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ABSTRACT

Great Sand Dunes National Park and Preserve (GRSA, Colorado) lies 
along the eastern margin of the San Luis Basin and the tectonically active 
Sangre de Cristo fault system that are part of the northern Rio Grande rift. 
GRSA lies within a prominent embayment in the range front where two sep-
arate sections of the Sangre de Cristo fault system intersect. Fault scarps 
are observed along both intersecting fault zones within older basin-fill allu-
vium, but have been obscured by the actively migrating dunefield. The dune 
sand is also strongly magnetic, locally limiting the usefulness of aeromag-
netic methods for mapping concealed structure. This study uses airborne 
geophysical methods, primarily airborne gravity gradient data, along with 
constraints from geologic mapping and limited subsurface data and ground-
water modeling, to interpret the subsurface basin geometry and range-front 
structure of the embayment. Using forward modeling of the gravity gra-
dient data and locations of faults inferred from gravity gradient and aero-
magnetic lineaments, several previously unrecognized tectonic elements 
are interpreted adjacent to the range front. Some of the largest rift- related 
fault offsets are demonstrated to be basinward of the normal fault zones 
mapped at the surface along the range front of the Sangre de Cristo Moun-
tains, along faults concealed under the dunefield and subparallel to the two 
fault sections. A fault-bounded structural bench, likely composed of Protero-
zoic rocks, underlies most of the high dunefield at depths of 500 m to 1 km. 
The bench is truncated on its southwest margin by a northwest-trending, 
southwest-dipping normal fault. A northeast-trending, northwest-dipping 
normal fault with ~600 m of estimated relief lies under the southern mar-
gin of the dunefield and bounds a structurally higher bench of Proterozoic 
rocks concealed at <400 m depth near the range front. The northwest- and 
northeast-trending geophysical lineaments generally correspond well with 
the trends of faults mapped at the surface, and with both pre- and syn-rift 
structures in the Sangre de Cristo Mountains. Aeromagnetic anomalies 
are explained by variations in the magnetization of pre-rift rocks, and the 
strongly magnetic dune sand.

INTRODUCTION

Geophysical methods are critical for mapping rift basin structure and active 
faults, particularly in regions where depositional rates across active faults are 
in equilibrium with or exceed tectonic displacement rates, thus concealing the 
recognition of sections of faults. Due to paleoseismic events and young sedi-
mentary cover that conceals significant parts of the fault zones, surficial fault 
traces are discontinuous or terminate at active surficial process bound aries 
such as dune margins and creeks. The concealed extents of discontinuous 
fault traces have been mapped successfully using high-resolution aeromag-
netic surveys in several areas of the Rio Grande rift (Grauch and Drenth, 2009; 
Grauch and Ruleman, 2013), but interpretation of such surveys is hindered 
where topographic features composed of magnetic sediments, such as sand 
dunes, cause interference (Grauch and Hudson, 2007).

The study area is largely coincident with Great Sand Dunes National Park 
and Preserve (abbreviated by National Park Service as GRSA) in south-central 
Colorado. GRSA lies along the eastern margin of the San Luis Basin, one of 
the northernmost major basins that compose the Rio Grande rift (Fig. 1). The 
present- day basin can be crudely regarded as an east-tilted half-graben, with the 
precipitous Sangre de Cristo Mountains range front and the tectonically active, 
west-dipping Sangre de Cristo fault system marking its eastern side. Complex 
interactions between adjacent fault zones have created prominent embayments 
and salients in the range front, and GRSA lies within a prominent embayment 
where separate sections of the Sangre de Cristo fault system intersect.

The subsurface basin geometry and associated structure within the em-
bayment are poorly understood because: (1) the active dunefield and alluvial 
processes on adjacent steep piedmonts rapidly remove or conceal underlying 
strata, structures, and traces of paleoseismic surface ruptures from direct ob-
servation; (2) the topographically rugged dunes inhibit land access for ground 
geophysical measurements and drilling; and (3) the dune sand is strongly 
magnetic, meaning that the aeromagnetic signature of buried faults and re-
lated structures is ambiguous due to interference of magnetic anomalies pro-
duced by the sand. These challenges necessitate the use of multiple airborne 
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geophysical methods, particularly gravity methods, to study the local basin 
margin geometry, subsurface structure, and potential significance for seismic 
hazards. This study uses aeromagnetic and airborne gravity gradient (AGG) 
geophysical data, along with constraints from geologic mapping, limited sub-
surface data, and groundwater modeling, to interpret the subsurface basin 
geometry and range-front structure of the embayment. AGG data in particular 
are rare and give an unusually detailed view of subsurface structure. To our 
knowledge, this study presents the only detailed geologic interpretation of 
AGG data in such an environment. An airborne electromagnetic survey was 
flown nearby for different purposes (Ball et al., 2015), but it overlaps only a 
small portion of our study area and has limited depth penetration (<300 m).

GEOLOGIC BACKGROUND

The Sangre de Cristo fault system bounds the east side of the San Luis Basin, 
part of the 25–30 Ma to present Rio Grande rift (Hudson and Grauch, 2013). The 
fault system separates topographically high pre-rift rocks of the Sangre de Cristo 
Mountains on the east from rift basin–related sediments on the west (Fig. 2). At 
GRSA, a large dunefield is situated at the range front within the embayment.

The Sangre de Cristo Mountains in the study area are predominantly com-
prised of Paleo- and Mesoproterozoic igneous and metamorphic rocks de-
formed and altered through multiple tectonic and magmatic episodes (Lindsey 
et al., 1983, 2012; Johnson et al., 1987, 1989; Bruce and Johnson, 1991; Kellogg, 
1999; Jones and Connelly, 2006; Lindsey, 2010). The Proterozoic geology is 
dominated by intermediate- and felsic-composition plutonic rocks in the areas 
of geophysical coverage (units Xii and Xif, Fig. 2). Locally, the Proterozoic rocks 
are unconformably overlain by clastic sedimentary rocks of the Pennsylvanian 
Minturn Formation, shed off the Ancestral Rockies (Kluth, 1986; Lindsey et al., 
1986) and transported eastward along a series of Laramide reverse, thrust, and 
lateral ramp faults (ca. 70–50 Ma; Tweto, 1975). A Laramide highland likely 
resulted from this tectonic event and occupied the general geographic area 
that is now the range front during Late Cretaceous time (e.g., Sales, 1983). 
Granitic stocks and plutons, some as young as Oligocene, locally intrude the 
Proterozoic and Pennsylvanian rocks (Johnson et al., 1987; Johnson and Bruce, 
1991). Proterozoic mafic plutons are also present nearby, but none have been 
identified within the study area.

Syn-rift sediments that accumulated within subsiding basins of the Rio 
Grande rift are classified as the Santa Fe Group (Spiegel and Baldwin, 1963; 
Ingersoll et al., 1990; Brister and Gries, 1994; Chapin and Cather, 1994; Ruleman 
et al., 2013). In the northern San Luis Basin, Santa Fe Group sediments were 
deposited on Oligocene volcanic and volcaniclastic rocks. The Santa Fe Group 

post-dates the youngest ash-flow tuffs (<ca. 28 Ma) erupted from the San Juan 
volcanic field (largely coincident with the San Juan Mountains, Fig. 1) and is 
as young as Middle Pleistocene age (Ingersoll et al., 1990; Brister and Gries, 
1994; Connell et al., 1999; Thompson et al., 2015). The ash-flow tuffs are known 
to  exist under significant portions of the San Luis Basin in a package that thins 
away from the San Juan Mountains (Brister, 1990; Brister and Gries, 1994).  
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Figure 1. Physiography and geography of the San Luis Basin, Colorado and New Mexico. Red 
box shows the area of Figure 2. Sangre de Cristo fault system is shown as a heavy black line. 
Inset map shows the location of the figure in relation to the Rio Grande rift. N.P.—National Park.
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2014, personal commun.) and physiog-
raphy of the study area, with bound aries of 
geophysical surveys (blue boxes and light 
blue polygon). Thrust faults in the Sangre 
de Cristo Mountains are not shown. Fault 
scarps are from unpublished mapping 
by C.A. Ruleman. AGG—airborne gravity 
 gradient.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/13/3/974/2317047/974.pdf
by guest
on 02 March 2022

http://geosphere.gsapubs.org


Research Paper

977Drenth et al. | Geophysical expression of buried range-front embayment structureGEOSPHERE | Volume 13 | Number 3

None crop out in the range front near the study area. Locally, the dominant shal-
low constituent of the Santa Fe Group is the Alamosa Formation (Siebenthal, 
1910), composed mainly of thin beds of gravel, sand, silt, and clay that are poorly 
to moderately consolidated (Brister and Gries, 1994; Madole et al., 2008, 2013).

Quaternary deposits at GRSA include several ages of fan alluvium and vol-
umetrically minor glacial deposits near the range front, but are dominated at 
the surface by eolian deposits that include sabkha and sand sheet deposits and 
culminate in a 78 km2 dunefield (Valdez et al., 2007; Madole et al., 2008, 2013). 
Individual dunes reach several kilometers long and are tens to hundreds of 
meters high. Shallow drill holes around the periphery of the dunes suggest that 
eolian sand is only several meters thick and overlies several meters of alluvial 
fan and piedmont sediment (Madole et al., 2008, 2013). The dune sand is un-
usually strongly magnetized for unconsolidated sediments (Grauch et al., 2013).

A borehole-constrained interpretation of seismic reflection data indicates 
a ~6.4  km thickness of Santa Fe Group (Kluth and Schaftenaar, 1994) only 
~10 km west of the dunefield (Baca graben of Gaca and Karig, 1966), demon-
strating the profound significance of buried elements of the Sangre de Cristo 
fault system to basin geometry. The structural origin of the embayment is not 
well understood, although it is suspected to be related to asperities in pre-rift 
thrust fault systems (e.g., lateral ramps) that controlled development of the 
rift-related normal fault system (Kellogg, 1999; Ruleman and Machette, 2007). 
An empirical relationship exists between the modern rift-bounding fault sys-
tem and preexisting structures formed during the Laramide orogeny (Kellogg, 
1999; Wallace, 2004) and possibly earlier tectonic episodes. The surficial trace 
of active faulting is commonly along trend with, truncated by, projected into, 
or discontinuously shifted proximal to intersections with projections of pre-
existing faults exposed within the footwall bedrock.

Within the study area, the Sangre de Cristo fault system is broken into two 
generally steeply west-dipping normal fault zone sections that intersect at 
the dunefield: the northwest-trending Crestone section to the north, and the 
north-northeast–trending Zapata section to the south (Ruleman and Machette, 
2007; Kirkham, 2012a, 2012b). The angle between the two segments approaches 
90° at GRSA, forming the physiographic and structural embayment (Figs. 1 
and 2) in the range front. Surface ruptures preserved along the Crestone section 
trend northwest subparallel to the mountain front and to Laramide thrusts ex-
posed in the adjacent Sangre de Cristo Mountains. Rectilinear jogs in the moun-
tain front occur locally where the range-bounding fault zone intersects older 
structures in the adjacent footwall bedrock. Along the Zapata section, footwall 
structure is much more complex (Johnson et al., 1987) and active faulting has 
occurred on northeast-trending faults. Several short, northwest-trending lin-
eaments (extending across the dunefield from the Crestone section?) are pre-
served along the Zapata section as probable relict, Middle Pleistocene surface 
ruptures. These northwest-trending lineaments, interpreted as a fault zone, are 
cross cut by Late Pleistocene to Holocene displacements on northeast-trending 
faults (C.A. Ruleman, unpublished mapping, 2006–2015).

Aeromagnetic data elsewhere along the range front provide evidence for 
significant fault offsets along concealed structures located basinward of the 

range-front fault zones. Along the Crestone section north of the study area, 
aeromagnetic lineaments are interpreted to reflect a down-to-the-southwest 
normal fault zone subparallel in trend to the range-bounding fault zone, but lo-
cated ~5 km to the southwest (Grauch et al., 2012; Grauch and Ruleman, 2013). 
South of the study area, the Blanca piedmont fault zone is generally along the 
range front and interpreted as a set of synthetic, subparallel normal faults lo-
cated 2–3 km west of the range-front fault zone (Grauch et al., 2013) (Fig. 2). In 
each case, the areas between the range-bounding and intra-basin fault zones 
are interpreted to contain benches of pre-rift rocks with gentle basinward dips 
buried under <1 km of sediments and locally a thin veneer of pediment gravel 
along the range front. In the case of the Blanca piedmont fault zone, detailed 
modeling of aeromagnetic and airborne electromagnetic data indicates that 
faulting has offset both pre-rift rocks as well as overlying sediments (Grauch 
et al., 2013).

GEOPHYSICAL DATA AND METHODS

Aeromagnetic Data

Aeromagnetic anomalies reflect lateral variations of total magnetization, 
the vector sum of induced and remanent magnetizations (e.g., Blakely, 1995; 
Hinze et al., 2013). Induced magnetization is proportional to magnetic suscep-
tibility and has the same direction as the present-day ambient field (inclination 
65°, declination 9° in the study area). Remanent magnetization is related to 
the age and nature of a rock’s formation and subsequent geologic history, and 
may be oriented in a different direction or directions than that of the induced 
magnetization. Anomalies produced by intermediate- and felsic-composition 
plutonic rocks are typically dominated by induced magnetization (Clark, 1999), 
such as those exposed locally in the Sangre de Cristo Mountains. Unconsoli-
dated sediments are normally weakly magnetized. Dune sand at GRSA is a 
notable exception, with magnetic susceptibilities in the range of 0.010 SI from 
unpublished measurements by the authors. These values are unusually high 
for sediments (Grauch and Hudson, 2011). The dune sand is assumed to have 
negligible remanent magnetization, although a small contribution from detrital 
remanent magnetization is possible (Hudson et al., 2008).

Total-field aeromagnetic data were acquired by a high-resolution (150 m 
line spacing, 100 m above the ground along north-south traverse lines with 
east-west tie lines) helicopter survey (Drenth et al., 2009). A reduction-to-pole 
(RTP) transform, a standard technique to center anomalies over their sources 
(Baranov and Naudy, 1964; Blakely, 1995), was applied to the aeromagnetic 
data using an inclination of 65° and declination of 9° (Fig. 3A). The effects of 
relatively shallow magnetic sources, such as the dune sand, can be empha-
sized by calculation of the vertical derivative of the RTP anomalies (Blakely, 
1995), shown in Figure 3B. The effects of relatively deep and/or broad magnetic 
sources, such as buried Proterozoic rocks, can be isolated using low-pass filter-
ing parameters determined by matched filtering (Syberg, 1972; Phillips, 2001).  
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Matched filtering gives a physical basis to low-pass filtering based on model-
ing the contribution of shallow magnetic sources in the wavenumber domain. 
The match filtered RTP data are shown in Figure 3C, with the short wavelengths 
due to shallow magnetic sources removed. Finally, magnetization contrasts 
may be highlighted using the horizontal gradient magnitude (HGM) of the RTP 
field (Cordell and Grauch, 1985; Grauch and Cordell, 1987; Grauch and Hudson, 
2007). This is based on the principle that magnetic gradients reach maximum 
values (are steepest) over near-vertical magnetization contrasts. The HGM of 
the RTP field (Fig. 3D) is here used to map lineaments suspected to be related 
to faults, although it is possible that some lineaments mapped here are solely 
(i.e., unfaulted) lithologic contacts.

Airborne Gravity Gradient Data

Airborne gravity gradient (AGG) anomalies reflect lateral variations of 
density. Unlike traditional gravity field surveys on the ground, AGG surveys 
involve the measurement of the full gravity gradient tensor or portions of the 
full tensor from an airborne platform (e.g., Dransfield and Christensen, 2013, 
and references therein). Large density contrasts between low-density syn-rift 
sediments and older rocks make gravity and gravity gradient data useful for 
defining the configuration of basins within the Rio Grande rift (Cordell, 1976, 
1978, 1979; Keller et  al., 1984; Grauch and Keller, 2004; Grauch et  al., 2006, 
2009; Drenth et al., 2011, 2013b; Grauch and Connell, 2013).

For this study, a partial-tensor helicopter survey (Drenth et al., 2013a) was 
flown in two partially overlapping blocks (Figs. 2, 4, and 5): a northern block 
with 100 m line spacing at ~80 m above the ground, and a southern block with 
50 m line spacing at ~40 m above the ground. Each survey block used north-
south traverse lines and east-west tie lines. The full gravity gradient tensor was 
calculated using Fourier methods, which can generate spurious effects along 
the edges of the survey blocks (e.g., Drenth et al., 2013a). Data from the two 
blocks cannot be digitally merged in rigorous fashion, due to the differences in 
resolution (Kass, 2013) and the presence of edge effects.

Although the full gradient tensor was obtained from the AGG survey, 
only the vertical gravity gradient (Gzz) is presented here because it is the 
most visually and geologically intuitive. For Gzz data, positive anomalies (or 
highs) occur over areas of relatively high density, such as areas where sedi-
ments are thin or missing. Negative anomalies (or lows) occur over areas 
of relatively low density, such as areas with thick sediments. Because AGG 
data are the derivatives of the gravity field, AGG anomalies better reflect 
shallower density contrasts than do gravity anomalies, as they emphasize 
shorter-wavelength components of the field that are typically related to 
shallow sources. The AGG data were processed to remove noise inherent 
to gradiometer systems and measurements, as well as noise common to all 
types of airborne geophysical data (e.g., Dransfield and Christensen, 2013). 
Even after these corrections, noise arising from unpredictable variables com-
monly remains.

A density of 1800 kg/m3, a value found by Nettleton profiling (Nettle-
ton, 1942) to be appropriate for unsaturated dune sand (Drenth, 2013), was 
used to compute the terrain-corrected Gzz field (Figs. 4A and 5A). To reduce 
short-wavelength anomalies due to remaining noise, an upward continuation 
filter was applied to highlight anomalies of interest to this study (Figs. 4B and 
5B). Upward continuation emphasizes relatively deep and/or broad features 
and suppresses short-wavelength noise (Blakely, 1995). A continuation dis-
tance of 200 m was subjectively determined to give the best combination of 
noise suppression and retention of important anomalies. The locations of den-
sity contrasts, such as those formed by contacts and faults, can be mapped 
using the HGM of the gravity field in a manner analogous to that described 
above for magnetic data (Cordell, 1979; Cordell and Grauch, 1985). The HGM of 
the gravity field (Figs. 4C and 5C) was calculated using horizontal tensor com-
ponents (Gxz and Gyz, not shown) measured as part of the AGG survey, as op-
posed to being calculated in the traditional way based on differences in gravity 
values between neighboring grid points (e.g., Blakely and Simpson, 1986).

Geophysical Expression of Geologic Features

Aeromagnetic anomalies are dominated by the combined effects of mag-
netized sediments, including the dunefield (best visualized on Fig. 3B), and 
pre-rift rocks that crop out along the range front and extend westward under 
the basin (best visualized on Fig. 3C).

East of the range front into the footwall of the Sangre de Cristo fault sys-
tem, aeromagnetic highs closely mimic the shape of terrain in areas of interme-
diate-composition plutons (unit Xii of Fig. 2), and over felsic plutons (unit Xif of 
Fig. 2) in the vicinity of Sand Creek, indicating significant magnetizations for those 
rocks. North of the Sand Creek area, anomalies are not systematically consistent 
with the outcrop pattern of the felsic plutons, indicating that the plutons there are 
weakly magnetized. The highest-amplitude aeromagnetic anomalies occur over 
outcrops of stocks and plutons of unknown age, both within (Figs. 2 and 3A) and 
south of the study area. Unlike the anomalies over other rocks in the range front, 
these anomalies are broader and do not mimic the shape of terrain, and source 
rocks are thus inferred to be largely buried. Oligocene plutons exposed in the 
range front south of the study area (Johnson and Bruce, 1991) are known to be 
strongly magnetized, based on aeromagnetic data not shown here (Drenth et al., 
2009). Other possible sources for the magnetic anomalies are Protero zoic mafic 
intrusive rocks. Anomalies with similar shapes and amplitudes are here inter-
preted (see next paragraph) to reflect other strongly magnetized rocks, thought 
to be plutons, that in most cases are not exposed at the surface.

The interpreted pattern of variably magnetized Proterozoic rocks and strongly 
magnetized plutons was extended westward under the basin by interpretation 
of the match filtered aeromagnetic anomalies (Fig. 6). Boundaries between 
pre-rift crystalline rocks with different magnetizations were located by calculat-
ing the HGM of the matched filtered anomalies (not shown) and connecting the 
different magnetization zones with outcrops at the range front as appropriate.  
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nitude of the gravity field. Heavy-dashed 
gray lines indicate new interpretations of 
lineaments that may be related to faulting 
(some lineaments are better expressed 
in Fig. 5C). D: Selected tectonic features 
discussed in the text. Grayed area is bed-
rock of the range front. Background colors 
are upward-continued Gzz data (from B). 
DHS—dunefield structural high; SCSH—
Sand Creek structural high; SCSL—Sand 
Creek structural low; BPFZ—Blanca pied-
mont fault zone; SDMFZ—south dunefield 
margin fault zone.
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The resulting interpretation is only semiquantitative, and estimates of absolute 
magnetic susceptibilities assigned to the different zones are geologically rea-
sonable but quantitatively arbitrary (discussed further below). Rocks assigned 
to the zone of weakest magnetizations are represented in outcrop by unit Xif 
north of Sand Creek (Fig. 2). Units Xii and Xif in the vicinity of Sand Creek 

are representative of somewhat more strongly magnetized rocks. Areas of the 
most strongly magnetized pre-rift rocks are thought to represent Oligocene 
or Proterozoic plutons, the two ages of recognized plutons in the study area, 
although other unrecognized strongly magnetized rocks could produce similar 
anomalies and may be present.
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Figure 5. Airborne gravity gradient data for the southern 
block (see Fig. 2 for location). E—Eötvös. Linework from Fig-
ure 2 is shown for spatial reference. Location of profile model 
C-C′ (Fig. 9) is shown. BPFZ—Blanca piedmont fault zone. 
A: Gzz data, terrain corrected using a density of 1800 kg/m3. 
B: Gzz data from A, upward continued 200 m. C: Horizontal 
gradient magnitude of the gravity field. Heavy-dashed gray 
lines indicate new interpretations of lineaments that may be 
related to faulting.
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Previously interpreted and suspected faults are generally well represented 
in the aeromagnetic anomalies away from the dunefield (Grauch et al., 2010, 
2012, 2013). The signatures of concealed faults in the dunefield are ambiguous 
due to the presence of strongly magnetized eolian sand that dominates the 
aeromagnetic signature. The geophysical expression of the mapped Sangre de 
Cristo range-front fault system appears as a profound break in aeromagnetic 
patterns, between a pattern of relatively large-amplitude short-wavelength 
anomalies over outcropping pre-rift rocks on the east and an area of broader 

and more subdued anomalies over sediments on the west (Figs. 3A and 3B; 
Grauch et al., 2013). Previously interpreted and suspected faults west of the 
range front are effectively mapped as lineaments of the HGM of the aeromag-
netic anomalies (Fig. 3D; Grauch et al., 2010, 2012, 2013). Individual fault scarps 
are generally correlated with aeromagnetic anomalies and lineaments.

Additional interpretations of suspected faults in this study (dashed gray lines, 
Fig. 3D) are largely parallel to the range front. Several are interpreted to lie sub-
parallel to the Blanca piedmont fault, suggesting that the latter is a component of 
a broader fault system. Others are interpreted in the Sand Creek area subparallel 
to and 2–3 km west of the mapped range-front fault zone (Crestone section).

The terrain-corrected and upward-continued Gzz anomalies (Figs. 4B and 
5B) are interpreted to reflect variations in the thickness of sedimentary cover 
over pre-rift crystalline rocks, given the large density contrast between the two 
(e.g., Table 1). Generally values of the Gzz field get smaller to the west as the 
basin floor deepens. A primary feature of interest for this study is the Gzz high 
imaged over the dunefield (Figs. 4B and 4D), interpreted to reflect a concealed 
structural high (DSH on Fig. 4D) (Drenth, 2013). Another presumed structural 
high is imaged in the vicinity of Sand Creek, northwest of a structural low be-
tween the two highs (SCSH on Fig. 4D). The position of the Sand Creek struc-
tural high is at the edge of the AGG survey area and is incompletely imaged, 
meaning that its effects may not be accurately represented.

Lineaments in the AGG data are interpreted in a similar fashion as those in 
the aeromagnetic data. Suspected faults trending northwest and northeast are 
interpreted to bound the dunefield structural high (Fig. 4C). A northeast-trend-
ing fault is interpreted to lie ~2 km north of Medano Creek, near a similarly 
trending aeromagnetic lineament (Fig. 3D). This interpreted structure is near 
the southern margin of the dunefield (SDMFZ on Fig. 4D) and forms the north-
west boundary of another apparent structural high that continues eastward 
to the range front (Figs. 4B and 4C). Terrain features with a similar northeast 
trend are present in this area but are likely not the sources of the geophysical 
lineaments because (1) the AGG data have been corrected for the effect of 
terrain, (2) the AGG and aeromagnetic lineaments do not strictly follow terrain 
trends in detail, and (3) forward modeling indicates that the AGG lineament 
corresponds to a major structure (see below).

The Blanca piedmont fault zone is well expressed in Gzz data in the south-
ern part of the southern AGG survey block, where it bounds the western part 
of a Gzz high (Fig. 5B) and lies along a prominent gravity lineament (Fig. 5C). 
Another suspected, subparallel fault zone lies ~2  km to the west. However, 
in the northern part of the southern AGG survey block, the Blanca piedmont 
fault zone does not correlate well with Gzz anomalies (Figs. 5B and 5C), sug-
gesting that it does not produce large offset of pre-rift rocks in this area. It is 
hypothesized that the southern dunefield margin fault becomes more import-
ant for accommodating offset of pre-rift rocks in this vicinity than the Blanca 
piedmont fault zone. Another possibility is that the southern dunefield margin 
fault locally formed earlier in the development of the Sangre de Cristo fault 
system than did the Blanca piedmont fault zone. This conjecture is based on 
the greater amount of offset on the former.
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B′
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C′
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magnetic
susceptibility ~0.025-0.030

magnetic 
susceptibility ~0-0.012
magnetic 
susceptibility ~0.013-0.022

Xii

Xii

Xii

Xii

Xif

Xif

Figure 6. Semiquantitative interpretation 
of magnetization zones within pre-rift 
crystalline rocks, based upon matched fil-
tered magnetic data (Fig. 3C) and forward 
profile modeling (Figs. 7–9). Linework 
from Figure 2 is shown for spatial refer-
ence. Locations of profile models A-A′, 
B-B′, and C-C′ (Figs. 7–9) are shown.
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The interpretation of other AGG lineaments is more speculative. A north- 
northwest–trending lineament lies along the extreme southwestern margin of 
the northern AGG survey block and may reflect a buried fault (Fig. 4C), but prob-
lems with the data at the edge of the survey may interfere with its expression. 
Lineaments that trend roughly perpendicular to the range front are mapped in 
the southern AGG survey block (Fig. 5C) and along the southern margin of the 
Sand Creek structural high (Fig. 4C). These may reflect structures related to com-
plexities in rifting or earlier structural history. As with the aeromagnetic data, indi-
vidual fault scarps are generally correlated with AGG anomalies and lineaments.

FORWARD MODELING

The geologic concepts developed above were tested and refined along three 
forward, two-dimensional profile models (Figs. 7–9). The constraints, physical 
properties, and assumptions used to construct the models are discussed here. 
Physical properties used in the modeling are summarized in Table 1.

Modeled pre-rift rock units include Proterozoic intermediate- and felsic-com-
position plutonic rocks and strongly magnetized rocks thought to be Oligocene 
or Proterozoic plutons. The forward models were constructed using zones of 
different magnetizations for these crystalline rocks that are spatially consistent 
with the map-based interpretation of magnetization zones described above 
(Fig. 6). The base of these zones was arbitrarily set at 1 km below sea level 
for the weakly and moderately magnetized rocks in the forward models, and 
their susceptibilities were adjusted as needed to match the longer-wavelength 
portions of the magnetic anomalies. No rigorous physical property measure-
ments are available for the strongly magnetized plutons, and they were simply 
modeled with higher susceptibilities thought to be reasonable for such litholo-
gies. The shapes of the plutons are not constrained in the modeling. This is es-
pecially true of the geometries of their bottoms, and no geologic implications 
should be read into the shapes and locations of the bottom contacts or their 

relationship to the range front fault. The magnetic susceptibilities assigned to 
the Proterozoic rocks and inferred plutons are only semiquantitative and may 
not be a good approximation of true susceptibilities. The Proterozoic rocks 
have an estimated density of 2700 kg/m3 based on Nettleton profiling (Drenth, 
2013), and this density is used for the Proterozoic rocks in all models. The same 
density is applied to the inferred strongly magnetized plutons.

Minturn Formation sedimentary rocks are exposed in the range front along 
thrust faults (Fig. 2) and could plausibly be preserved under the basin. How-
ever, if present, it is assumed that they would be virtually indistinguishable 
from Protero zoic rocks in the modeling because they are thought to be weakly 
magnetized and have densities (2600 kg/m3; Jenkins, 1989) similar to that of 
the surrounding Proterozoic rocks (2700 kg/m3). Oligocene ash-flow tuffs also 
underlie parts of the San Luis Basin, but they are not exposed in the nearby 
range front. If present in the subsurface, they are expected to have densities 
(~2200 kg/m3; Popenoe and Steven, 1969; Grauch and Hudson, 1987; R. Gries, 
2007, written commun.) similar to those of the Santa Fe Group (2170–2350 
kg/m3) and thus would be indistinguishable from the syn-rift sediments in the 
modeling. The models assume that the Santa Fe Group and younger sedi-
ments rest directly on Proterozoic rocks, the relationship observed along the 
range front in and near the study area.

Density logs from the Albuquerque Basin in the central Rio Grande rift are 
the basis for the densities (2170–2350 kg/m3) assigned to the Santa Fe Group 
(Grauch and Connell, 2013). The variable densities take compaction with in-
creasing depth into account and have no additional stratigraphic significance. 
These values are assumed to be valid for all basins of the central and northern 
Rio Grande rift. Little is known about the magnetic susceptibilities of these 
sediments in this area, but they are not known to locally produce significant 
anomalies and are assumed to be weakly magnetized for the purposes of the 
modeling. The Santa Fe Group constitutes the shallowest units in the models 
away from areas with significant thicknesses of dune sand.

TABLE 1. GEOPHYSICAL PROPERTIES OF GEOLOGIC UNITS IN STUDY AREA, GREAT SAND DUNES NATIONAL PARK, COLORADO

Unit
Density
(kg/m3) Density reference

Magnetic susceptibility
(SI units) Susceptibility reference

Dune sand, unsaturated 1800 Nettleton profiling, Drenth (2013) 0.004–0.006 Profile modeling, this study 
(not shown)

Dune sand, saturated 2080 Density log, Grauch et al. (2015) 0.004–0.006 Profile modeling, this study 
(not shown)

Santa Fe Group, upper 1.25 km 2170 Density logs, Grauch and Connell (2013) 0.0005 Assumed, Grauch et al. (2013)

Santa Fe Group, 1.25–2.75 km depth 2350 Density logs, Grauch and Connell (2013) 0.0005 Assumed, Grauch et al. (2013)

Strongly magnetized pre-rift rocks 
(Oligocene or Proterozoic plutons?)

2700 Assumed (no measurements) 0.025–0.030 Modeled, this study

Minturn Formation 2600 Assumed, Jenkins (1989) 0 Assumed small

Felsic- and intermediate-composition 
Proterozoic intrusions

2700 Nettleton profiling, Drenth (2013) 0–0.022 Modeled, this study
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The dune sand’s physical properties are significant for models A-A′ and B-B′ 
(Figs. 7 and 8). Its bulk magnetic susceptibility was estimated at 0.004–0.006 (SI 
units) from modeling the vertical derivative of the RTP aeromagnetic data over 
the dune field (modeling not shown). The density of unsaturated dune sand 
was estimated at 1800 kg/m3 by Nettleton profiling (Nettleton, 1942; Drenth, 
2013). The estimated density of saturated dune sand, 2080 kg/m3, is from a 
shallow density log near the western portion of the dunefield (Grauch et al., 

2015). This density value is only an estimate because the sand sampled by 
the density log may be mainly part of the Alamosa Formation and not directly 
representative of sand in the dunefield (Madole et al., 2008, 2013; Grauch et al., 
2015). The water table surface comes from a groundwater model of the GRSA 
region (HRS Water Consultants, 2007) (Fig. 4B) and is based upon  water well 
constraints outside the dunefield area, precipitation levels, and   water  budget 
assumptions appropriate for average December water levels for the years 
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Figure 7. Geophysical profiles and forward 
model along A-A′ (see Fig. 3 for location). 
Top panel: Reduced-to-pole (RTP) aeromag-
netic anomalies (Fig. 3A) and calculated 
model response. Second panel: Gzz (Fig. 
4B) anomalies and calculated model re-
sponse; E—Eötvös. Third panel: Magnetic 
susceptibility and density model. Densities 
(D) are in kg/m3, magnetic susceptibilities 
(S) in SI units. Bottom panel: Geologic con-
cepts expressed in, and resulting from, this 
modeling. Dipping dashed black lines indi-
cate positions of fault zones interpreted in 
this study. The geometry of the interpreted 
strongly magnetized rocks is arbitrary. 
VE—vertical exaggeration.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/13/3/974/2317047/974.pdf
by guest
on 02 March 2022

http://geosphere.gsapubs.org


Research Paper

985Drenth et al. | Geophysical expression of buried range-front embayment structureGEOSPHERE | Volume 13 | Number 3

1990–2000. Average precipitation in February is approximately equal to aver-
age precipitation in December for the years 1990–2000 (data collected at sta-
tion 53541 near the GRSA visitor’s center). The AGG survey was flown in Feb-
ruary, and it is assumed that the December model is appropriate.

Given the above assumptions and physical properties, the modeling pro-
ceeded by manipulating the shape of the interface between the Proterozoic 
rocks and Santa Fe Group until the observed Gzz data were fit. Given the large 
density contrast between the pre-rift rocks and younger sediments, the AGG 
data are thought to give the most direct representation of the basin geometry, 
and the magnetic data were not interpreted in the context of basin thickness. 
Normal faults with ~60° dips are interpreted where significant and abrupt  basin 

thickness changes occur (Figs. 7–9). Manipulating the shape of the Protero-
zoic–Santa Fe Group interface could not reproduce the wavelengths and ampli-
tudes of many of the smaller anomalies present in the AGG data, especially in 
areas with larger basin depths. This implies that structures, potentially faults, 
in the sedimentary section may be responsible for producing those anomalies.

DISCUSSION

The data and interpretations presented here, particularly those from the 
AGG survey, give a unique view of the structure of the extensional fault sys-
tem and resulting structural and physiographic embayment. New interpreta-
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Figure 8. Geophysical profiles and forward 
model along B-B′ (see Fig. 3 for location). 
Top panel: Reduced-to-pole (RTP) aeromag-
netic anomalies (Fig. 3A) and calculated 
model response. Second panel: Gzz (Fig. 
4B) anomalies and calculated model re-
sponse; E—Eötvös. Third panel: Magnetic 
susceptibility and density model. Densities 
(D) are in kg/m3, magnetic susceptibilities 
(S) in SI units. Bottom panel: Geologic con-
cepts expressed in, and resulting from, this 
modeling. Dipping dashed black lines indi-
cate positions of fault zones interpreted in 
this study. The geometry of the interpreted 
strongly magnetized rocks is arbitrary. 
VE—vertical exaggeration.
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tions of the structure of the study area are presented in both qualitative (Fig. 
10) and quantitative (Figs. 7–9) forms, and form the basis for the following 
discussion.

In each forward model, the location of the mapped range-front fault is asso-
ciated with only relatively minor variations of basin thickness as compared to 
the larger offsets that occur along concealed basinward faults. This observa-
tion implies that the rift-related faulting observable and mapped at the surface 
is only a relatively small part of a largely buried fault system that controls 
the eastern margin of the San Luis Basin. In a broad sense, the Sangre de 
Cristo fault system is conceptualized as a series of westward (i.e., basinward)–

down-stepping normal fault zones that bound shallowly dipping structural 
benches. From the geophysical data alone, it cannot be said how far the faults 
interpreted here extend from the top of the Proterozoic rocks upward into the 
sedimentary section. However, these faults are interpreted to be rift related, 
and as such likely extend far into the sedimentary section.

Forward modeling suggests the structural high under the dunefield is as 
much as 1 km deep, and the basin beyond the fault at its southwestern mar-
gin is close to 2 km deep (Figs. 7 and 10). Along the extent of A-A′, the fault 
at the southwestern margin of the structural high is interpreted as the domi-
nant basin-bounding structure. The extent of the structural high is only weakly 
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Figure 9. Geophysical profiles and forward 
model along C-C′ (see Fig. 3 for location). 
Top panel: Reduced-to-pole (RTP) aeromag-
netic anomalies (Fig. 3A) and calculated 
model response. Second panel: Gzz (Fig. 
5B) anomalies and calculated model re-
sponse; E—Eötvös. Third panel: Magnetic 
susceptibility and density model. Densities 
(D) are in kg/m3, magnetic susceptibilities 
(S) in SI units. Bottom panel: Geologic con-
cepts expressed in, and resulting from, this 
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VE—vertical exaggeration.
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correlated with the extent of the dunefield. If the structural high has any rela-
tionship to the dunefield, it is not directly apparent. The southern dunefield 
margin fault zone is another major basin-bounding structure (Figs. 8 and 10). 
It is interpreted as a northeast-striking, down-to-the-northwest normal fault 
with ~600 m of vertical displacement of Proterozoic rocks (Fig. 8). This north-
east-trending fault is also subparallel to nearby Medano Creek, raising the pos-
sibility of structural control on fluvial patterns and development of the local 
dunefield margin. However, the fault zone extends well beyond the dunefield 
to the southwest, so any direct relationship between structure and the extent 
of topographic features is not apparent.

Another shallow (<400 m deep in B-B′, Fig. 8) structural high is imaged 
southeast of the southern dunefield margin fault zone (labeled “structural 
high” on Fig. 10). It has a relatively complex shape and pattern of interpreted 
faulting associated with it. This structure apparently lies along the structural 
transition between the Blanca piedmont fault and the southern dunefield mar-
gin fault zone, and likely has a complicated history of displacement. A com-
plex set of suspected faults with small structural offsets is interpreted in the 
immediate area of the structural high, possibly indicating incipient tectonic 
fragmentation of this structural high. South of this high area, the structural 
setting is relatively simple, with a shallowly buried (<150 m sedimentary cover) 
structural bench lying west of the range front and bounded on the west by the 
Blanca piedmont fault (Figs. 9 and 10).

The Sand Creek structural high (Fig. 10), incompletely imaged by AGG 
data, may represent shallow Proterozoic rocks bounded on the west by 
down-to-the-west normal faults imaged as aeromagnetic lineaments. The 
structural high and its western boundary lie about a kilometer south of a re-
gion of moderately high electrical resistivities (>200 ohm-m) observed from 
an airborne electromagnetic survey (Ball et al., 2015). The region of high re-
sistivity, inferred as buried bedrock, is distinctly bounded on the west and 
south by low resistivities (20 ohm-m), inferred as sediments, which extend 
down to the limits of detection (200–250 m deep). These observations imply 
that the Sand Creek structural high, as imaged by AGG data at the north 
end of the survey, is part of a broader structural high that reaches shallower 
depths (100–200  m) to the north. It is also an area with lithologic hetero-
geneity within pre-rift rocks (using magnetization as a proxy for lithology; 
Fig. 6). Interpreted patterns of faulting are inconsistently correlated with lith-
ologic boundaries, suggesting that the lithologic variations are independent 
of structure.

Faulted sediments are demonstrably a source of aeromagnetic lineaments 
related to the Blanca piedmont fault, in addition to faulted pre-rift rocks (Grauch 
et  al., 2013). This study provides evidence that faulted sediments may also 
cause small AGG anomalies and thus may contribute to lineaments mapped 
as suspected faults: The fact that the geometry of the Proterozoic surface un-
der the basin cannot entirely explain AGG anomalies, because the Proterozoic 
surface is too deep, implies that anomaly sources must also lie within the sedi-
mentary section. Faulted sediments and/or sedimentary rocks are an obvious 
possibility. However, known density contrasts present across lithologic bound-
aries within the sedimentary section are small (e.g., Grauch et al., 2015), so the 
specific geologic origin of those density contrasts is unknown. Alternate possi-
bilities are locally inadequate terrain corrections, and unrecognized problems 
with the AGG data processing.

A northeast-trending Gzz low, interpreted to reflect a structural low named 
the Sand Creek structural low, lies between the dunefield structural high and 
the Sand Creek structural high (Fig. 10). Forward modeling suggests a struc-
ture 2–3 km in width, and 300 m to 1.5 km deep relative to the surrounding pre-
rift surface (Fig. 8 and other modeling, not shown). Prominent AGG lineaments 
lie along the north and south margins of the structure, and these are inter-
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Figure 10. Summary of rift-related tectonic 
interpretations resulting from this study. 
Selected tectonic elements are labeled. 
Some suspected fault zones imaged from 
magnetics in the range front may be re-
lated to pre-rift thrust faulting. Image of 
upward-continued Gzz data (Figs. 4B and 
5B; survey blocks crudely merged) is in-
cluded as a qualitative proxy for elevation 
of pre-rift rocks; E—Eötvös. Heavier blue 
lines are interpreted concealed faults with 
a maximum throw of >500  m. AGG—air-
borne gravity gradient.
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preted to indicate bounding faults that controlled the structure’s development. 
These northeast trends are notably subparallel to the south dunefield margin 
fault zone. An alternate possibility is that the Gzz low in this area is partially 
or largely caused by low-density pre-rift rocks. This possibility is less likely be-
cause (1) there is no evidence for low-density pre-rift rocks in the nearby range 
front, and (2) the relations observed from electrical resistivity sections (dis-
cussed previously) suggest that bedrock is shallow (100–200 m) over the Sand 
Creek structural high but below 200–250 m depth within the Gzz low (Ball et al., 
2015). The trend of the structural low, which is roughly normal to the range 
front, raises the possibility that it was once occupied by a prominent drainage. 
If so, the drainage would have formed prior to the deposition of the sediments 
above it (Fig. 8). Such a drainage may have contributed to the formation of 
what is otherwise thought to be a structural low. The Sand Creek structural 
low, and possible paleodrainage, is along the general northeast trend of other 
early to middle Cenozoic drainages in adjacent regions, and could likely be a 
paleodrainage that was truncated as the Sangre de Cristo fault system devel-
oped in late Cenozoic time.

Patterns of suspected faults reveal how the Zapata and Crestone sections 
of the Sangre de Cristo fault system project into the area of the dunefield and 
physiographic range front embayment. The southern dunefield margin fault 
zone appears to be the northernmost major structure that is more or less 
subparallel to the northeast-striking Zapata section and range front. North of 
there, northwest-trending structures subparallel to the Crestone section of the 
fault system are prevalent, with the exception of the interpreted faults that 
bound the structural low between the dunefield and Sand Creek structural 
highs. Given the abundance of surficial evidence for more recent offsets along 
northeast-trending faults, and the lack of geophysical expression of north-
west-trending structures close to the range front south of the dunefield, we 
interpret the northeast-trending structures south of the dunefield (presumably 
related to the Zapata section) to locally cut the northwest-trending structures 
(presumably related to the Crestone section) that are prevalent under and 
north of the dunefield. The broad pattern suggested is Late Pleistocene migra-
tion of tectonic activity from northwest- to northeast-trending structures along 
the margin of the embayment.

The general regional northwest trend of the Sangre de Cristo fault sys-
tem in Colorado (e.g., Figs. 1 and 2; Wallace, 2004; Ruleman and Machette, 
2007), locally manifested as the Zapata section, is cross cut by a series of 
en echelon, northeast-trending, northwest-dipping normal faults stepping 
down to the <1  km depth dunefield structural high. The dunefield struc-
tural high is bound on the north by an interpreted northeast-trending gra-
ben and horst (i.e., Sand Creek structural low and structural high, respec-
tively). The  basin drops off substantially, to a thickness of ~6.4 km (Kluth 
and Schaftenaar, 1994), only ~10 km west of the dunefield along presumed 
northwest-trending structures, reflecting the dominant basin-forming struc-
tural orientation. We propose that this prominent embayment in the study 
area is controlled by dominant northwest-trending fault zones cut by north-
east-trending fault zones.

CONCLUSIONS

Airborne geophysical data, particularly AGG data, provide a detailed and 
unique view of the geometry, structure, and potential seismic hazards of a 
prominent embayment in the Sangre de Cristo fault system at Great Sand 
Dunes National Park and Preserve. An entirely concealed structural high is in-
terpreted to lie under the dunefield, and others are interpreted between the 
southern dunefield fault and the range front, and in the vicinity of Sand Creek. 
The Crestone and Zapata sections of the Sangre de Cristo fault system meet 
at nearly 90° in complex fashion. Some of the largest rift-related fault offsets 
are demonstrated to be on concealed faults subparallel to the two fault sec-
tions basinward of the range-bounding normal fault zones mapped along the 
 Sangre de Cristo Mountains. Prominent and previously unrecognized faults 
interpreted from this study include a northwest-trending fault under the dune-
field, and a northeast-trending fault located roughly under the southern mar-
gin of the dunefield and subparallel to Medano Creek. Northeast-trending 
faults are interpreted to cut northwest-trending faults within the southern half 
of the study area.

Aeromagnetic anomalies are interpreted to be caused by a combination 
of pre-rift, mainly Proterozoic rocks, and strongly magnetized sediments. The 
largest aeromagnetic highs are thought to be caused by Oligocene or Protero-
zoic mafic plutons, both known to exist in the region. The aeromagnetic ex-
pression of faulting is well developed away from the dunefield, but obscured 
under the dunefield by the strong magnetization of the dune sand.
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