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Gravity Surveys for Estimating Possible Width of Enhanced 
Porosity Zones Across Structures on the Coconino Plateau, 
Coconino County, North-Central Arizona

By Libby M. Wildermuth

Abstract
The U.S. Geological Survey completed gravity transects 

in 2015, 2018, and 2019 over four features: the Bright 
Angel Fault, Bright Angel Monocline, Tusayan Graben, 
and Redlands Ranch Fault Zone in the Coconino Plateau, 
Coconino County, Arizona, to determine if the existence and 
width of high porosity (low density) zones could be inferred 
from the resulting gravity contrasts, which could be used to 
update groundwater models of the region. Faults and other 
geological structures in the Coconino Plateau are commonly 
thought to play a role in the movement of groundwater in the 
area, but limited data exist to constrain their influence. Some 
groundwater models of the region have used zones of enhanced 
permeability and porosity along or near features to model their 
effect on groundwater flow but have not shown sensitivity 
to the width of the zones used. Enhanced porosity zones in 
the subsurface, such as those included along or near features 
in some groundwater models of the region, could create 
small mass deficiencies detectable by microgravity methods. 
However, 3 of the 4 gravity transects, the Bright Angel Fault, 
Bright Angel Monocline, and Tusayan Graben, showed no 
negative gravity anomaly over the features that could indicate 
the presence of a low-density zone. Only the Redlands Ranch 
Fault Zone that had nearby collapse features showed a negative 
gravity anomaly that was modeled as a zone of 0.017 increased 
porosity about 800 meters wide, corresponding to the relative 
dimension and enhanced porosity used in groundwater models 
of the area. This study was unable to verify the existence of 
enhanced porosity zones at the selected locations along the 
other features. However, faults and other features may affect 
groundwater flow in different ways at different locations, and 
this work does not preclude the existence of enhanced porosity 
zones at other places along these faults.

Introduction
The study area lies in the northeast part of the Coconino 

Plateau, a sub-province of the Colorado Plateau south of the 
Colorado River in Coconino County, north-central Arizona. 
The Coconino Plateau terminates to the north at the Grand 
Canyon and to the south near San Francisco Mountain (fig. 1). 
Two aquifers within the sedimentary strata of the Coconino 

Plateau contribute groundwater to seeps and springs in the 
Grand Canyon and groundwater to municipal supply wells: 
the discontinuous Coconino aquifer and the Redwall-Muav 
aquifer, referred to as the C and R aquifers respectively (Bills 
and others, 2016; fig. 2). Increasing use of groundwater on 
the Coconino Plateau for municipal supplies creates a need to 
better understand the hydrological role of geologic structures 
in this area (Pool and others, 2011).

The accepted conceptual model for groundwater flow 
on the Coconino Plateau is that deformation associated 
with faults and other structures may strongly influence 
vertical and horizontal groundwater flow and possibly 
recharge distributions (Hart and others, 2002; Billingsley 
and others, 2006; Bills and others, 2016). Faults can affect 
groundwater flow in three ways: acting as conduits, across-
fault barriers, or conduit-barriers, but each mechanism may 
control groundwater in different ways at different locations 
(McCallum, 2018). Typically, faults are characterized by 
combining geological information with hydrological data, 
such as water levels on either side of a fault. However, 
hydrological data that could be useful for fault characterization 
on the Coconino Plateau are almost entirely nonexistent. 

Two groundwater models of the Coconino Plateau 
(Montgomery, 1999; Kessler, 2002) use zones of enhanced 
permeability and porosity near or along major structures, which 
create preferential pathways for groundwater flow along those 
features. These models limit the width of the zones of enhanced 
permeability and porosity to the grid size of the models. This 
model discretization defines a broad damage zone that is not 
supported by standard structural models of fracture density as 
a function of distance from the fault, specifically for faults with 
small offsets such as those in the study area. However, Kessler 
(2002) found that decreasing the model grid size to 500 meters 
(m) from the relatively larger grid size used in the Montgomery 
model (1999), generally did not change the model results. 
A third model, the Northern Arizona Regional Groundwater 
Flow Model (NARGFM) (Pool and others, 2011), was able 
to simulate observations reasonably well without explicitly 
modeling features as zones of enhanced permeability and 
porosity. None of the models simulated conduit flow in the 
R aquifer. Solder and others (2020) calculated groundwater 
velocities across the Coconino Plateau by dividing the distance 
between springs in the Grand Canyon and their conceptual 
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Figure 1.  Map of the Coconino Plateau, Coconino County, Arizona, showing the study area, major structures, and gravity 
transect locations (gravity observation points) near the Grand Canyon. Structural features from Billingsley (2000) and 
Billingsley and others (2006). The blue dots are locations that are part of the Groundwater Site Inventory System (GWSI), of the 
Arizona Department of Water Resources (ADWR, 2020).

recharge source on San Francisco Mountain by mean ages in 
the springs and found that those velocities were consistent with 
expected velocities in a general karst aquifer with potential for 
open conduit flow (such as the R aquifer), without the addition 
of faults. This apparent lack of sensitivity to how or whether 
features are modeled as zones of enhanced permeability and 
porosity is likely owing to the scarcity of observation data 
across much of the Coconino Plateau.

For this investigation, the U.S. Geological Survey 
(USGS) attempted to identify the existence of zones of 
enhanced porosity near and across four geologic structures 
on the Coconino Plateau. To meet this goal, relative gravity 
data along four gravity transects were collected in September 
2015 (Tusayan Graben), 2018 (Bright Angel Fault), and 2019 
(Bright Angel Monocline and Redlands Ranch Fault Zone). 

Gravity transects were designed to extend across features 
roughly normally, and approximately 1 kilometer (km) on 
either side of the mapped fault or monocline axis.

Purpose and Scope
The purpose of this report is to attempt to identify the 

existence of zones of enhanced porosity near and across four  
geologic structures on the Coconino Plateau. Gravity transects  
were used to infer enhanced porosity, calculated as a percentage  
increase of the average background density of the Paleozoic 
strata (2,520 kilograms per cubic meter [kg/m3], Lockrem 
and Best, 1983), and fracture-zone widths along the gravity 
transects. For example, a 5 percent increase in porosity (0.05 
enhanced porosity) for a unit with a density of 2,520 kg/m3  
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would result in a density decrease of 126 kg/m3 (density contrast 
of –126 kg/m3) since the density of the additional void space 
is zero. Information about fracture-zone width and relative 
porosity may be useful to update conceptual models and 
groundwater-flow models for the area. The features chosen for 
this study are the Bright Angel Fault, Bright Angel Monocline, 
Tusayan Graben, and the Redlands Ranch Fault Zone (fig. 3).

Previous Investigations
The geology of different parts of the study area was 

investigated in some detail through the middle of the 20th 
century beginning with investigations of Dutton (1882) and 
Darton (1910) who focused on the geology and structure of 
northern Arizona in their reconnaissance studies of the region. 
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Figure 3.  Map of gravity transect locations completed 
on the Coconino Plateau, Coconino County, Arizona, with 
surface geology and mapped features. Geologic information 
from Billingsley (2000; and references therein) and Billingsley 
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The geology of the Grand Canyon has been investigated by 
many natural and physical scientists. The Grand Canyon 
Natural History Association has compiled these investigations 
into a bibliography of the Grand Canyon and lower Colorado 
River as a ready reference to Grand Canyon geology (Spamer, 
1990). Bills and Flynn (2002) compiled geology, hydrology, 
climate, and other water-resources data and reports.

The prevailing conceptual model among geologists 
and hydrologists is that faults on the Coconino Plateau 
control groundwater flow (Metzger, 1961; Huntoon, 1977; 
Montgomery and others, 1999; Kessler, 2002; Bills and others, 
2016; Pool and others, 2011). Such features may result in 
vertical connectivity between the C and R aquifers where 
water is present in the Coconino (Huntoon, 1977; Bills and 
others, 2016; Billingsley and others, 2006). Huntoon (1977) 
also noted that faults in the region may act as both preferential 
pathways (conduits) and barriers.

Inkenbrandt and others (2013) used empirical methods 
developed by Hurlow (1998), Dutson (2005), and Savage and 
Brodsky (2011) to estimate the fracture density distribution 
and hydraulic conductivity adjacent to the Hurricane Fault 
in southwest Utah. Inkenbrandt and others (2013) found that 
hydraulic conductivity within 10 m of the fault was 15 times 
higher than matrix values but decreased to 2 times matrix 
values at about 600 m from the fault core. Savage and Brodsky 
(2011) also found that single faults with displacement less than 
150 m (such as those in the study area) had fracture densities 
that decayed more rapidly with distance than faults with larger 
offset or multiple fractures.

Groundwater flow models of the Coconino Plateau 
groundwater system include Montgomery and Associates 
(1999), Kessler (2002), and NARGFM (Pool and others, 
2011). The extents of the first two models were limited to the 
Coconino Plateau and were intended to model the effects of 
pumping resulting from planned development. NARGFM 
simulates groundwater flow across northern Arizona and only 
models the R aquifer in the Coconino Plateau area. NARGFM 
does not include zones of enhanced permeability along faults, 
but still results in a reasonably good match to existing water-
level and spring discharge observations. Very little data are 
present that could be used to confirm the conceptual modeling 
of faults as zones of enhanced permeability and porosity on 
the Coconino Plateau. Hydrologic studies of water elevations 
or pumping tests near faults or folds have not been done in the 
study area, and few wells are available for passive monitoring 
(fig. 1). A study of well yields outside the study area has 
shown that wells completed in or near faults have higher 
yields than those that are not (Bills and others, 2000).

The gravitational potential of masses with various shapes 
stems from Newton’s law and has been thoroughly developed 
since (for example, Blakeley, chap. 2, 1995). This work can 
be used to create models of the gravitational signatures of a 
variety of geologic features, such as those modeled by Prieto 
(1996), to aid identification of common features encountered 
during mineral exploration. The National Geodetic Survey 
(NGS) collected and compiled gravity observations throughout 
the state of Arizona (Dater and others, 1999), which have 

been used to create gravity anomaly maps such as the Arizona 
isostatic gravity anomaly map created by Sweeney and Hill 
(2001). Gettings and Bultman (2005) combined multiple 
types of regional geophysical data, including gravity, to 
identify major geological structures that may have hydrologic 
significance on the Coconino Plateau. Many studies designed 
to delineate fault structures will use a two-dimensional grid 
of data observations over a larger area, which allows for 
additional data processing methods. However, no such work 
has been done in the study area. A single transect of gravity 
observations collected across a fault is useful for testing a 
hypothesis to determine if further data collection is merited, 
such as was done in Phelps and others (2013) near Barstow, 
California, to identify and model fault offsets using only 
gravity data. 

Setting
The study area lies in the northeast part of the Coconino 

Plateau, a subprovince of the Colorado Plateau south of the 
Colorado River in north-central Arizona (Hunt, 1967). The 
study area is predominantly in Coconino County, with small 
sections of Mohave County in the northwest corner and 
Yavapai County in the southwest corner. The study area just 
clips the southern boundary of Grand Canyon National Park, 
near the Grand Canyon National Park airport, and is partially 
within the western part of the Kaibab National Forest (fig. 1). 

Climate
The climate of the Coconino Plateau is semiarid to 

arid, with more precipitation and colder winters at higher 
elevations, and less precipitation and relatively intense heat 
in the summer at lower elevations (Bills and others, 2016). 
Intense but short monsoon storms in the summer result in 
relatively rapid runoff, whereas milder winter storms may last 
longer and have lower potential evapotranspiration, which 
results in more potential recharge from the winter season 
(Bills and others, 2016). 

Geology
The interior of the Coconino Plateau is a Cenozoic 

upland that was uplifted as part of the Colorado Plateau during 
the Laramide orogeny and is composed of nearly flat-lying 
Paleozoic and younger consolidated sediments with folds on 
reactivated basement faults (Huntoon, 1974; Billingsley and 
Hendricks, 1989; Beus and Morales, 1990). Thousands of feet 
of Mesozoic rocks that overlayed the Paleozoic strata were 
removed during the Laramide orogeny (Hunt, 1967). Cenozoic 
sedimentary rocks on top of Paleozoic strata were also largely 
eroded but may act as an upper confining unit on the C aquifer, 
where present (Billingsley and others, 2006; fig. 2). Erosion of 
sediments on the Coconino Plateau has exposed a land surface 
characterized by low-relief hills and mesas, broad mature 
valleys, and several internal drainages with no free-flowing 
streams. The southern third of the Coconino Plateau is covered 
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by Tertiary to Pleistocene volcanic rocks of the San Francisco 
and Mount Floyd Volcanic Fields (Billingsley and others, 
2006). The hills and mesas are the scattered remnants of these 
rocks protected by local downwarping or lava cap rocks. The 
elevation of the Coconino Plateau ranges from about 1,740 ft 
(530 m) at the mouth of National Canyon in Grand Canyon 
to 12,633 ft (3,851 m) at Humphrey’s Peak. Total relief for 
the plateau is more than 10,500 ft (3,200 m) (Bills and others, 
2016). Most of the young, steep drainages are aligned on joints 
and faults (Billingsley, 2000; Weir and others, 1989), are small 
in area, and have ephemeral streamflow. These drainages can 
contain discharge points (such as springs) where the joints and 
faults in the drainage intersect the R aquifer, or the C aquifer 
when it is present (Bills and others, 2016). 

Hydrogeology

Several stratum of the Coconino Plateau are important 
to groundwater flow. There are two primary aquifers: the 
unconfined Coconino aquifer (commonly referred to as the 
C aquifer), composed of the Kaibab Formation, Coconino 
Sandstone, and some units of the Supai Group (in places); 
and the confined Redwall-Muav (commonly referred to as the 
R aquifer) composed of the Redwall and Muav Limestone 
layers and the Temple Butte Formation where present 
(fig. 2). The deeper limestone R aquifer is thought to have 
dissolution features that allow unimpeded drainage and flow 
of groundwater through conduits (Bills and others, 2016),  
and the largest springs emanate from this aquifer, or at the 
upper confining unit of this aquifer, where it intersects the 
Grand Canyon.

Smaller seeps from the C aquifer are also observed in 
the Grand Canyon, but most discharge from the C aquifer 
is thought to be directed downward, along preferential flow 
paths provided by geological structures such as faults or 
collapse features that have not become cemented (Bills and 
others, 2016). Discharge from the C aquifer may reach the R 
aquifer only where that aquifer’s confining layer (lower part 
of the Supai Group) is absent, or where faults and fractures 
have penetrated that unit. The C aquifer is discontinuous 
across the Coconino Plateau, and not well-mapped, adding 
to the difficulty of understanding and modeling C and R 
aquifer connectivity. The R aquifer is largely underlain by the 
impermeable Bright Angel Shale of the Tonto Group, which 
limits flow into less conductive Precambrian layers. 

Bright Angel Fault

The Bright Angel Fault is a discontinuous fault 
approximately 40 km long, that extends southwest from the 
Grand Canyon (fig. 3). It continues northeast from the Canyon 
as the Eminence Fault through the Kaibab Plateau, and it is 

one member of a regional system of northeast trending faults 
reactivated in the Cenozoic era along Precambrian faults 
(Shoemaker and others, 1978), with an offset in the Paleozoic 
strata of 61 m, southeast block down (Huntoon and Sears, 
1975). The fault dips from 76 to 87 degrees (°) southeast 
in the Paleozoic rock, compared to a shallower dip of 45 to 
80° southeast through the Precambrian strata (Huntoon and 
Sears, 1975). Bedding on the east block of this fault may dip 
towards the fault trace, which suggests extensional movement 
accompanying the normal faulting in more recent time 
(Billingsley and others, 2006). The gravity transect across this 
feature was completed near the northern terminal of the fault, 
near the edge of the south rim of the Grand Canyon (fig. 4). 
Note that in the Grand Canyon, there are different types of 
bedrock on either side of the Bright Angel Fault: Brahma Schist 
(Ilg and others 1996; Billingsley, 2000, and references therein) 
to the southeast, and a mixed granite to the northwest (labeled 
as Xgr in Billingsley, 2000; fig. 4). Gravity contrasts across this 
fault may be due to both offset layers of different densities and 
bedrock density contrast on either side of the fault.

Approximately 19 km to the southwest, along the fault 
from the first gravity transect, a second transect was completed 
where the fault is marked as a monocline (fig. 5). A monocline 
is a fold, rather than a fracture, although a buried fault may 
exist. The Bright Angel Monocline rises sharply on the 
southeast side of the monocline axis, and dips to the northwest. 

Redlands Ranch Fault Zone

The Redlands Ranch Fault Zone begins along the 
west edge of the Redlands Ranch Basin, which is a large 
circumference collapse feature Billingsley and others (2006) 
identified as the lowest structural point on the Coconino 
Plateau, with preserved Cenozoic strata downdropped to the 
southeast approximately 60 m (fig. 3). Small fault segments 
with unknown offset and scattered collapse features continue 
northeast of the basin, and the gravity transect for this location 
is located at the northern terminal of this fault zone. The 
transect crosses one segmented fault and is approached by 
two additional faults and a sequence of sinkholes or collapse 
features (fig. 5). 

The geology of the basin shows preserved Moenkopi 
Formation (largely eroded elsewhere on the Coconino 
Plateau), which may act as an upper confining unit for the 
C aquifer, and some Quaternary alluvial fill. The area where 
the gravity transect crosses the Redlands Ranch Fault Zone 
is largely composed of Kaibab Formation overlain in places 
by Quaternary alluvium. There are two wells, labeled as sites 
1 and 2 (see table 1 and fig. 5), near the gravity transect with 
water levels near 300 m below land surface recorded after 
initial construction in 1966 (table 1), indicating there once was 
some water in the discontinuous C aquifer at that depth. 
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Figure 5.  Map of the Redlands 
Ranch and Bright Angel 
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2020). Geologic information from 
Billingsley, 2000.

Table 1.  Water well information from the Arizona Department of Water Resources (ADWR). 

[The first two wells (labeled 1 and 2) are in the Redlands Ranch transect area (fig. 5), the remaining wells (3–6) are in the Tusayan Graben area (fig. 6). m, 
meters; DTW blsd, depth to water below land surface datum; N/A, no information available.]

Well number No. Use Depth (m) DTW blsd (m) DTW date

355530113214001 1 stock 323 301 7/1/1966
355430112202001 2 stock 329 292 10/1/1966
355830112081001 3 unused 223 123 7/25/2017
55-542928 4 production 914 732 N/A
355811112074501 5 production 947 N/A N/A
55-560179 6 production 951 732 N/A
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Tusayan Graben

The Tusayan Graben is a downdropped block south 
of the town of Tusayan, Ariz., that is up to 500 m wide and 
approximately 6 km long, formed between two normal faults 
(fig. 6). Within the graben, Kaibab Formation is downdropped, 
resulting in a topographic low that may accumulate 
unconsolidated sediments with a lower density (fig. 6). This 
typically results in a negative gravity anomaly over the graben 
that is relatively flat, with steep gradients on either side of the 
graben corresponding to the bounding faults. The topographic 
relief of the Tusayan Graben in the area of the gravity transect 
is only approximately 10 m.

Methods
Gravity surveys

Relative gravity data along four gravity transects 
were collected in September 2015 (Tusayan Graben), 2018 
(Bright Angel Fault), and 2019 (Bright Angel Monocline 
and Redlands Ranch Fault Zone) using Zero-Length Spring, 
Inc., Burris relative-gravity meter B44. Gravity transects 
were designed to extend across features roughly normally, 
and approximately 1 km on either side of the mapped fault or 
monocline axis. All gravity transects in this study followed 
roads to limit instrument tares and drift caused by vibrations to 
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the meter. Measurements were made approximately every 100 
m along a transect, using a concrete paver set on the ground 
(fig. 7). Repeat observations at a common base station were 
made throughout the day to correct for instrument drift. Data 
were logged using software that applied earth tide corrections 
based on Global Positioning System (GPS) data collected 
by the logging device. An absolute gravity offset value taken 
from NGS stations closest to each transect was applied during 
a least-squares network adjustment (Hwang and others, 2002) 
using GSadjust software (Kennedy, 2020). 

GPS data were collected at every gravity observation 
point using a Trimble 5800 receiver with 8-minute 
occupations. A Trimble 5700 receiver was located at a 
base station near the middle of each transect for at least 
four hours during each survey. Base station positions were 
determined using the NGS Online Positioning User Service 
(OPUS; available at https://www.ngs.noaa.gov/OPUS/), with 
horizontal accuracy of about 2 centimeters (cm) and vertical 
accuracy of about 3 cm, equivalent to about 0.009 milligal 
(mGal) accuracy in gravity. 

Gravity Reduction

Several factors affect the local gravity field, one of which 
is anomalous geology, the target of this study. In the study 
area other factors include the distance from the center of 
mass, or elevation above sea level (free air correction, fag
); the effect of mass with homogeneous density between the 
observation point and sea level ( )sbg ; the effect of mass 
owing to topography ( tg ); and the regional trend including 
isostatic compensation ( regg ). The gravity residual rg  (that 
is, the departure from the expected observation value on the 
reference ellipsoid, 0g ) is calculated by:

0r obs fa sb t regg g g g g g g= - - - + -            (1)

These reductions provide an expected value for a gravity 
observation if there were no subsurface density anomalies. 
The gravity residual reflects density variation in the upper 
crust (upper crust to the surface). 

Reductions were completed using QCTool software 
(Petros Eikon, Inc., 2018), except for the regional-trend 
correction, which was calculated as a linear trend with distance 
across a transect and removed from the data. GPS data were 
used to calculate the theoretical gravity value (a function of 
latitude) and free-air correction (a function of station height 
above sea level). The density used for all but the terrain 
reductions was 2,670 kg/m3, which is the standard, average 
density used for gravity reductions. Different densities were 
tested for the terrain corrections for the Bright Angel Fault 
transect since it had the steepest terrain, but different densities 
for that correction resulted in offset gravity residual values with 
no change in the magnitude of anomalies along the transect. 
Therefore, the density of the Kaibab Formation, 2,450 kg/m3 
(Lockrem and Best, 1983), was used for all terrain corrections.

men21_2171_fig07

Figure 7.  Photograph of relative gravity meter (Zero-Length 
Spring, Inc., Burris relative-gravity meter B44) and Global 
Positioning System (GPS) rover setup at an observation point 
for the gravity transects during this study. The study area is in 
Coconino Plateau, Coconino County, Arizona. U.S. Geological 
Survey photograph taken by Libby Wildermuth in 2019.

A 1 arc-second digital elevation model (DEM), down-
sampled to 1,000 m, was used for regional terrain corrections 
(U.S. Geological Survey, 2020). Between 2 km and 100 km, a 
⅓ arc-second DEM was used for local terrain corrections to a 
distance of 2 km. Sampled DEMs were exported from ArcGIS 
Pro as .csv files and gridded within QCTool, which was also 
used to calculate the terrain corrections (Esri Inc., 2020).

The regional trend correction map created from the 
complete Bouguer anomaly (the complete Bouguer anomaly 
accounts for ,  ,  ,fa sb tg g g  and 0g , reductions) and isostatic 
residual anomaly maps (Sweeny and Hill, 2001) was sampled 
to the gravity stations, but the resolution of the map resulted 
in the same values for several contiguous observation points. 
Final regional terrain correction values for each observation 
point were thus interpolated by fitting a linear trend to 
each transect. The trend that was removed was increasing 
to decreasing gravity residual values, from northwest to 
southeast. This trend is apparent in fig. 8, which shows the 
main northeast–southwest trending faults in the study area 
bounding a gravity high to the northwest that trends in the 
same direction (Sweeney and Hill, 2001). Removing this trend 
from the gravity residual presented here isolates the effect of 
more local geology.

Correlation between elevation and observed gravity 
residuals may result from an incorrect density used in the local 
terrain corrections or poor resolution of elevation information 

https://www.ngs.noaa.gov/OPUS/
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in steep terrain. Where gravity residuals and terrain appeared 
to be correlated, a simple linear regression between the gravity 
residual and elevation was checked to better estimate the 
validity of the correction applied and the confidence in the 
gravity residual calculated. 

Gravity Modeling
Modeling the gravity anomaly from simulated mass of 

known size, shape, and density is a straightforward problem 
referred to as the forward model. More typically, a geologic 
model is built and constrained by assumptions (possibly 
derived from a different geophysical method, or inferred 
from observations), and an inversion is used to arrive at the 
geologic model providing the best fit. Lockrem and Best 
(1983) list the measured densities of several stratum that can 

be found in the Coconino Plateau or elsewhere, and these 
densities were used in the forward model for those strata, 
and the average density given by this report was used for 
layers that had not been measured (2,520 kg/m3). Other than 
densities for some of the strata, limited geologic information 
was available for this project, so forward models were 
manually adjusted using FastGrav version 0.9.0 (Price, 2020). 
FastGrav uses the Talwani method to create the modeled 
gravity response to mass (Talwani and Ewing, 1960). This 
method assumes that mass items created as flat regions 
extending to the right and left by user-defined distances also 
extend semi-infinitely into and out of the model. All geologic 
models presented here are nonunique and part of an infinite 
set of solutions, which is typical for this type of work. A lower 
density feature in the subsurface creates a mass deficiency 
that produces a local minimum in gravitational attraction over 
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that point—a negative gravity anomaly. Three gravity models 
using the Redlands Ranch Fault Zone were created to compare 
the magnitude of a negative gravity anomaly resulting from 
enhanced porosity zones of various widths, where the porosity 

was scaled by the width (for example, the 1,500 m zone has 
one third the porosity of the 500 m zone). Values for porosity 
and width in figure 9B were taken from Kessler’s model 
(500 m zones of 0.05 enhanced porosity) (Kessler, 2002) and 
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scaled to a broader zone more representative of earlier work 
(Montgomery, 1999) in figure 9A. The modeled lines in these 
figures reflect the expected gravity residual resulting from 
the width and enhanced porosity used in the corresponding 
groundwater model. The modeled line in figure 9A does a 
better job of staying within the overall magnitude of observed 
data, but the model in figure 9B seems to correspond better 
with the horizontal bounds of the low in the observed data. 
The third model (fig. 9C) was created to estimate a reasonable 
minimum anomaly that would be well enough above the level 
of error to be detected: a 0.5 mGal low across a 100-m-wide 
0.04 enhanced porosity zone. Table 2 shows the enhanced 
porosities, corresponding density contrasts, widths of the 
enhanced porosity zones, and resulting negative gravity 
anomalies, in mGal, for each model. Included in table 2 is the 
modeled gravity anomaly of a 100 m zone of 0.25 enhanced 
porosity—the proportional porosity used for the models in 
fig. 9, scaled to 100 m. 

Estimated error

Small anomalies present in a gravity residual may be 
on the order of error if reductions are problematic, and the 
possibility that apparent anomalies may be the result of other 
errors should also be considered. Estimated standard deviation 
of the relative gravity differences measured using the ZLS 
Burris relative-gravity meter is about 0.003 mGal. Additional 
error in the vertical accuracy of station elevations obtained 
using GPS is 0.009 mGal. These errors are small sources 
of error compared to the accumulated error from gravity 
reductions, which may be anywhere from 0.1 to 5 mGal 
(Blakely, 1996). This criterion is for gravity applications 
requiring only instruments and methods capable of resolution at 
the mGal level, or as small as 0.01 mGal for studies requiring 
more careful data collection techniques with instruments 
considered accurate to the microGal (Deroussi and others, 
2009). Many of the gravity reductions rely on observable 
values for geographical coordinates and elevations that can be 
measured fairly accurately (e.g. a difference of 1cm in elevation 
would yield a free air reduction difference of about 0.003 
mGal). The error in terrain correction gravity reduction will 

Table 2.  Values used to create modeled gravity responses to 
zones of enhanced porosity in figure 9. 

[Enhanced porosity indicates the percentage of additional void space used to 
determine the density contrast (e.g., 0.05 * 2,520 kg/m3 = 126 kg/m3; since 
this is an increase in void space, this corresponds to a decrease in density, 
so the density contrast is negative: –126 kg/m3.). kg/m3, kilograms per cubic 
meter; m, meter; mGal, milligals.]

Enhanced 
porosity

Density contrast 
(kg/m3)

Width 
(m)

Depth 
(m)

Anomaly 
(mGal)

0.05 −126 500 −1,000 −1.7
0.017 −42 1,500 −1,000 −0.8
0.25 −630 100 −1,000 −3.1
0.04 −100 100 −1,000 −0.5

vary depending on the resolution of the DEM used to model it. 
Steep terrain modeled as relatively course cubes will produce a 
less accurate approximation of the terrain than a finer resolution 
model, or a model of flatter terrain. The Grand Canyon 
represents the greatest potential source of error in the regional 
terrain correction, given the proximity of the gravity transects to 
it and the resolution (100 m) of the elevation grid used for those 
corrections. Relatively large and rapid changes in elevation 
along the Bright Angel Fault transect represent the greatest 
potential for error in the local terrain correction. The effect of a 
poor local terrain correction will be apparent when comparing 
the elevation along a transect to the gravity residual. 

Results

Bright Angel Fault

Two gravity transects separated by about 19 km cross 
the Bright Angel Fault and Monocline (transects A-A’ and 
B-B’, respectively, on fig. 3). For the northernmost gravity 
transect that crosses the fault (fig. 4), the model incorporates 
the density contrast between the basement rock on either side 
of the fault, and the Paleozoic fault offset of 60 m, southeast 
block down (fig. 10). The elevation of the terrain to either 
side of the fault is similar, which could suggest that the offset 
estimated for this fault is too high in this area or could be a 
result of subsequent erosion or secondary faulting leading to 
tilting of the west block that also had the effect of lowering 
the elevation of that block. The modeled gravity presented 
here assumes 60 m of offset, down to the east, with subsequent 
erosion resulting in the east block being 60 m thicker than the 
west. The modeled gravity response based on this geology 
shows a smooth increase of about 1.3 mGal (northwest to 
southeast), with no gradient over the fault (fig. 10). 

The overall increase in modeled gravity from northwest 
to southeast is very close to the observed gravity increase in 
the same direction, which is approximately 1.13 mGal, but 
the observed gravity residual does not increase smoothly. 
There is a positive gravity anomaly in the observed residual 
of approximately 0.5 mGal located over the fault, rather than 
a negative anomaly as expected if the fault trace represents 
a zone of enhanced porosity. However, the gravity residual 
and the elevation appear to be correlated for approximately 
the first 1,400 m (from northwest to southeast) of the transect 
(R2=0.7 for this section, where R2 is the coefficient of 
determination). Gravity residuals that are correlated to height 
may indicate a poor terrain correction or incorrect density 
used for the terrain correction. Different densities were tested 
for the terrain correction, but although they resulted in an 
offset in the gravity residual, they did not change the location 
or magnitude of the observed anomalies, which suggests the 
resolution of the terrain correction is poor. Further modeling 
to account for the anomaly seen in the gravity residual was 
not done, since these data seem likely to be a result of a non-
linear transect and errors with the terrain correction rather than 
anomalous geology.
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There is no indication of a low-density (high-porosity) 
zone around the fault at this location. If the maximum error 
for this transect is on the order of a few tenths of a mGal, a 
–1.7 to –0.8 mGal negative gravity anomaly resulting from 
a 500 or 1,500 m zone of enhanced porosity (respectively, 
table 2) should still result in a small negative gravity anomaly, 
if present.

Bright Angel Monocline

The transect across the Bright Angel Monocline shows 
a small positive gravity anomaly of approximately 0.5 mGal 
roughly corresponding to exposed Kaibab Formation (fig. 5). 
The geologic model simulated a short segment of uplift to the 
northwest similar to the expected geology of an anticline, which 
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resulted in modeled gravity with good fit to the observed gravity 
residual (fig. 11). The modeled lift of the fold was 60 m, similar 
to the offset documented in the Bright Angel Fault. The R2 value 
of 0.31 for this transect indicates relatively low correlation 
between station elevation and observed gravity residual. A 
high R2 value would indicate that the observed gravity residual 
could be well-modeled as a function of elevation, rather than 
anomalous geology, and would suggest a poor reduction. The 

gravity residual for this transect does not appear to be affected 
by the potential density contrast of basement rock on either side 
of the monocline axis. It cannot be confirmed if there is such a 
density contrast across the axis of the monocline in this location. 
The data for this transect do appear to show a justifiable 
anomaly related to the monocline, but there are no negative 
gravity anomalies along the transect that would indicate a low-
density zone associated with the feature.
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Figure 11.  Gravity residual model (B to Bʹ) of the Bright Angel Monocline (fig. 5), in the Coconino Plateau, Coconino County, 
Arizona. A, the observed and modeled gravity residuals; B, elevation at corresponding gravity observation points in figure 11A; 
and C, geology model used to generate modeled gravity residual in figure 11A.The dashed red line shows the approximate 
location of the monocline axis. The geologic model simulated a short segment of uplift to the northwest similar to the 
expected geology of an anticline, which resulted in modeled gravity with good fit to the observed gravity residual. The gravity 
residual for this transect does not appear to be affected by the potential density contrast of basement rock on either side of 
the monocline axis. The data for this transect do appear to show a justifiable anomaly related to the monocline, but there are 
no negative gravity anomalies along the transect that would indicate a low-density zone associated with the feature. kg/m3, 
kilograms per cubic meter.
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Tusayan Graben

The gravity residual for the Tusayan Graben shows 
a very small, steep gradient down near the western 
bounding fault, followed by a positive gravity anomaly of 
approximately 0.6 mGal at about the location of the fault 
bounding the east side of the graben (fig. 12). The geologic 
model used for the modeled gravity residual is based on the 
dimensions of the graben in the transect, and an asymmetrical 
downdrop of about 10 m, which is based on the topography of 
the graben. This model produces a negative gravity anomaly, 
resulting from Kaibab Formation to either side of the graben 
juxtaposed with less dense alluvium within the graben 
(fig. 6). A negative density contrast produces a negative 
gravity anomaly, inconsistent with the observed positive 
anomaly. The positive observed anomaly suggests that the 

geologic model is missing information, such as possible 
involvement of the bedrock that is unknown. Errors in the 
data are likely at least partially responsible for the anomaly. 
There are two sections of the transect where observed gravity 
residual and gravity station elevation are apparently related, 
with R2 greater than or equal to 0.5 for both sections. For 
approximately the first 1,800 m from northwest to southeast 
along the transect, the gravity residual is increasing with 
increasing elevation, but continuing between 1,900 and 
2,600 m the gravity residual is decreasing with increasing 
elevation. These data were also collected along a transect that 
was not a straight line but were projected onto a line formed 
between the first and last data points of the transect, which 
may introduce additional error. Additional modeling was 
considered unjustified since the accumulated error is likely on 
the same order as the observed anomaly.
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Figure 12.  Gravity residual model (C to Cʹ) for Tusayan Graben (fig. 6), in the Coconino Plateau, Coconino County, Arizona. 
A, the observed and modeled gravity residuals; B, elevation at corresponding gravity observation points in figure 12A; and 
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residual is based on the dimensions of the graben in the transect, and an asymmetrical downdrop of about 10 meters, 
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Redlands Ranch Fault Zone

The gravity residual for this transect shows a negative 
gravity anomaly that smoothly transitions to a positive 
anomaly on either side (fig. 13). The negative anomaly 
was roughly matched by modeling a zone 800 m wide and 
1,000 m deep, with a porosity increase of 0.017 (0.017 
multiplied by the average Paleozoic strata density of 
2,520 kg/m3 results in a density change of –42 kg/m3). One 
fault line crosses the transect, and two other faults approach 
it, as do three collapse features (fig. 5). The enhanced porosity 

zone modeled in figure 13 was placed so that the modeled 
gravity was as close as possible to the observed gravity 
residual. This placement puts the zone of enhanced porosity 
almost directly between the two outermost faults, suggesting 
they bound the lower density zone. However, the enhanced 
porosity zone of 800 m only accounted for a negative 
anomaly of 0.75 mGal in the modeled gravity and did not 
account for the positive gravity anomalies to either side of 
the feature, or the relatively large negative anomaly to the 
northwest. These were not modeled owing to lack of geologic 
information in this area. 
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Gravity Transect Comparisons

The observed gravity residuals for the four gravity tran-
sects from this study were compared to the isostatic residual 
anomalies from Sweeny and Hill (2001) at the same locations 
as the gravity station elevation (fig. 14). 

Three of the gravity transects, the Bright Angel Fault, 
Bright Angel Monocline, and Tusayan Graben, showed no 
indication of zones of enhanced porosity within 1 km on either 
side of the faults or fold. Two of the gravity transects (Bright 
Angel Fault and Tusayan Graben), showed small positive 
gravity anomalies which were similar in shape and size to the 
anomalies in the Sweeney and Hill (2001) gravity residuals 
(extracted to the same points as observations for this study 
(fig. 14A). NGS stations along or near the Tusayan Graben 
also indicate greater gravity in the part of the graben where the 
transect for this study was completed, and lower gravity near 
the bottom third of the graben (Dater and others, 1999; fig. 6). 
Taken together, it seems likely that there is a valid geologic 
reason why the gravity residual shows a positive anomaly over 
the graben rather than a negative one. However, the similarity 
between the gravity residual for the Bright Angel Fault and 
the isostatic gravity residual of Sweeney and Hill (2001) 
likely results from the shape of the transect. The section of 
the transect to the northwest of the fault is slightly offset to 
the north relative to the southeast section (fig. 4). FastGrav 
(Price, 2020) projects all transect points onto a line extending 
between the endpoints of the transect, but it is possible that 
the difference in the gravity residual on either side of the fault 
may be due to a trend that influences observation points as 
a function of distance along the fault, rather than a genuine 
geologic anomaly. The isostatic gravity anomaly map of 
Sweeney and Hill (2001) also shows decreasing gravity along 
the fault in this area, towards the Grand Canyon, which further 
suggests this is not an anomaly but an artefact of a regional 
trend (fig. 8).

Discussion and Conclusions
The one observed negative gravity anomaly, in the 

Redlands Ranch Fault Zone transect, shows a low-density 
zone lying between the two outermost faults that approach 
or cross the transect (fig. 13). The presence of the collapse 
features approaching the transect may be an indication that 
collapse features could play a larger role in locating enhanced 
porosity zones, but additional work would need to be done 
to test this. A shallower zone of higher porosity (affecting 
only the strata of the Kaibab and Toroweap Formations) 
could produce a negative gravity anomaly of similar size 
with somewhat steeper gradients on either side, but a deeper 
zone of enhanced porosity (exclusively in the R aquifer, 
for example) would result in shallower and more extensive 
gradients on either side of the negative gravity anomaly that 
would not resemble the observed gravity residual. Therefore, 
the negative gravity anomaly observed near the middle of 
this transect is likely a result of a relatively shallow negative 

density contrast, as modeled (fig. 13). An extension of this 
transect further to the northwest could be useful in identifying 
the source of the negative anomaly on the northwest edge 
of the transect, and additional work could be carried out to 
attempt to identify the source of the positive gravity anomaly 
bounding the negative anomaly on the northwest. 

The small positive anomaly over the Bright Angel 
Monocline is more typical of an anticline, which suggests 
the extent of the uplifted northwest limb of the monocline 
may be quite limited in the area of the transect, more typical 
of an anticline. The terrain is largely smooth and flat, which 
likely introduced little error in the gravity residual (fig. 9). 
The anomalies in the gravity residuals at the locations from 
figure 3 are likely valid, resulting from geologic features of 
anomalous density, though the exact dimensions and density 
contrasts cannot be determined. The isostatic gravity residuals 
from Sweeney and Hill, (2001) for Bright Angel Fault and 
Redlands Ranch Fault Zone gravity transects in this area 
are almost completely linear but the resolution of the data 
collected here is higher (fig. 13A).

The results of this study indicate that additional work 
on collapse features may prove useful for identifying other 
negative gravity anomalies that could indicate high porosity 
zones. The work of Gettings and Bultman (2005) could also 
be considered when identifying features of interest for further 
study, including those that may represent deep penetrative 
fractures where water from the C aquifer or the surface may 
recharge the R aquifer or where low-density fault cores 
may create sections of conduit flow along the fault. Finally, 
additional data collection to aid in mapping the location and 
extents of the upper aquifer system on the Coconino Plateau 
may represent a useful means to improve model calculations, 
as estimated connectivity between the aquifers implied by 
Solder and others (2020) may also help improve model results.

This study identified one negative gravity anomaly 
across the Redlands Ranch Fault Zone that was modeled 
within the width and enhanced porosity values of those used 
in groundwater models of the area. This study was unable to 
verify the existence of enhanced porosity zones at the chosen 
locations along two major northeast-southwest features, 
the Bright Angel Fault and Tusayan Graben, which have 
been modeled as continuous zones of enhanced porosity. 
However, faults and other features may affect groundwater 
flow in different ways at different locations, and this work 
does not preclude the existence of enhanced porosity zones 
at other places along these features. Identifying locations 
where geologic features have resulted in enhanced porosity 
zones that could be preferential flow paths could be useful 
for understanding effects of future pumping on springs and 
groundwater availability on the Coconino Plateau. The 
magnitude of all the gravity residual anomalies presented 
here are relatively small magnitude (<1 mGal) and may also 
have relatively large error associated with them (estimated 
here to be one to several tenths of a mGal). Additional gravity 
data collection could be useful in testing the results presented 
here and attempting to identify other zones of enhanced 
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Figure 14.  Comparison of observed gravity 
residuals for the four gravity transects in 
the Coconino Plateau, Coconino County, 
Arizona, from this study with isostatic 
residual anomalies from Sweeney and 
Hill (2001). A, at gravity observation points 
across the Bright Angel Fault; B, at gravity 
observation points across the Bright Angel 
monocline; C, at gravity observation points 
across the Tusayan Graben; D, at gravity 
observation points across the Redlands 
Ranch Fault zone.
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porosity near or along features. However, the depth of zones 
of enhanced porosity is also a limiting factor to this type of 
work; it is possible that such zones are limited to the karstic 
R aquifer, which would make them too deep to detect with 
practical surface geophysics. If this were determined to be the 
case, groundwater models of the area could be improved by 
additional observation data, rather than additional work such 
as was carried out in this study.

Data Availability

This report is accompanied by a USGS data release 
(Wildermuth, 2021) that contains gravity observation 
data (relative gravity data) adjusted by combining gravity 
observations from this study with absolute gravity values 
from nearby NGS gravity observation locations (Dater and 
others, 1999) using GSadjust (Kennedy, 2020). Values for the 
corrections listed in equation 1 are also given, as calculated 
using QCTool (Petros Eikon, Inc., 2018), along with the 
resulting gravity residual values reported here. These data 
may be used to duplicate the results shown in this report and 
provide additional information about the correction values at 
each gravity observation point.
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