary terminal deltas
are well defined and extend a
relatively short distance into
the Quaternary Trough.
o The fluvial depositional
system of the Gila River
comprises more than 90% of
the surface of the Quaternary
Trough.
o The channel architectural
element complex comprises
less than 20% of the surface
of the Gila River’s fluvial
depositional system. The
floodplain architectural
element complex dominates
the surface of the Gila
River’s fluvial depositional
system.

The tributary terminal fan deltas of
the Quaternary Trough Network in the
SSC Area are built as are alluvial fan
depositional systems: dominated by finegrained materials in floodplain element
sheets cut by one or more distributary
channels where predominantly coarsegrained sediments are carried. Due to
their size relative to the alluvial fan
depositional systems in the SSC Area,
the tributary terminal deltas are
considered not as separate depositional
systems, but as architectural element
complexes of the tributaries’ fluvial
depositional systems.
The boundaries between the tributary
terminal deltas and the Gila River’s
fluvial depositional system shown on
Figure 15 indicate where they were
noted as obvious from topography or soil
surveys. Tributary terminal deltas may
also form where smaller tributaries meet
the major tributaries of the Gila River.
These were not extensively identified or
delineated in this study.

Peter Mock Groundwater Consulting, Inc.

In the Upper Safford Valley, the
following surficial arrangements
of the Holocene sediments in the
Quaternary Trough Network are
typical and distinctive:
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•

of the surface of the Gila
River’s fluvial depositional
system.

In the Middle Safford Valley, the
following surficial arrangements
of the Holocene sediments in the
Quaternary Trough Network are
typical and distinctive:

•

o The bluffs of the exposed
Upper Basin Fill Sequence
bounding the Quaternary
Trough are isolated, widelyspaced mounds.
o The tributary fluvial
depositional systems on the
southeast side of the Gila
River are very wide and
extend up above the
Quaternary Trough until they
reach distances of
approximately 3 miles, at
which point they narrow and
then extend many miles
farther above the Quaternary
Trough. The tributary fluvial
depositional systems empty
into the Quaternary Trough
as broad, flat plains.
o The tributary terminal deltas
merge into broad plains
above the locations that they
enter the Quaternary Trough
and extend relatively large
distances into the Quaternary
Trough.
o The fluvial depositional
system of the Gila River
comprises 50% to 70% of the
surface of the Quaternary
Trough.
o The channel architectural
element complex comprises
30% to 50% of the surface of
the Gila River’s fluvial
depositional system.
Floodplain and channel
architectural element
complexes share dominance
Peter Mock Groundwater Consulting, Inc.

In the Lower Safford/San Carlos
Valley, the following surficial
arrangements of the Holocene
sediments are typical and
distinctive:
o The bluffs of the exposed
Upper Basin Fill Sequence
bounding the Quaternary
Trough form a nearly
continuous but jagged line.
o The tributary fluvial
depositional systems are very
narrow, extend only short
distances above the
Quaternary Trough, and
empty into the Quaternary
Trough through narrow,
closely spaced gaps.
o The tributary terminal deltas
merge and form continuous
aprons immediately after they
enter the Quaternary Trough
and thereafter extend large
distances into the Quaternary
Trough.
o The fluvial depositional
system of the Gila River
comprises 30% to 50% of the
surface of the Quaternary
Trough.
o The channel architectural
element complex comprises
more than 90% of the surface
of the Gila River’s fluvial
depositional system. The
floodplain architectural
element complex is
essentially non-existent on
the surface of the Gila
River’s fluvial depositional
system.
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sandy, clayey silt interbedded with beds
less than 3 feet thick of sandy, silty
gravel. This distinctive occurrence of
interbedded fine and coarse-grained beds
was found in the lowest parts of the unit
and concentrated in locations beneath
where the upper silts and river gravels
are found (along the axis of the trough).
Houser and others (2004) reserved the
term Gila River Terrace Alluvium for
materials of Pleistocene age remaining
well above the Quaternary Trough.
Though Weist (1971) allowed for the
Terrace Alluvium to be Pleistocene to
Holocene in age, he notes that
cementation is rare and that there is little
overall lithologic difference between the
Floodplain and Terrace Alluvium units.
Therefore, it is more likely that the
Terrace Alluvium of Weist (1971) is
Holocene in age as was later interpreted
by Wrucke and others (2004).

The subsurface of the Quaternary
Trough Network of the SSC Area is
characterized by persistent, distinctive
arrangements of sedimentary deposits.
See the expanded views of the
conceptual cross sections of the
Quaternary Trough Network in the
Upper and Lower Safford/San Carlos
Valleys (Figure 6C). These illustrations
are not to scale, but are sized to show
their key features.
Drillers’ logs for wells penetrating
the Quaternary Trough Network in the
Upper Safford Valley and the studies of
Fair (1961) and Hollander (1960) have
noted an upper silt unit and an
underlying river gravel unit in the Upper
Safford Valley. The Quaternary Trough
Network in the Lower Safford/San
Carlos Valley has a different, but related
arrangement of sedimentary deposits.
The change occurs in the vicinity of
Geronimo, Arizona.

To enhance clarity and precision,
new names are defined and adopted here
for the Holocene Sequence in the
Quaternary Trough Network of the SSC
Area. The Safford Holocene Trough
Alluvium (Safford HTA) and the San
Carlos Holocene Trough Alluvium (San
Carlos HTA) are defined below,

Weist (1971) based his descriptions
of Quaternary Trough Network
sediments in the Lower Safford/San
Carlos Valley on their current, outward,
erosional form, rather than on their
genetic, depositional structures. He
selected the terms Floodplain and
Terrace to separate two alluvium units
identified at the surface and in the
subsurface during drilling. Weist’s
(1971) Floodplain Alluvium correlates
with Fair’s (1961) and Hollander’s
(1960) combined upper silt and lower
river gravel units in the Upper Safford
Valley. Weist (1971) noted that the
Terrace Alluvium is primarily very
poorly sorted beds and lenses of silty
sand and gravelly sand/sandy gravel,
with the exception of a distinctive
occurrence of 5-10 foot thick beds of
Peter Mock Groundwater Consulting, Inc.

The Holocene sediments of
the SSC Area’s Quaternary
Trough Network have been
given two new names based
on unique distributions of
sediments noted in previous
studies and current analysis
of drillers’ logs.
developed from review of the available
reports, visits to the exposures, and
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inspection of over 1,000 logs of drilling
returns from wells drilled into the HTAs.

probably incised into, replace the
uppermost few feet of, and are very
similar in grain-size to, the lower
subsequence. The lower subsequence
and the coarsest, central channel
architectural elements of the upper
subsequence are what are locally called
“River Gravels”.

The Safford HTA fills the
Quaternary Trough Network in the
Upper and Middle Safford Valleys of the
SSC Area. There are two subsequences
in the Safford HTA. Each subsequence
of the Safford HTA is a consistent,
stacked set of one, distinctive style
(arrangement of architectural element
complexes) of fluvial depositional
system (see Figure 6C). The upper
subsequence comprises a set of stacked
channel, channel margin, floodplain and
tributary, terminal, alluvial fan delta
architectural element complexes. The
lower subsequence comprises a set of
stacked channel, channel margin and
floodplain architectural element
complexes. The primary difference
between the two subsequences is that to
a greater extent floodplain architectural
element complex and to a lesser extent
terminal alluvial fan delta architectural
element complexes dominate the upper
subsequence while channel architectural
element complexes dominate the lower
subsequence. The channel architectural
element complexes of the lower
subsequence contain abundant coarse
gravel to cobble size strata.

The San Carlos HTA fills the
Quaternary Trough Network in the
Lower Safford/San Carlos Valley of the
SSC Area. There are three subsequences
in the San Carlos HTA. Each
subsequence of the San Carlos HTA is a
consistent, stacked set of one, distinctive
style (arrangement of architectural
element complexes) of fluvial
depositional system (see Figure 6C).

The San Carlos Holocene
Trough Alluvium (HTA) is
found in the Lower
Safford/San Carlos Valley
and consists of three
subsequences, each with an
outer margin of merged,
coarse-grained tributary fan
deltas, but each with different
central fluvial depositional
systems: medium-grained
strata in the Upper
Subsequence, coarse-grained
strata in the Middle
Subsequence and alternation
between fine and medium
grained strata in the Lower
Subsequence.

The Safford Holocene
Trough Alluvium (HTA) is
found in the Upper and
Middle Safford Valleys and
consists of two subsequences:
a finer-grained Upper
Subsequence and a coarse
Lower Subsequence.
The channel architectural element
complexes of the upper subsequence are
Peter Mock Groundwater Consulting, Inc.
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high rates in these systems. Because of
their low elevation of occurrence, close
proximity to the Gila River, and high
flow characteristics, these systems are
substantially saturated with groundwater.

Each of the three subsequences
comprises a set of stacked channel,
channel margin, floodplain and tributary,
terminal, alluvial fan delta architectural
element complexes. The differences
between the three subsequences are
primarily due to the relative dominance
of architectural element complexes. The
upper subsequence is equally dominated
by channel and tributary terminal
alluvial fan delta architectural element
complexes. Floodplain architectural
element complexes are negligible in the
upper subsequence. The middle
subsequence is also equally dominated
by channel and tributary terminal
alluvial fan delta architectural element
complexes.

Geologic Model Perspectives
The interpretation of the available
data at the available log locations and
extension of interpretations to depths
and locations beyond and between those
of available logs, considering the
remaining geologic data, to a total of
over 24,000 points allows viewing of the
combined interpretations in threedimensional space.

The depths of the geologic
units present at 24,000
locations were interpreted
from review of the previous
studies and new
interpretation of the available
geologic data. The resulting
interpretations were
assembled by computer into a
three-dimensional geologic
model that represents the
geologic units described here
as volumes in proportions
and locations that fit the
available data.

However, the channel architectural
element complexes of the middle
subsequence contain a greater abundance
of gravel and cobble strata than the
upper subsequence. Floodplain
architectural element complexes are
negligible also in the middle
subsequence. The lower subsequence is
dominated by tributary terminal alluvial
fan delta architectural element
complexes. Floodplain and channel
architectural element complexes
alternate in dominance close to the axis
of the Quaternary Trough in the lower
subsequence. Floodplain architectural
element complexes dominate the lower
subsequence of the San Carlos HTA
such that approximately 70% of the
vertical extents of the lower subsequence
are floodplain element complexes.

The resulting interpretation is called
a “geologic model” because it is a
simplified representation of a complex
natural system. The key advantage of
this type of geologic model is that all
geologic sequence extents are now
expressed as elevations above mean sea

Compared to the surrounding Upper
Basin Fill Sequence, the Holocene
Trough Alluvium fluvial depositional
systems allow relatively large infiltration
rates and thereby substantially reduce
runoff. Groundwater flows at relatively
Peter Mock Groundwater Consulting, Inc.
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level (as opposed to depths). This
allows the findings of the geologic
model to be directly used for
groundwater or surface water studies
because the relative elevations of water
volumes control water flow.

Areas for more detailed threedimensional perspectives into the
geologic model are defined in Figure 17.
Figure 18 is a three-dimensional
perspective of the Safford area from the
east with a slice cut into the threedimensional model. The two Basin Fill
sequences are relatively thick in this
area. Figure 19 is a similar look from
the west into the geologic model in the
Fort Thomas area and Figure 20 is a
similar look from the west into the
geologic model in the San Carlos
Reservoir area. The thicknesses of the
two basin fill sequences vary
considerably in each of these areas. The
Pleistocene and Holocene sequences are
not shown in these views as they are
relatively quite thin compared to the
thicknesses of the basin fill sequences.

Although the geologic model was
created with GIS software, it creates and
maintains standard *.dbf files that can be
opened with and used in a wide variety
of software packages. One such
software package, Environmental
Visualization System (EVS Pro, Version
8.0 – CTECH, 2005) was used to look at
features of the geologic model in three
space dimensions. Figures 16 and 18 –
22 provide selected perspectives of the
current three-dimensional geologic
model of the study area developed using
EVS-Pro.

Closer views of the
Quaternary Trough in parts
of the study area were
prepared from the geologic
model as well.

Practically any view or perspective
can be created from the threedimensional geologic model of the study
area. Figure 16 was created by viewing
the entire geologic model along the
course of the Gila River from the
southwest of Coolidge Dam (see Figure
1 for the full study area extents). The
grid of white lines outline individual
townships; the black lines outline the
edge of exposed Basement Complex
rocks or watershed divides. The inner
valleys are outlined in blue. The lower
surface of the Lower Basin Fill sequence
can be seen, deepening sharply from
northwest to southeast.

For closer views of just the Holocene
sediments filling the Quaternary Trough
Network, smaller areas than the areas
used to plot Figures 18, 19 and 20 (see
Figure 17 for locations of “trough
plots”). Figure 21 is a three-dimensional
perspective looking to the northwest and
from beneath the Quaternary Trough
sediments in the Black Point Area
downstream of Geronimo, Arizona. The
three subsequences of the San Carlos
Holocene Trough Alluvium are shown in
a typical arrangement by a cut
perpendicular to the course of the Gila
River. Figure 22 is a three-dimensional
perspective looking to the east from
above into the Safford Holocene Trough
Alluvium between Safford and San Jose.

Cuts into the geologic model
allow views of the Upper and
Lower Basin Fill Sequences
from any perspective.

Peter Mock Groundwater Consulting, Inc.
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The merging of Holocene Trough
Alluvium from the Gila and a major
tributary can be seen on the right hinge
of the cut. Thinning of the upper
subseqence with proximity to the Gila
River on the north side of the trough can
be seen on the left hinge of the cut.

Peter Mock Groundwater Consulting, Inc.
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of alluvial fan depositional systems
proximal to the mountain fronts and
playa depositional systems distal with
respect to the mountain fronts and filling
the lowest structural depressions. The
Lower Subsequence of the Upper Basin
Fill Sequence is a complex juxtaposition
of a lacustrine depositional system in the
Safford area invaded by an alluvial fan
delta from the Bonita Creek drainage
and abutted by large alluvial fan
depositional systems on the west. The
Upper Subsequence of the Upper Basin
Fill Sequence is composed of smaller
alluvial fans replacing the Bonita Creek
fan delta depositional system and
palustrine depositional systems
developed in limited areas where
massive carbonates were precipitated.

Summary
The geology of the Safford-San
Carlos area has been described in a
comprehensive and unified manner from
integration of accumulated published
studies and independent analysis of the
available geologic data. A threedimensional geologic model was built
from a new synthesis based on the
available reports and data.
The study area is a complex of
structural subbasins typical in many
ways of the other basins of the Basin and
Range Province of Arizona. The study
area’s subbasin complex has particular
similarity to the Tucson Basin (in having
a partially asymmetric shape adjacent to
a large metamorphic core complex) and
to other basins adjacent to the ancestral
Mogollon highlands and Mogollon Rim
(in having thick lacustrine deposits).

During and after the time that
through-flowing drainage was
developed, small-scale alluvial fan and
fluvial depositional systems covered and
were incised into the Upper and Lower
Basin Fill Sequences. These Pleistocene
and Holocene sedimentary processes
continue to this day.

The foremost division of geologic
units applicable to the study area is
between Basement Complex rocks and
the Basin Fill Complex. The Basement
Complex rocks are those of the exposed
mountain ranges (intrusive and extrusive
igneous rocks) and they typically are
much less permeable than the
sedimentary deposits of the Basin Fill
Complex Sequences.
The Basin Fill Complex of the study
area, though unique in many ways, can
at the broadest scale be divided as are
deposits in surrounding basins into
Lower and Upper Basin Fill Sequences.
The Lower and Upper Basin Fill
Complex Sequences are composed of
unique, interlocking arrangements of
sedimentary depositional systems. The
Lower Basin Fill Sequence is composed
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interpretations developed here can be
used to specify overall simulation model
structure and parameter distributions.

Recommendations
The geologic study presented here
can serve many purposes. Groundwater
studies, surface flow studies and
agricultural studies can all benefit from
the comprehensive and unified
interpretations developed here.

Use in Agricultural Analyses
The interpretations presented here
can used to segregate agricultural
analyses through segregation of soils
data according to exposed geologic units
and the depths of exposed geologic
units.

This geologic study can serve
as the foundation for
analyses of the flow of
groundwater, surface water,
and the flow of water
provided for agricultural
irrigation.
Use in Groundwater Flow
Analyses
The interpretations presented here
can be used to segregate hydrogeologic
data by sequence, improving the
foundation for plotting and interpreting
the resulting groups and improving the
statistical characteristics of the resulting
groups. The interpretations developed
here can be used to specify the structures
for simulation models as well as
distributions of parameters controlled by
geologic structures.

Use in Surface Flow Analyses
The interpretations presented here
can be used to segregate hydrologic data
by location within the distribution of
geologic units. Watershed delineations
will be more useful if they consider the
locations of exposed units, and the
depths of exposed units. The
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