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STRUCTURE AND GENESIS OF THE BOULDER-WELD ALLOCHTHON, DENVER BASIN, COLORADO – GRAVITY SLIDE OR LARAMIDE THRUST SHEET?

ABSTRACT
This study was undertaken to determine the structure and genesis of the Boulder-Weld allochthon (BWA), the 

216 mi2 (559 km2) remnant of a once larger feature, that moved east from the flank of the Front Range into the 
western part of the Denver Basin. This review of surface and subsurface data revealed new aspects of the BWA, espe-
cially in its western part. There, the decollement of the BWA ramps 900 feet up-section to the east from a near bed-
ding-parallel detachment low in the upper transition member of the Pierre Shale to a bedding-parallel detachment 
near the base of the Fox Hills Formation. Repeated sections found in wells east of the decollement ramp demon-
strate up to two miles of translation in the system. Secondary faults in the hanging wall of the allochthon include 
antithetic thrusts bounding pop-up structures and occasional normal faults that almost exclusively overprint the de-
collement ramp. The hanging wall is also cut by a postulated tear fault separating areas exhibiting different amounts 
of translation. The western, trailing edge of the decollement shows attenuation in its hanging wall that increases to 
the west. This part of the decollement either represents a very low-angle breakaway normal fault or a thrust fault 
cutting slightly down-section in the direction of transport. Past studies perceived a southeast transport direction for 
the BWA in contrast to the northeast slip directions on nearby Laramide thrusts, a difference used to interpret the 
allochthon as a gravity slide. However, similar east-west oriented slickenlines on thrusts across the western part of 
the allochthon and into the neighboring Front Range leave open the possibility the BWA originated as a Laramide 
thrust sheet. Furthermore, both the BWA and Laramide thrusts in the neighboring Front Range utilized detach-
ments near the top of the Pierre Shale, suggesting a possible common genesis. Given the available data, both the 
gravity slide and Laramide thrust models provide viable explanations for the BWA. 
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INTRODUCTION
Laramide fault geometries along the eastern flank of 

the Colorado Front Range are complicated and have been 
interpreted in a wide variety of ways (Erslev, 1993; Sterne, 
2006). The Laramide thrust systems consist of stacked tri-
angle zones developed along bedding-parallel detachments 
that create crosscutting arrays of fore- and back thrusts (Er-
slev and Selvig, 1997; Sterne 2006, 2019). Between Rocky 
Flats (south of Boulder) and Longmont there is a system of 
faults covering 216 mi2 (559 km2), called here the Boul-
der-Weld allochthon (BWA), that steps 20 miles east of the 
Laramide thrusting along the mountain front (Fig. 1). In 
map view, the BWA appears to be distinct from the Lara-
mide systems and it has been interpreted as a gravity slide 
(Kittleson, 1992, 2009; Selvig, 1994). However, the BWA 
shares a variety of characteristics with the Laramide thrusts, 
including similar detachment levels and slip directions, and 
its genesis has remained an open question in the mind of 
this author.

As with the Laramide systems, the fault style and gen-
esis of the BWA have been interpreted in a variety of ways. 
Haun (1968) envisioned a series of steep basement faults 
extending northeast from the Idaho Springs-Ralston shear 
zone exposed in the Precambrian basement along the 
mountain front. At White Rocks in the western part of 
the system, Weimer (1973) called the faults horst and gra-
ben features, yet showed them in cross section as reverse 
faults steepening with depth. He thought the faults could 
be shallow growth faults developed above the basement 
fault trend proposed by Haun (1968). This idea developed 
further in Rahmanian (1975), Davis and Weimer (1976) 
and Weimer and Davis (1977) where the faults were inter-
preted as growth faults soling into the middle part of the 
Pierre Shale. Davis (1980) interpreted seismic data in the 
Rocky Flats area and along the mountain front to show 
vertical faults extending into the basement. Spencer (1986) 
showed a style of steep normal and reverse faults rooted at 
depth above the Hygiene Sandstone Member of the Pierre 
Shale that he attributed to Laramide deformation along the 
mountain front. Kittleson (1992, 2009) used oil and gas 
wells to convincingly show the faults in the eastern part of 
the BWA are decollement thrusts detached near the top of 
the Pierre Shale rather than deep-seated faults. He recog-
nized a single level of bedding-parallel detachment and at-
tributed the faults to southeast-directed gravity sliding trig-
gered by Laramide uplift and offset of the detachment by 

the Longmont fault, a basement wrench fault mapped by 
Weimer (1996). Similarly, Selvig (1994) showed faults near 
Marshall as decollement thrusts detached in the upper part 
of the Pierre Shale. He saw these as gravity-driven, south-
east-directed toe thrusts based on his analysis of kinematic 
fabrics. Trudgill (2015) proposed a model of listric growth 
faults inverted by later thrusting based on his examination 
of outcrops near Marshall.

This work is part of an ongoing effort by the author 
to understand the complicated fault geometries along the 
eastern flank of the Front Range. It was initially undertak-
en to: 1) better understand the western parts of the BWA 
reported by Kittleson (2009) to include a breakaway zone 
in the White Rocks area (Fig. 1) for his proposed gravity 
slide, and 2) to explore a possible link between Laramide 
thrusting and the BWA indicated by their shared detach-
ment levels near the top of the Pierre Shale (Sterne, 2006) 
and their similar transport directions as indicated by slick-
enline orientations reported by Selvig (1994). The origi-
nal goal was to build one cross section from the mountain 
front across the BWA, but the study expanded to include a 
full review of the BWA once it became evident the western 
part of the system was different than previously shown. 

Geometries of the BWA will be illustrated using in-
formation from this detailed study of surface and subsur-
face data. The study builds on past investigations reported 
in the literature and combines these with mapping based 
on resistivity logs in over 1100 oil and gas wells and litho-
logic logs from hundreds of water wells. Fieldwork focused 
on clarifying earlier descriptions of faults and finding new 
fault exposures. These data provide a more complete pic-
ture of the structure of the BWA. What remains more elu-
sive is its genesis. I will show that both gravity slide and 
Laramide thrust origins are viable models for the BWA. 
Unfortunately, the answer to this puzzle may have been re-
moved by the erosion of structures that once lay between 
the Laramide mountain front and the western margin of 
the allochthon.

PREVIOUS INVESTIGATIONS
This study draws on a wealth of prior work. Faults re-

lated to the BWA first appeared on the maps by Emmons 
et al. (1896) and were incorporated into the mapping of 
the Boulder district by Fenneman (1905). An original, un-
published plane table map by H.A. Aurand (circa 1920’s) 
capturing structural details of the White Rocks area resides 
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Figure 1. Index map, Boulder Weld allochthon (BWA). Figure shows the location of the BWA east of the Front Range and on top of the 
southwestern portion of the Wattenberg oil and gas field.  Wells and cores are shown that have been incorporated into four cross sections.
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in the Denver Earth Resources Library. Detailed 7.5 min-
ute quadrangle mapping commenced with the work of 
Spencer (1961) in the Louisville quadrangle showing faults 
exposed near Marshall. Subsequent maps at this scale are 
available for the Boulder (Wrucke and Wilson, 1967), El-
dorado Springs (Wells, 1967), Erie (Colton and Anderson, 
1977), Frederick (Keller and Morgan, 2018), and Niwot 
(Trimble 1975) quadrangles. More regional 30 by 60 min-
ute quadrangle maps covering the BWA include Denver 
West (Kellogg et al., 2008) and Estes Park (Cole and Brad-
dock (2009). Scott and Cobban (1965) augmented the 
surface mapping of these areas by defining and mapping 
faunal zones within a thick and poorly exposed expanse of 
Pierre Shale along the western margin and of the BWA. 

Poor bedrock exposures made mapping of faults across 
much of the BWA dependent on subsurface information 
from coal mines. Faults encountered in the mines between 
Erie and Firestone were mapped by Colton and Lowrie 
(1973). Expanding on this effort, Spencer (1986) present-
ed a detailed structure map of the principal mining tar-
get, the Laramie Formation C Coal that lies immediate-
ly above the Fox Hills Formation. Roberts et al. (2001) 
expanded on Spencer’s work with a more generalized 
map depicting the whole of the Boulder-Weld fault zone, 
which comprises the eastern margins of the BWA. Kittle-
son (1992, 2009) used oil and gas well data to character-
ize decollement thrust geometries across the BWA. Selvig 
(1994) mapped thrusts and associated kinematic fabrics 
in the Marshall area. More recently, Trudgill (2015) used 
the surface features near Marshall to illustrate the utility of 
digital mapping techniques. Along the southern margin of 
the BWA, trench profiles across faults, and shallow seismic 
surveys were used to assess possible earthquake hazards at 
the Rocky Flats nuclear bomb trigger plant (Davis, 1980); 
Ebasco Team (1992, 1993a). Seismic data designed to im-
age deep structure have been presented for Rocky Flats by 
the Ebasco Team (1993b) and a pre-stack depth migration 
of this line has been incorporated into a palinspastic resto-
ration of the mountain front west of Rocky Flats by Sterne 
(2019). 

METHODS AND DATA
OIL AND GAS WELLS

For this study, structure of the BWA was mapped us-
ing subsurface information from over 1100 resistivity logs 

run in vertical oil and gas wells and available on the Col-
orado Oil and Gas Commission (COGCC) website. Well 
data not available through the COGCC were obtained 
from the Denver Earth Resources Library. Well logs for 
many of these wells end at or below the BWA decollement 
and only provide direct or projected control for its struc-
ture. A smaller subset of wells has logs extending up into 
the hanging wall of the decollement, and yet a smaller sub-
set crosses secondary faults branching off the decollement. 
Where shallow data were available, sixteen marker hori-
zons were picked starting with the K-0 horizon at the top 
of the Baculites clinolobatus zone, equal to the base of the 
upper transition member of the Pierre Shale, and ascend-
ing to the K-15 horizon in the upper part of the Fox Hills 
Formation (Fig.2). These markers represent approximate 
timelines and are recognizable across the study area. In ad-
dition, the Fox Hills Formation top was carried as a useful 
facies boundary rather than as a strict time horizon as the 
17th and highest of the well log picks. It must be empha-
sized that facies types, characterized by shales of the Pierre 
Shale, sandstones of the Fox Hills Formation, and coals 
with mixed shales and sandstones of the Laramie Forma-
tion, do not follow timelines; rather they climb across the 
time horizons from west to east as part of the prograding 
shoreline of the retreating Cretaceous Seaway (Dechesne 
et al., 2011). Therefore, a timeline might be bounded by 
Laramie coal facies on the west, by Fox Hills sandstone fa-
cies farther east, and Pierre shale facies even farther east. 
The structural detachments parallel the marker horizons 
rather than facies boundaries, which is important to under-
stand when comparing structure in different parts of the 
BWA. Note for example, the base of the Fox Hills sand-
stone facies lies approximately 300 feet deeper in the sec-
tion in the western part of the study area than where en-
countered 15 miles to the east (Fig. 2). 

Tracking numerous stratigraphic horizons through 
the large number of wells penetrating the BWA is what al-
lows the details of the structure to be revealed. The low-
est of these, the K-0 horizon is a marker in the regional 
section just below the decollement in the western part of 
the BWA. It was mapped to understand the structure of 
the regional layer in relation to the overlying decollement 
and to determine if the decollement ramped through it at 
any point. The decollement is at the K-1 horizon along the 
western part of the BWA and climbs to the K-5 horizon to 
the east (Fig 2). Picking numerous horizons below, at, and 
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above the decollement made it easier to track and charac-
terize faults in its hanging wall. Deep picks were also made 
down to and including the top of the lower Cretaceous J 
Sand-Muddy Formation of the Dakota Group to better 
understand any structures in the regional layer that might 
impact the BWA. 

WATER WELLS AND SPENCER’S 
1986 COAL MINE STUDY

Hundreds of water well lithologic logs available on the 
Colorado Division of Water Resources website were ex-
amined across the western part of the BWA to determine 
near-surface patterns related to deeper structure. Because of 
poor surface exposures, these logs were often the only data 
available in the absence of shallow oil and gas well data. 
They typically contained enough information to identify 
the three principal facies of the shallow section: 1) shales of 
the Pierre Shale, 2) sandstones of the Fox Hills Formation, 
and 3) mixed coal, shale and sandstones of the Laramie 
Formation. Water wells were only studied in areas beyond 
Spencer’s (1986) shallow structural study of the eastern 
part of the BWA, which was based on coal mine maps, coal 
exploration cores, oil and gas wells and water wells. 

CORES 

This study included examination of the Heather #1 
core (SE SE SW 7, T1N, R69W, Fig. 1) obtained by the 
Colorado School of Mines and available in its core labo-
ratory. This core is described in detail in Weimer and Till-
man (1980). Geophysical logs of the core are included in 
Bedwell (1974) and Davis and Weimer (1976). Weimer 
and Tillman (1980) also measured sections of the Fox Hills 
Formation exposed on either side of the Big fault at White 
Rocks immediately south of the Heather core location. 
The outcrop data, shallow data from the Heather core and 
nearby water wells were integrated with deep information 
from oil and gas wells to understand structure across the 
White Rocks area (Sterne and Raynolds, 2019).

The lower part of USGS core number D612, located 
just east of the mapped margin of the BWA (NW NW 36, 
T1S, R68W, Fig. 1), was examined at the USGS Core Re-
search Center. This core offers a complete reference data set 
for the upper part of the Pierre Shale, the Fox Hills Forma-
tion, and the Laramie Formation. The bentonitic K-4 hori-
zon appears at ~1120’ (Kp1 marker of Kittleson (1992, 
2009); Pierre Ash of Dechesne et al. (2011)). At ~1076’, 

the estimated level of the K-5 detachment (Kp2 marker of 
Kittleson (1992, 2009)), there is an interval of finely brec-
ciated shale, a texture not seen elsewhere in the part of the 
core we examined (1065’-1487’). This point deserves fur-
ther study, because the brecciated shale could relate to slip 
along the K-5 detachment, suggesting the BWA extends 
farther southeast than currently mapped. 

Data from four cores cut for the site planning of the 
Weld County Meteorological Observing Facility (16, 1N, 
68W) were provided by CTL Thompson, Inc. and a copy 
of the report has been given to the Colorado School of 
Mines core laboratory. The report by Ameudo and Ivey 
(1975) includes detailed core descriptions and geophys-
ical logs. The facility was located on an upthrown thrust 
block between areas mined for coal and the cores provide 
a unique set of data across the shallow bounding faults 
(Fig. 1).

FIELDWORK

Fieldwork for this study focused on structure and stra-
tigraphy of the White Rocks area in the western part of the 
BWA (Plate 4) (Sterne and Raynolds, 2019), but included 
field checks of outcrops and mapped fault trends across all 
of the BWA. 

MAPS AND CROSS SECTIONS

Well tops were picked and structure maps were con-
toured using PetraTM software. The maps were prepared 
using a geographic projection and a Nad27 datum. Cross 
sections were made using LithoTectTM software, a program 
that facilitates cross section construction and palinspatic 
restoration. SurferTM software was used to draft some of the 
maps and to annotate the maps and cross sections created 
in the other programs.

Four cross sections were drawn to follow the arc of a 
postulated tear fault, as discussed below, that divides ar-
eas showing different amounts of translation. The sec-
tions were originally drawn with an east-west orientation 
paralleling the transport direction indicated by slickenline 
orientations across the western part of the BWA. Howev-
er, this alignment was abandoned once it became apparent 
that a section drawn across the central portion of the BWA 
showed significantly greater translation to the east than to 
the west. This would only make sense if normal faults were 
developed between the western and eastern parts of the sys-
tem, for which there is no evidence. Once the postulated 
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tear fault was recognized, sections drawn on either side of 
it showed translation consistently decreasing to the east 
in a manner compatible with the observed structures. The 
cross sections extend west to basement outcrops along the 
eastern margin of the Front Range. Details of the Laramide 
thrust geometries along the mountain front have been ad-
dressed by the author (Sterne, 2006, 2019) and a restorable 
cross section showing Laramide thrust geometries across 
the mountain front at the latitude of the Haystack Moun-
tain anticline is presented below. 

Plates 1 and 2 show the upper part of the cross sec-
tions above the K-0 horizon, which is the shallowest hori-
zon mapped in the regional layer. The regional layer refers 
to rocks below the allochthon. These detailed sections are 
shown with no vertical exaggeration and include nodes 
on the wellbores corresponding to horizon picks. The tops 
and bottoms of logged intervals are marked by black cir-
cles with white centers. Well nodes and horizons shown 
above and below the limits of the available logs are pro-
jected. Wells were projected typically a mile or less into the 
sections (Fig. 1). Wells with data restricted to the footwall 
of the allochthon or that showed no faulting above the de-
collement were projected into the line of section parallel to 
the local strike of the regional layer. Wells showing fault-
ing above the decollement were projected into the line of 
section parallel to the trend of local hanging wall structure 
shown on the maps of Spencer (1961, 1986) and Roberts 
et al. (2001). This approach typically worked well, but be-
cause the decollement tracks regional layer structure (ex-
cept at the ramp), projections made parallel to hanging 
wall structures can impart artificial structure to the decol-
lement and the regional layer. The solution to this prob-
lem would involve projecting the hanging wall and foot-
wall portions of the wells separately into the line of section 
or projecting wells down-plunge, steps not taken here. 
One well that deserves special mention is #3 on section 
A-A’ (Pl. 1). It was projected into the line of section par-
allel to regional strike. What is not shown is that it cross-
es the normal fault seen also in well #4 immediately to the 
east. Getting both wells to accurately portray the normal 
fault would have involved projecting well #3 down-plunge 
or projecting the hanging wall and footwall portions of the 
well separately, again a step not taken here.

Plate 3 shows the cross sections with a vertical exag-
geration of three to allow the complete sections, including 
the section down to the J Sand-Muddy Formation of the 

Dakota Group, to be shown. The sections have been ex-
tended west to show the BWA in relation to the margin of 
the Front Range basement uplift. To the east, the region-
al layer has been highlighted in green, with the elements of 
the allochthon highlighted in grey for the Pierre shale fa-
cies of the K-1 to K-5 interval, in yellow for the Fox Hills 
sandstone facies and their distal equivalents (K-6 to Fox 
Hills Formation top), and in brown for the mixed coal, 
sandstone and shale facies of the Laramie Formation. 

All structures shown on the sections have been drawn 
so they would balance with minor adjustments in a palin-
spastic restoration.

RESULTS
THE REGIONAL LAYER

Understanding the structure of the BWA requires an 
understanding of the underlying regional layer. For this 
reason, structure was mapped at the K-0 horizon, which 
lies approximately 275 feet below the K-1 horizon, the 
stratigraphically lowest detachment level of the BWA de-
collement (Figs. 2 and 3). Regional layer structure at the 
K-0 horizon dips east at variable rates off the flank of the 
Front Range and the Greeley arch, then flattens to an ap-
proximate one degree southeast dip as it drops toward the 
axis of the Denver Basin. Based on outcrop dips and close-
ly spaced well control, the K-0 horizon is folded, but not 
cut by discernable faults. The flexure tracking the eastern 
flank of the Haystack anticline and Greeley arch reflects 
uplift along the deep-seated Longmont fault of Weimer 
(1996), but the fault does not cut the K-0 horizon. This is 
best seen in township 2N, 69W where closely-spaced wells 
define an east-dipping panel above the Longmont fault. 
The difference in elevation between points at the top and 
bottom of the panel reflects eastward dip rather than off-
set across a fault. Wells located along the western outcrop 
trace of the K-0 horizon show it correlates to the top of the 
Baculites clinolobatus faunal zone, which is the base of the 
upper transition member of the Pierre Shale as mapped by 
Scott and Cobban (1965). This means the overlying BWA 
is developed within and above the upper transition mem-
ber of the Pierre Shale. 

STRUCTURE OF THE BWA DECOLLEMENT

The BWA decollement dips east off the margin of the 
Front Range, enters a low along the western margin of 
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Plate 3. Vertically 
exaggerated (3X) 
cross sections 
showing translation 
amounts across 
the Boulder-
Weld allochthon.
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Figure 3. Structure of the K-0 horizon (feet). This map shows the regional layer below the Boulder-Weld allochthon dipping at 
variable rates off the flank of the Front Range and Greeley arch then dropping at a low angle toward the axis of the Denver Basin.  
The deep-seated Longmont fault folds but does not cut the regional layer at this level.
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the allochthon, rises to the east along a thrust ramp, then 
follows regional dip down to the southeast to its termi-
nus (Fig 4). The decollement closely parallels bedding at 
the K-1 horizon across the western part of the allochthon. 
East of the ramp, units between the K-1 and K-5 horizons 
are thrust over the shallower K-5 level of the decollement 
where they form a ramp anticline. East of the leading-edge 
truncation of the K-1 to K-5 units, the decollement paral-
lels the K-5 horizon.

Because the decollement parallels or closely parallels 
bedding, except across the decollement ramp and the an-
ticline east of the ramp, not all wells exhibit evidence of 
thrusting. For this reason, the level of the decollement is 
determined by tracking the lowest stratigraphic level of 
faulting in its hanging wall and by mapping horizons in its 
immediate footwall that show no faulting. Keep in mind 
that many wells lack the shallow logs needed to reveal 
faults above the decollement. Therefore, wells on Figure 4 
that lack symbols indicating faults, either don’t encounter 
faults above the decollement or lack the data that would 
show the faults. 

Well control and dips of surface beds show the K-0 
horizon of the regional layer and the overlying BWA decol-
lement rise unbroken to their western outcrop traces. The 
decollement simply rises to the west and breaches to the 
surface. This means the western and northwestern margins 
of the BWA are erosional rather than cut by faults in the 
regional layer. Therefore, the current 216 mi2 (559 km2) 
extent of the allochthon represents the remnant of what 
was a larger system. The northeastern and southeastern 
margins mark the currently recognized thrust limits of the 
BWA (Spencer, 1986; Kittleson, 1992, 2009). Wells exam-
ined several miles beyond the recognized eastern limits of 
the BWA show no thrusting and corroborate the alloch-
thon margin as mapped by earlier workers. 

The map also shows the northwestern limit of oil and 
gas well data available above the decollement. Beyond this 
line and extending to its outcrop trace, the decollement 
structure was mapped using projections from deeper hori-
zons. In this area, surface geology and water wells provide 
the only information for structure above the decollement.

Deep wells west of the proposed BWA erosional trace 
preclude the decollement ramping down-section and root-
ing in the subsurface to the west. The wells give no in-
dication of the magnitude of thrust repeat that would 
be required to explain the up to two miles of eastward 

translation shown by the BWA. In addition, the author has 
examined proprietary seismic data across the western mar-
gin of the BWA that corroborate the lack of an east-direct-
ed thrust in this position.

THE THRUST RAMP IN THE BWA DECOLLEMENT 
CONNECTING THE K1 AND K5 DETACHMENTS

Just east of the White Rocks and Marshall areas, the 
BWA decollement ramps up-section some 900 feet from a 
near bedding-parallel detachment at the K-1 horizon to a 
bedding-parallel detachment at the K-5 horizon (Fig. 2). 
The thrust ramp is penetrated by several wells as shown in 
map view and on all of the cross sections (purple dotted 
line on Fig. 4, Plates 1-3). The ramp and areas to the west 
are characterized by thrust repeats and stretched section in-
dicating high dips in rocks down to the K-1 horizon (red 
diamonds on Fig. 4). East of the ramp, all faulting occurs 
above the K-5 horizon.

The most compelling evidence for eastward transla-
tion of the BWA and the ramp in its decollement are wells 
showing units between the K-1 and K-5 horizons carried 
east of the ramp and onto the K-5 level detachment (blue 
triangles on Fig. 4). Figure 5 shows the log character of the 
footwall and repeated hanging wall K-1 to K-2 units pen-
etrated by the Exeter Deepe 11-22 well (NE SW 22 T1N, 
R69W). The Deepe well and the nearby Omega Stein-
baugh 1 (NW NW 22, T1N, R69W) both show a hang-
ing wall imbricate between the K-5 detachment and the re-
peat K-1 to K-2 section. In all, five wells have shallow logs 
showing repeats of units in the K-1 to K-5 interval east of 
the ramp (Fig 4). Three of these wells (#19-21), including 
the Deepe and Steinbaugh wells, are shown on cross sec-
tion B-B’ (Plates 1 and 3). East of the leading edge trun-
cation of K-1 to K-5 units (blue dotted line on Fig. 4), all 
thrusts above the decollement involve units younger than 
the K-5 horizon (purple squares on Fig. 4).

In addition to section repeated by thrusts, there are 
examples of section cut out along the decollement and 
by normal faults that sole into the decollement. Figure 6 
shows the thickness of the K-1 to K-2 interval, the sec-
tion carried immediately above the decollement across the 
western part of the allochthon. The unit exhibits a region-
al northwest-trending stratigraphic thick that is interrupt-
ed by abrupt thins at and west of the decollement ramp. 
In these areas the section thins by half from over 200 feet 
to just over 100 feet (Fig. 6). In most cases, the thinning is 
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Figure 4. Structure of the Boulder-Weld (B-W) decollement (feet).  The decollement dips east off the Front Range and Greely arch, 
enters a low across the western portion of the Boulder-Weld allochthon (BWA), rises to the east across a thrust ramp, then follows 
regional dip down to the southeast.  The decollement is not cut by the Longmont fault. The western margin of the BWA is erosional, 
indicating it once extended to the west.
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caused by attenuation of the hanging wall at the de-
collement (blue squares on Fig. 6). In detail, the well 
logs in this area show the thinning is caused by in-
creasing attenuation of the K-1 to K-2 interval from 
east to west above the decollement (Fig 7). The at-
tenuation varies along strike, likely reflecting undu-
lations or scalloping in the original trajectory of the 
decollement. While this attenuation causes a dramat-
ic change in the isopach map, the rate at which beds 
are cut out is very low indicating the decollement is 
still almost bedding-parallel across this area. Over a 
distance of 1.5 miles, 44 feet of section are cut out 
indicating the decollement cuts across bedding at an 
angle of approximately 0.3 degrees (see wells between 
sections 19 and 21 in T1N, R69W). The attenua-
tion either indicates a very low angle normal fault or a 
thrust cutting gradually down-section in the direction 
of transport. 

Figure 7 also shows the abrupt change in atten-
uation between wells drilled only a half mile apart 
in sections 19 and 30 of T1N, R69W. This may re-
flect lateral offset on the postulated tear fault as dis-
cussed below. 

There are also examples of normal faults cutting the 
hanging wall and soling into the decollement. Several of 
these occur along the decollement ramp and indicate ex-
tensional overprint of the earlier thrust. The faults show 
up as partial attenuation of the units above the decolle-
ment ramp (well #8 on section A-A’, Plate 1; well #2 on 
section C-C’ and well #4 on section D-D’, Plate 2). The 
only other normal fault seen in this study is the Kolb fault, 
which lies along the western margin of the BWA as dis-
cussed below.

A POSTULATED TEAR FAULT ABOVE 
THE BWA DECOLLEMENT

The central part of the BWA is cut by a postulated tear 
fault (Figs. 4, 6 and 7). As noted previously, the tear fault 
became apparent when an east-west section was drawn that 
crossed it and showed a confusing pattern of greater trans-
lation in the eastern part of the BWA than to the west. 
The tear fault appears most prominently above a shift in 
the K-1 to K-5 thrust ramp where it marks a pronounced 
change in the amount of translation. Figure 4 shows the 
position of the ramp (purple dots) and leading-edge trun-
cation of K-1 to K-5 units carried up and east of the ramp 

(blue dots). The separation of the two lines provides a mea-
sure of translation in the system. North of the tear fault, 
there are up to two miles of translation, while only three 
quarters of a mile or less are evident to the south. The tear 
fault appears to be gently arcuate and is drawn provision-
ally as a great circle. To the east, it separates northern ar-
eas with larger coherent fault blocks bounded by faults 
with greater throw from the areas to the south showing less 
throw on thrusts and smaller fault blocks (Spencer, 1986; 
Roberts et al., 2001). The eastern margin of the BWA does 
not appear to be offset by the tear fault (Fig. 4), which may 
reflect poor well control for the margin of the BWA in this 
area. However, the eastern position of the tear was cho-
sen to coincide with lateral changes in the thrust trends as 
mapped in detail by Spencer (1986) using coal mine in-
formation. Alternatively, the tear fault may not offset the 
BWA margin and changes in the amount of translation 
across the tear may be taken up by thrusts interior to the 
BWA. A tear fault pattern like this appears in the gravity 
slides surrounding the Bearpaw Uplift of Montana, a pos-
sible analog for the BWA as discussed below (Baker and 
Johnson, 2000; Caldwell, 2008). To the west, the tear fault 
may be marked between closely spaced wells by an abrupt 
change in the amount of attenuation seen above the BWA 

Figure 5. Well log showing repeat of the K-1 to K-2 interval over the K-5 
portion of the Boulder-Weld (B-W) decollement.  This well shows a repeat 
of Pierre Shale units in the core of a ramp anticline developed east of the 
decollement thrust ramp.  Wells in this area demonstrate up to two miles 
of translation of the Boulder-Weld allochthon.
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Figure 6. Isopach of the unthrusted K-1 to K-2 interval showing areas with attenuation at the Boulder-Weld  (B-W) decollement, normal 
faults along the K-1 to K-5 ramp and hanging wall normal faults.  This map shows attenuation along the western margin of the Boulder-
Weld allochthon that could either indicate a very low-angle breakaway normal fault or a thrust cutting gradually down-section in the 
direction of transport.
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decollement (wells in 19 and 30 of 1N, 69W on Fig. 7). 
Once the trace of the postulated tear fault was projected to 
the western margin of the BWA, it was found to cross the 
Valmont dike (23, 1N-70W, Fig. 4) with only a twelve-de-
gree difference in their alignments. Its close alignment with 
the dike may be further evidence for the existence and lo-
cation of the postulated tear fault.

OUTCROP PATTERNS

Outcrop and near-surface patterns show the gentle 
east dips on the western flank of the Denver Basin disrupt-
ed by faults of the BWA, and further reveal elements of the 
allochthon (Fig 8.). East of the Haystack Mountain anti-
cline and the Greeley arch, the Fox Hills outcrop belt is in-
terrupted by reappearances of the underlying Pierre Shale. 
The most prominent of these is a 13-mile long anticline 
known in the 1930’s as the “Louisville structure” when it 
was tested by Continental Oil’s Borra No. 1 well (SW Sec. 
5, 1S, 69W) (Barb, 1946). The anticline reflects K-1 to 
K-5 units breached to the surface where they are carried up 
the decollement ramp and thrust over a detachment paral-
leling the K-5 horizon. To the west and east, smaller patch-
es of older rocks surrounded by younger units mark the 
locations of secondary high blocks carried by imbricates 
above the decollement. 

Figure 8 also shows the traces of thrusts and normal 
faults based on outcrop patterns, fieldwork conducted for 
this project, the work of Spencer (1986) and Roberts et 
al. (2001), the various quadrangle maps referenced earlier, 
and shallow seismic surveys in the Rocky Flats area (Davis, 
1980; Ebasco Team, 1992, 1993a). 

FAULTS IN THE HANGING WALL OF 
THE BWA DECOLLEMENT

One of the principal objectives of this study was to 
determine the attitudes of faults in the BWA including, 
where possible, their direction and sense of slip. This in-
volved field checking exposures of faults reported in the 
literature and finding new exposures. Faults in the White 
Rocks area are described below and shown in detail on 
Plate 4 (Sterne and Raynolds, 2019). Details of the fault 
observations are tabulated on Table 1.

The work started in the western part of the BWA with 
an examination of the Big fault (NE 18, 1N-69W) at 
White Rocks. It has been described in the literature as both 
a reverse fault (Weimer, 1973) and a growth fault with 

apparent normal offset (Davis and Weimer, 1976). The 
conflicting descriptions of its geometry offered the possi-
bility it could be part of a breakaway zone for the BWA 
(Ken Kittleson, pers. comm.), and called for the fault to 
be reexamined. Access to the restricted White Rocks open 
space was granted by the City of Boulder Open Space 
and Mountain Parks Department (OSMP). The White 
Rocks area offers the best exposures of the Fox Hills For-
mation in the Denver Basin and an excellent exposure of 
the Big fault (Weimer, 1973; Trimble, 1975; Weimer and 
Tillman, 1980). The fault is an east-dipping, west-direct-
ed thrust exhibiting well-developed reverse Riedel shears 
and east-southeast trending slickenlines (Fig. 9). The thrust 
is penetrated by wells in the SE NE 18, 1N, 69W (Pl. 1 
B-B’, well # 9) and in the SW 7, 1N, 69W. Possible splays 
of the fault continue to the north. One splay was mapped 
by Trimble (1975) along the north line of NW 6, 1N, 
69W. We did not find the fault exposed, but beds in its 
immediate footwall are dragged into an overturned fold 
indicating west-directed thrust movement. A more easter-
ly splay cuts across 31, 2N, 69W where we found east-dip-
ping slip surfaces (Somerset locale) with well-developed 
reverse Riedel shears and east-west slickenlines. Just to the 
east, the splay is penetrated by wells in 32 and 33, 2N, 
69W (Pl. 1, A-A’, wells #5 and #6) and water wells show 
Pierre Shale carried close to the surface by the thrusts.

One-half mile east of the Big fault at White Rocks, 
trenching showed the Ertl fault to be a north- to north-
west-dipping thrust, but no fault plane ornamentation was 
observed (Table 1). Based on changes in outcrop dips (Pl. 
4, SW 8, 1N, 69W), the fault continues north and may 
appear again in 33, 2N, 70W (Pl. 1, A-A’, well #6).

The Big and Ertl faults bound an upthrown block or 
pop-up structure. As shown by a panel of high east dips in 
outcrop (Pl. 4) and a penetration of its ramp by the well 
in NW NW 17, 1N, 69W (Pl. 1, B-B’, well #10), the Big 
fault is the master fault with the Ertl fault as its antithetic. 
Balancing the structural interpretation required recogniz-
ing this linkage of the thrusts, with the Ertl fault showing 
more translation than the Big fault. Such pop-up structures 
bound by linked antithetic thrusts appear across the BWA. 
Recognition of this style made it possible to meld the shal-
low structure in coal mines across the eastern part of the 
BWA, as mapped by Spencer (1986), with deeper faults en-
countered in the oil and gas wells.

Three quarters of a mile west of the Big fault, the 
prominent outcrops of the Fox Hills Formation at White 
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Figure 8. Surface units, fault trends and levels of thrusting across the Boulder-Weld allochthon.  This map shows the gentle western 
flank of the Denver basin interrupted by faults of the Boulder-Weld allochthon.  Most prominent is the narrow belt of surface Pierre 
Shale that marks the trend of the anticline developed east of the decollement ramp.
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Plate 4. Geology map of the White Rocks area, Boulder County, Colorado.
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Rocks are terminated by the Kolb fault. Several west-dip-
ping fractures cut the outcrop and the west-dipping frac-
ture face bounding the outcrop was trenched but no fault 
ornamentation was observed (Table 1). Nonetheless, the 
Kolb fault appears to be a west-dipping normal fault based 
on water wells located on either side of the fault (Pl. 1, 
B-B’, wells #4 and #5) indicating the base of the Fox Hills 
Formation drops down to the west. The Kolb fault contin-
ues to the north where it was mapped by Trimble (1975) 
along the northern bound of NW 6, 1N, 69W. The fault 
is not exposed, but west-dipping fractures cut the west-
ern limits of the Fox Hills Formation east of the fault sim-
ilar to those seen at White Rocks. Closely-spaced wells 
drilled on either side of the fault (NW NW 6, 1N, 69W; 
SE SE 36, 2N, 70W, Pl. 1, A-A’, well #4) show the west 
side is dropped down on a normal fault that cuts out 140 
feet of section. One and a half miles farther north, another 
well (SE NW 30, 2N, 69W) shows 40’ of missing section. 
These relationships show the Kolb fault extends at least 4.5 
miles along strike. It does not offset the BWA decollement 
and there is no data to indicate it is cut by the BWA decol-
lement. Therefore, it is shown here to sole into the BWA 

decollement. Except for the normal faults seen along the 
decollement ramp it is the only normal fault encountered 
across the BWA in this study. There are possible indications 
of reverse offset associated with the fractures east of the 
fault at White Rocks (Scott Minor, pers. comm.) suggest-
ing the fault could be an early thrust overprinted by exten-
sion. This observation may indicate extensional overprint 
of Laramide faults similar to that noted by Allen (2010) 
along the neighboring Front Range. The other possibility is 
it is part of a breakaway zone developed along the western 
margin of the BWA.

The Boulder OSMP also allowed access to the Boul-
der Valley Farm where an exposure of the Valley Farm fault 
was examined (NE NE NW, 16, 1N, 69W). The fault dips 
to the east-southeast and is a west-directed thrust that puts 
Pierre Shale over the Fox Hills Formation (Sterne and Ray-
nolds, 2019). Two sets of lesser-quality slickenlines indi-
cating approximate west-directed slip are evident, and one 
of the sets shows reverse Riedel shears (Scott Minor, pers. 
comm.) (Table 1). The fault extends to the northeast paral-
lel to the decollement ramp (Colton and Anderson, 1977) 

TABLE 1
A compilation of fault attitudes, slickenline orientations, and Sigma 1 directions reported for the Boulder-Weld allochthon and neighboring 
Front Range.
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Figure 9. Exposure of 
the Big fault at White 
Rocks. The fault plane of 
the Big fault is beautifully 
exposed at in the 
Boulder City White Rocks 
open space.  Reverse 
Riedel shears and well-
developed slickenlines 
show an east-southeast 
slip direction, similar to 
those found across the 
western portion of the 
Boulder-Weld allochthon 
and the neighboring 
Front Range.

and appears to sole into the top of the decollement ramp as 
shown in sections A-A’ and B-B’ on Plate 1.

Field checks of several faults in the Marshall area 
corroborated the mapping by Spencer (1961), and the 
east-southeast slickenline orientations measured by Selvig 
(1994) on the west-directed Peerless thrust (SE SW 15, 1S, 
70W) (Table 1).

The exposure of the Valmont Fault in S2 Sec. 24, 
T1N, R70W as detailed by Risk Engineering (1994) was 
found to be mostly covered and did not yield any new 
information (Table 1). Faults shown by Cole and Brad-
dock (2009) cutting the regional layer west of the BWA 
at Boulder Reservoir were not found, likely due to recent 
landscaping along the shoreline; however, two east-dip-
ping thrusts are exposed in Pierre Shale outcrop along the 

shoreline between the dam structures (NW SE 3, T1N, 
R70W) (Table 1). 

The margin of the Valmont Dike (SW SE Sec. 22, 
T1N, R70W) was examined in the hope of finding slick-
enlines associated with differential slip along the postulated 
tear fault that projects across the location of the dike. Hor-
izontal slickenlines were found on the southwestern mar-
gin of the dike, but because this part of the dike lies in the 
footwall of the BWA, the slickenlines likely reflect lateral 
intrusion of the dike or lateral slip on a fault in the region-
al layer rather than movement of the postulated hanging 
wall tear fault.

The area east of the leading edge truncation of the K-1 
to K-5 intervals above the K-5 level detachment is where 
Kittleson (1992, 2009) first described the style of decol-
lement thrusting seen across the BWA. In constructing 
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Figure 10. Slickenline trends of the Boulder-Weld allochthon (BWA) and neighboring Front Range. Both the BWA and 
neighboring Front Range exhibit approximate east-west slickenline trends suggesting but not proving a common genesis for 
their faults.
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cross sections across the eastern area for this study, the 
basal Laramie Formation C Coal structure map of Spen-
cer (1986) was used to guide the structural interpretation 
except where available well data contradicted his interpre-
tation. Spencer (1986) showed the faults of the BWA as 
steep, deep-seated reverse and normal faults. In adapting 
his information to a style showing lower-angle thrusts as 
used here, the fault positions marking the known margins 
of subsurface coal mines were honored as hard data when 
drawing the cross sections, while the surface locations of 
the faults were not considered fixed by the subsurface data, 
and do not appear immediately above the deep fault cuts . 

In the absence of shallow oil and gas log data, Spen-
cer’s (1986) study of coal mines, coal exploration cores and 
water wells provides the best means of getting a compre-
hensive view across this shallower part of the BWA east of 
the decollement ramp. Another excellent set of data in this 
area are the four cores cut for the siting of the Weld Coun-
ty Meteorological Observation Facility (Ameudo and Ivey, 
1975) (16 1N, 68W, Fig. 1). The report provides detailed 
dip information and the core holes were logged with gam-
ma ray, resistivity and density tools. Combining these with 
two deep oil and gas wells (wells #30-35 on B-B’, Plate 1), 
a picture emerges of a thrust structure bounded on both 
sides by linked, antithetic faults; a style reminiscent of the 
thrust structure seen in older units to the west in White 
Rocks and best described as a pop-up structure. Numerous 
examples of this kind of structure are shown in the cross 
sections (Plates 1-3) across the eastern part of the BWA.

Surface traces of faults mapped across the Erie quad-
rangle (Colton and Anderson, 1977) were checked in the 
hopes of finding fault exposures across the eastern part of 
the BWA. This several-day effort was not successful due 
to a predominance of shaley facies giving poor outcrops 
and extensive development that has destroyed many of 
the outcrops. 

SLIP DIRECTIONS BASED ON SLICKENLINE TRENDS

Figure 10 and Table 1 show slickenline orientations 
for the western part of the BWA and the neighboring 
Front Range. The data are a compilation of measurements 
made during this study and those reported in the literature 
(Selvig, 1994; Risk Engineering, 1994; Allen, 2010). Slick-
enline orientations from Risk Engineering (1994) and this 
study are single measurements or averages of a low number 
of measurements. Risk Engineering’s (1994) description of 

the Valmont fault provides the fault strike and dip (237-
49 FHR), and slickenline orientation and rake (295-40). 
Their slickenline orientation of 295° is honored in Table 1 
and Fig. 10, however, the reported rake suggests a slicken-
line orientation of 266°, which is more in line with other 
slickenline orientations along the western margin of the 
BWA. The slickenline orientations from Selvig (1994) and 
Allen (2010) are based on first eigenvectors and reflect 
multiple measurements. The slickenline orientations vary 
from east-northeast to east-southeast, indicating an overall 
east-west slip direction in both areas. 

Currently, slickenline data are only available along the 
western part of the BWA. Field checks along mapped sur-
face faults in the Erie area have so far yielded no new slick-
enline data due to extensive Quaternary cover or recent de-
velopment. The arcuate trend of the tear fault suggests slip 
directions in the eastern part of the BWA will arc to the 
southeast in close agreement with the slip direction implied 
by the orientation of sections drawn in this part of the sys-
tem by Kittleson (1992, 2009). The cross sections prepared 
for this study parallel the trend of the tear fault and pro-
vide provisional predictions of local slip directions. 

SUMMARY BLOCK DIAGRAM OF THE BWA

Figure 11 summarizes the structural elements of the 
BWA. The allochthon moved up to two miles east on its 
basal decollement above a gently southeast-dipping region-
al layer. From its western outcrop trace, the decollement 
cuts down-section to the east along an attenuation fault 
cutting at an extremely low angle to bedding (0.3 degrees) 
before merging into a bedding-parallel detachment at the 
K-1 horizon. Across this part of the allochthon, the atten-
uated hanging wall rides on the K-1 level detachment and 
secondary thrusts and a normal fault cutting the hanging 
wall sole into the K-1 level detachment. To the east, the 
BWA travels approximately 900 feet up-section on a thrust 
ramp connecting the K-1 level detachment to a shallower, 
bedding-parallel detachment at the K-5 horizon (equal to 
the Kp2 horizon of Kittleson (1992, 2009)). Immediately 
east of the ramp, units between the K-1 and K-5 horizons 
are thrust over the K-5 level detachment. A west-directed 
thrust detached at the K-5 horizon is thought to branch off 
the decollement at the leading-edge truncation of the K-1 
to K-5 units and takes up about half or more of the east-
ward translation. East of this truncation and to the eastern 
limit the allochthon, the decollement rides parallel to the 
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K-5 horizon, and secondary thrusts cutting hanging wall 
K-5 and younger units sole into the K-5 level detachment. 
The block diagram best typifies the northern part of the 
BWA with the near face representing a postulated arcuate 
tear fault cutting from west to east across the central part 
of the system. Geometries south of the tear fault are simi-
lar. Translation of the BWA decreases from two miles north 
of the tear fault to three quarters of a mile or less south of 
the tear fault.

TRANSLATION AMOUNTS WITHIN THE BWA

Plate 3 posts measures of translation at different points 
in the system. There are two ways to calculate translation 
for the system depending on the assumed genetic model 
and how normal fault offsets are treated. In a gravity slide, 
both normal faults and thrusts contribute to the translation 
of the system, while in a thrust system only thrusts add to 
translation of the system and normal faults may obscure 
the amount translation on earlier thrusts. These differenc-
es only come into play for areas at and west of the ramp 
where normal faults occur.

In the case of a gravity slide: 1) secondary structures 
west of the ramp show between 0.2 and 0.3 miles of trans-
lation, 2) at the leading edge cutoff of the K-1 to K-5 units 
east of the ramp the system shows between 0.3 and 1.8 
miles of translation, while 3) east of the truncation be-
tween 0.3 and 0.8 miles of translation are evident. 

Assuming a thrust origin: 1) thrusts west of the ramp 
show between 0.05 and 0.3 miles of translation, 2) at the 

leading edge cutoff of the K-1 to K-5 units east of the 
ramp the system shows between 0.3 and 1.8 miles of trans-
lation, while 3) east of the truncation between 0.3 and 0.8 
miles of translation are evident.

North of the tear fault the system loses about half of 
its translation on a west-directed back thrust detached at 
the K-5 horizon. Using triangle zone terminology (Jones, 
1996), this can be thought of as a roof thrust accommodat-
ing some of the eastward translation on the decollement or 
floor thrust. This feature could be drawn as an east-direct-
ed thrust; however, the west-directed interpretation mesh-
es better with the patterns shown by Spencer (1986) along 
the northern leading-edge truncation. South of the tear, 
the amount of translation seen at the leading-edge trunca-
tion east of the ramp equals the translation seen on thrusts 
farther to the east, suggesting the back thrust is not present 
south of the tear. No wells have been found showing faults 
above the decollement across the eastern area south of the 
tear. The thrust structures shown on section C-C’ are con-
trolled by Spencer’s (1986) mapping of the Laramie For-
mation C Coal. Section D-D’ lies south of Spencer’s map 
and thrust trends were taken from the mapping of Roberts 
et al. (2001) with the cumulative throw on the thrusts east 
of the leading-edge truncation drawn to match the transla-
tion at the ramp. Future work on this line should incorpo-
rate water well data to better constrain the interpretation.

Figure 11. Block diagram showing elements of the Boulder-Weld allochthon. 
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TIMING OF THE BWA

Control for the timing of Laramide thrusting in the 
Front Range bracket their movement to between 67 Ma 
and 55 Ma (Kluth and Nelson, 1988; Raynolds, 1997; 
Caine et al., 2006; Dechesne et al., 2011; Siddoway et al., 
2013; Barkmann et al., 2016). Paleomagnetic studies of 
Laramide structures along the mountain front west of the 
BWA show: 1) sills near Boulder dated to 64.6+-2.4 Ma 
were injected during thrusting, and 2) sills at Ralston (four 
miles south of Rocky Flats) dated to 61.9+-2.5 Ma were 
injected prior to thrusting (Hoblitt and Larson, 1975) . 

Thrusts of the BWA offset units as young as the Arap-
ahoe Conglomerate in the Rocky Flats area (Ebasco Team, 
1992, 1993a), so its development occurred after 67 Ma. 
Claims of syndepositional thinning across high blocks of 
the BWA offered as evidence for growth faulting during 
deposition of the Laramie Formation by Rahmanian 
(1975) were disproven by Spencer’s (1986) detailed analysis 
of coal mine data. Furthermore, Trudgill (2015) provides 
no evidence of syndepositional faulting in support of his 
model showing inversion of early growth faults by thrusts 
in the Marshall area. If the Valmont dike played a role in 
creating the postulated tear fault, the BWA formed either 
at or later than the emplacement of the dike which dates to 
64.9+-2.6 Ma (Larson and Drexler, 1994) or 64.0+-5.0 Ma 
(Musselman, 1987). These dates indicate the BWA could 
have formed during or after the Laramide orogeny.

DISCUSSION
By recognizing the style of decollement thrusting that 

characterizes the BWA, Kittleson (1992, 2009), as corrobo-
rated by Selvig (1994), made the conceptual breakthrough 
that is the basis for this study. However, my analysis shows 
a somewhat different structural picture of the BWA than 
presented by Kittleson (1992, 2009), and indicates a dif-
ferent transport direction than calculated by Selvig (1994). 
These differences do not disprove the gravity slide models 
of these authors, but do leave open the possibility the BWA 
formed as a Laramide thrust sheet.

Kittleson’s (1992, 2009) model for the BWA called for 
a gravity slide moving one-half mile to the southeast from 
a breakaway headwall at the Longmont fault. The move-
ment was thought to occur above a detachment parallel-
ing a single stratigraphic horizon in the upper part of the 
Pierre Shale (His Kp2 horizon equal to the K-5 horizon). 

No faulting was recognized below this detachment. Hang-
ing wall structures were thought to include normal faults 
associated with a breakaway zone to the west and east-ver-
gent reverse faults or toe thrusts to the east. 

In contrast, the current study shows:
1) The Longmont fault folds, but does not cut the 

BWA decollement. Therefore, the Longmont fault does not 
form the breakaway headwall for the BWA. The decolle-
ment simply rises to the west and daylights at the surface, 
indicating the BWA once extended farther to the west and 
its current western limit is erosional.

2) The BWA decollement ramps ~900’ up-section to 
the east from a near bedding-parallel detachment low in 
the upper transition member of the Pierre Shale (K-1 lev-
el), to a bedding-parallel detachment near the base of the 
Fox Hills Formation (K-5 level). 

3) Units above the deeper, K-1 detachment are carried 
up the decollement ramp and over the shallower K-5 de-
tachment. The leading-edge truncation of these older units 
shows up to two miles of translation of the BWA. 

4) Attenuation of section along the decollement and 
the presence of the Kolb normal fault in its hanging wall 
may be remnants of a breakaway zone along the western 
margin of the BWA. Alternatively, the attenuation zone 
may reflect a thrust cutting slightly down section in the di-
rection of transport. The hanging wall normal faults may 
represent extensional overprinting of older thrusts.

5) Pop-up structures bound by east- and west-directed 
antithetic thrust faults are a common style across the BWA. 

Slickenline data across the western margin of the BWA 
and the neighboring Front Range show a shared, approxi-
mate east-west slip direction (Table 1, Fig. 10), which dif-
fers from the conclusion reached by Selvig (1994) in his 
comparison of the two areas.. As shown by Erslev and Lar-
son (2006), average slickenline and ideal Sigma1 trends for 
structures across the Laramide foreland are directly correla-
tive, indicating average slip direction and average compres-
sion direction will be the same. This relationship held true 
for all of the slickenline localities reported by Selvig (1994) 
and Allen (2010) except for the Marshall area in the south-
western part of the BWA. There, Selvig (1994) reported a 
slickenline first eigenvector oriented to 100 degrees and an 
average Sigma1 orientation of 149 degrees (Table 1). The 
49 degree difference between these values could indicate 
the kind of clockwise stress rotations associated with north-
east-trending Laramide faults in the northeastern Front 
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Range (Larson, 2009). Or, the stress inversion may have a 
difficult time deriving Sigma1 in the complex fault arrays 
at Marshall. Selvig (1994) used the calculated Sigma1 vec-
tor to interpret the Marshall thrusts as south-southeast di-
rected toe thrusts in a gravity-driven system; however, the 
near east-west slickenline trends support rather than pre-
clude a linkage to Laramide thrusting.

SUPPORT FOR THE GRAVITY SLIDE MODEL

The gravity slide genesis for the BWA is best support-
ed by the attenuation zone developed along the west-
ern side of the BWA. In this model, the attenuation zone 
would represent the remnant of a very low-angle, east-di-
rected normal fault forming the principal failure surface of 
a breakaway zone. The hanging wall ramp of the normal 
fault would have been carried east onto the bedding-par-
allel detachment at the K-1 horizon where it is now pre-
served in the subsurface. The Kolb fault could be a pre-
served example of higher-angle normal faults developed 
above and soling into the master breakaway fault along the 
western side of the system. 

Possible gravity slide analogs for the BWA include 
such systems as the deep-water thrust belts found on pas-
sive margins (Rowen et al., 2004), and megaslides such as 
the Heart Mountain in Wyoming (Malone et al., 2014) 
and the Marysvale in Utah (Hacker et al., 2014; Biek et al., 
2020). However, the best analog in terms of age, tectonic 
setting and structural style is the gravity slide system sur-
rounding the Laramide Bearpaw Uplift of Montana as de-
scribed by Reeves (1946), Baker and Johnson (2000) and 
Caldwell (2008) and summarized from their work below. 
The structures involve Upper Cretaceous rocks detached 
at two horizons in marine shales of the Marias River For-
mation. The detachments carry shoreline sandstones of 
the Eagle Formation and marine shales of the overlying 
Claggett Formation radially off the domal uplift. Hanging 
wall structures include normal faults in breakaway zones at 
the crest of the uplift, toe thrusts along its flanks, and tear 
faults internal to the system. Many of the thrust structures 
are pop-ups bound by antithetic faults. Seismicity during 
Eocene igneous activity and loading of the Cretaceous 
rocks by Eocene volcanics are thought to have triggered the 
down-flank movement of the slides.

Emplacement of the Bearpaw, Heart Mountain and 
Marysvale gravity slides all involved coeval igneous and 
volcanic activity (Reeves, 1946; Malone et al., 2014; 

Hacker et al., 2014; Biek et al., 2020). Volcanic loading 
primed the slides, and coeval intrusions and related seis-
micity are cited as triggers for their catastrophic collapse.

Unlike the examples above, the BWA is not part of a 
large volcanic field. However, sills, dikes and small plugs 
scattered along the Front Range between Ralston (located 
4 miles south of Rocky Flats) and the Six Mile fold attest 
to igneous activity in proximity to the BWA during the Pa-
leocene (Kellogg et al., 2008; Cole and Braddock, 2009). 
In addition, Paleocene volcanic fields, associated with the 
Colorado Mineral Belt, that once covered much of the 
Front Range adjacent to the BWA (Raynolds, 1997), could 
have set the conditions for a large gravity slide similar to 
the megaslides noted above.

A more speculative trigger mechanism evoking seis-
micity related to seal rupture by overpressured hydrocar-
bons could explain why the BWA developed above the 
southwest corner of the giant Wattenberg oil and gas field 
(Fig. 1). This part of the field is the locus of the “Watten-
berg hot spot”, an area named for its elevated thermal ma-
turity, high bottom-hole temperatures, reservoir overpres-
sures, and high gas-oil-ratios of produced hydrocarbons 
(Higley et al., 2007). Hydrocarbons generated in the Mow-
ry and Dakota have migrated several thousand feet up-sec-
tion through much of the Pierre Shale and now produce 
from the Hygiene and Terry sandstones in the shallow 
Spindle Field (Clayton and Swetland, 1980), which strad-
dles the eastern margin of the BWA. Resistivity logs “light 
up” across the Pierre Shale indicating the presence of a hy-
drocarbon chimney in this part of the field (Steve Cumella, 
pers. comm.). Clearly, oil and gas have migrated vertically 
through a thick layer of what should be sealing shales. Hy-
drocarbon migration through shales is likely caused by nat-
ural hydraulic fracturing driven by overpressures (Engelder 
and Lacazette, 1990). The most likely place in the field for 
a catastrophic seal breach would have been the Wattenberg 
hot spot, which lies immediately northeast of the BWA. It 
is difficult to prove a rupture of this type created seismici-
ty to trigger the BWA as a gravity slide. However, there is a 
growing body of literature that attributes earthquakes and 
aftershocks up to magnitude 6 to seal rupture by high-pres-
sure carbon dioxide (e.g. Miller et al., 2004). In a case in-
volving hydrocarbons, Lacazette (1991) studied poros-
ity development due to natural hydraulic fracturing by 
high-pressure, methane-saturated brines in the Ordovician 
Bald Eagle Formation of central Pennsylvania. He cites an 
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example of a gas reservoir that vented during an ancient 
seal rupture. Fluids drove explosively to the surface, there-
by opening breccia channels that facilitated later meteor-
ic water invasion to depths of 9 kilometers. It is likely that 
a catastrophic event such as this could have triggered the 
BWA as a gravity slide either by decreasing friction along 
its decollement or by spawning seismicity. Timing of the 
seal breach is likely post-Laramide. Higley and Cox (2007) 
modeled the burial history of the Cretaceous “D” and 
Muddy (“J”) sandstones using a well located near the Wat-
tenberg hot spot. They found onset of generation during 
the Laramide. However, peak gas generation, which would 
have been associated with the seal breach, occurred later 
during upper Eocene to Miocene time (40-20 Ma). Mat-
uration within the hot spot may have begun earlier, but if 
the BWA was triggered by a catastrophic seal breach it like-
ly formed after the Laramide. One interesting aspect of the 
catastrophic seal breach model is that it is the only mecha-
nism discussed here that explains why the BWA is a unique 
feature along the Front range, and why it lies on top of the 
Wattenberg Field.

SUPPORT FOR THE LARAMIDE 
THRUST SHEET MODEL

East-west slip directions seen on faults across the west-
ern part of the BWA and the neighboring Front Range 
show they may share a common Laramide thrust origin. 
Their other common trait is the stratigraphic level at which 
they detach. The BWA is detached near the top of the 
Pierre Shale, which is the detachment level for the main 
strand of the Golden fault system and other Laramide 
thrusts south along the range front (Sterne, 2006). 

However, the presence of an attenuation zone, which 
may represent the breakaway fault for a gravity slide, pos-
es the biggest problem for the Laramide thrust mod-
el. Thrusts typically parallel bedding or cut up-section in 
the direction of transport. But there are exceptions, espe-
cially in areas with preexisting structure. While there are 
no prominent structures east of the mountain front that 
would have been cut by the decollement, Cole and Brad-
dock (2009) mapped several northeast-trending faults 
cutting the regional footwall west of the BWA at Boul-
der Reservoir, and my fieldwork showed two east-dipping 
thrust faults in the same area (Table 1). Wells are rare in 
this position along the mountain front; however, a well in 
the SE NE 3, T3N, R70W is cut by two minor thrusts in 

the lower part of the Pierre Shale. Any of these could have 
presented a step in the regional layer that caused the de-
collement to cut down-section locally in the direction of 
transport. Recall, this divergence is small, with the decolle-
ment cutting at an angle of 0.3 degrees relative to bedding, 
so the decollement rides almost parallel to bedding across 
the attenuated area. Another explanation for the attenua-
tion along the decollement could relate to extensional over-
print on a preexisting thrust, similar to that noted by Allen 
(2010) in the Laramide systems along the mountain front. 
In this case, a west-directed thrust branching off the decol-
lement may have reversed out with its hanging wall ramp 
translated east onto the decollement.

There are several trajectories the BWA decollement 
may have followed to link westward with the Laramide 
thrust systems. As noted earlier, deep well and seismic con-
trol make it clear the BWA does not simply root westward 
into the subsurface along the flank of the Front Range, 
rather its decollement breaches to outcrop and is eroded 
away to the west. This means any link to thrusting along 
the mountain front is now gone. There could be east-di-
rected faults along the east flank of the mountain front that 
cut up-section and link to the east-directed BWA above the 
current ground level. However, a deliberate search of the 
few wells in this position along the mountain front and of 
seismic lines extending east of the mountain front reveal no 
thrusts that could account for the 0.7 to 2 miles of trans-
lation exhibited by the BWA. The remaining possibility is 
the decollement rises to the west and links as an east-di-
rected roof thrust resolving translation in the system of 
west-directed Laramide thrusts present along the flank and 
into the interior of the range (Fig. 12). 

Roof thrusts of triangle zones and wedge thrust sys-
tems typically rise in the direction of transport, but there 
are exceptions (Jones, 1996). Medwedeff (1992) presented 
cross sections controlled by closely spaced wells from the 
Wheeler Ridge anticline of California. The sections show 
a wedge thrust system where the roof thrust climbs over 
the axis of the underlying ramp anticline then dips in the 
direction of its transport down the back flank of the anti-
cline. This is the same general configuration of the thrusts 
shown on Figure 12 where the roof thrust climbs over the 
axes of multiple west-directed ramp anticlines then dips 
east in the direction of its transport down the back flank 
of the thrust stack. The deformed section with its restored 
geology above the current topographic surface is based 
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on a palinspastic restoration. While throw on each of the 
west-directed basement thrusts is not known, the Rog-
ers thrust, where seen west of Rocky Flats, shows up to 
5000 feet of west-directed throw (Wells, 1967; Sterne, 
2019) based on offset of the Crescent Mountain syncline 
axis. The Front Range is not the usual thrust front where 
faults verge to the foreland. As shown on Figure 12, all of 
the thrusts along the mountain front except for one are 
west-directed. West-directed thrusts dominate the Front 
Range from the Rocky Flats area and to the north (Erslev, 
1993; Selvig, 1994; Larson, 2009). Such atypical condi-
tions could lead to the development of an atypical fore-
land-directed, foreland-dipping roof thrust. 

CONCLUSIONS
This effort has redefined key elements of the Boul-

der-Weld allochthon (BWA), in particular across the west-
ern part of the system. The BWA moved up to two miles 
east off the flank of the neighboring Front Range and 

Greeley arch, then appears to have rotated to the southeast 
following the fall line of the Denver Basin. The allochthon 
currently covers 216 mi2 (559 km2), but its western margin 
is erosional indicating it is the remnant of a once larger sys-
tem. Along its western margin the BWA decollement is de-
tached near the base of the upper transition member of the 
Pierre Shale. To the east, the decollement ramps up-section 
some 900’ to a higher detachment near the base of the Fox 
Hills Formation. 

Both the decollement and faults in its hanging wall 
show a mix of characteristics indicating contraction and ex-
tension. These geometries can be interpreted as related to 
gravity sliding or Laramide thrusting. For the gravity slide 
interpretation, attenuation present along the western mar-
gin of the decollement, and hanging wall normal faults lo-
cated along the decollement ramp and to the west can be 
interpreted as elements of a breakaway zone. The decolle-
ment thrust ramp, its associated ramp anticline, and the 

Figure 12. Cross section modeling the Boulder-Weld allochthon as an east-directed passive roof thrust resolving translation on Laramide thrusts 
of the neighboring Front Range. This cross section illustrates the hinterland-directed thrusts that dominate the northern Front Range, a thrust 
vergence opposite that seen along most thrust fronts. The west-directed thrusts may have set up an atypical roof thrust that is directed toward 
the foreland and that dips in the direction of its transport.
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numerous thrust bounded pop-up structures in its hanging 
wall can be interpreted as gravity-driven toe thrusts. 

Alternatively, the mix of contractional and extensional 
features can be interpreted as Laramide thrusts overprinted 
by later extension such as noted in the neighboring Front 
Range (Allen, 2010). The decollement ramp, its associated 
ramp anticline, and numerous hanging wall thrust struc-
tures can interpreted as Laramide thrust geometries. Atten-
uation along the western margin of the decollement can be 
attributed to a thrust cutting slightly down-section in the 
direction of transport. Normal faults in the hanging wall of 
the decollement can be explained by extensional overprint 
of preexisting thrusts.

Analogs exist to support either of these models. The 
gravity-driven breakaway normal faults and toe thrusts sys-
tems surrounding the Bearpaw Uplift of Montana offer 
one analog for the gravity slide model (Reeves, 1946; Bak-
er and Johnson, 2000; Caldwell, 2008). A more specula-
tive trigger for the gravity slide may have been seismicity 
spawned by a catastrophic seal rupture in the underlying 
Wattenberg oil and gas field. Wedge thrust and triangle 
zone systems showing roof thrusts dipping in the direction 
of transport (e.g., Medwedeff, 1992) offer the best thrust 
analog for the BWA decollement. The decollement can be 
interpreted as an east-dipping, east-directed roof thrust re-
solving throw on the west-directed basement thrusts that 
dominate the northern part of the Front Range (Fig. 12). 

Both the BWA decollement and Laramide thrusts of 
the neighboring Front Range utilize detachments near the 
top of the Pierre Shale (Sterne 2006, 2019). In addition, 
both systems exhibit similar approximate east-west slicken-
line trends indicating a common slip direction. These sim-
ilarities suggest a possible link between the BWA and Lar-
amide thrusting, but do not preclude its origin as a gravity 
slide 

If the BWA is related to thrusting, it would have 
formed during the Laramide. Timing for its possible or-
igin as a gravity slide is less certain. If it was triggered by 
volcanic loading or seismicity related to igneous activi-
ty as evoked for the analog Bearpaw system, it could have 
formed during nearby Paleocene volcanism that was con-
comitant with Laramide thrusting (Hoblitt and Larson, 
1975). Or, it may have been spawned by more distant 
post-Laramide volcanism known to have occurred else-
where in the Front Range (Raynolds, 1997). If the BWA 
formed as a gravity slide triggered by seismicity related to 

a catastrophic seal breach in the underlying Wattenberg 
oil and gas field, it would have mostly likely taken place 
in post-Laramide time as hydrocarbon generation peaked 
(Higley and Cox, 2007).

This study provides a different and more comprehen-
sive picture of the structure of the BWA. What it does not 
answer is its origin. Both gravity slide and Laramide thrust 
origins for the Boulder-Weld allochthon are viable and ad-
missible, meaning they honor the observed data and can be 
supported by analogs. It remains for future studies to test 
these hypotheses and to determine if they are true.
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