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Abstract:

The Late Cretaceous Adel Mountain Volcanic (AMV) center was characterized primarily by mafic to
intermediate, effusive volcanism and deposition of primary eruptive products and volcaniclastic
sediments in coastal plain and marginal marine environments along the Western Interior Cretaceous
seaway. The AMYV succession consists of sequences of lava flows and associated intrusive and
sedimentary rocks, including sequences of coarse-grained volcaniclastic deposits interbedded with
fine-grained fluvial deposits. Sedimentary rocks are dominated by pebble to boulder, matrix- and
clast-supported conglomerates and stratified, graded and massive sandstone and mudrock units.

This study applies delineation of lithofacies and lithofacies assemblages to define sedimentary
transport processes and depositional environments that typify AMV volcaniclastic apron and
intertonguing foreland basin deposits. Sedimentary rocks were divided into lithofacies, based on
texture, grain size, fabric and geometry, and lithofacies assemblages, groups of lithofacies produced by
common flow types and sediment support mechanisms. Five main flow types were recognized in the
AMV succession: tidal currents, normal or dilute stream flow, hyperconcentrated flow, debris flow and
lava flow. Associations of lithofacies assemblages are characteristic of particular depositional
environments: lava flow and tidal current assemblages comprise tidal flat deposits of the coastal plain
environment; normal or dilute stream flow and hyperconcentrated flow assemblages comprise deposits
of the braidplain environment; and debris flow and hyperconcentrated flow assemblages comprise
deposits of the volcaniclastic fan environment.

Late Cretaceous volcanic activity in western Montana induced significant changes in foreland basin
depositional processes which are recorded by volcaniclastic sequences of the AMV center.
Sedimentary deposits and primary igneous rocks of the AMV volcaniclastic apron were deposited in
tidal flat, braidplain and volcaniclastic fan environments that record progradation of the volcaniclastic
apron into the retroarc foreland basin. The lateral and vertical distribution of lithofacies assemblages
record depositional processes in proximal, medial and distal regions of the volcanic center and
distinctive lateral changes in sedimentation that correspond to distance from the volcanic source area.
The lithofacies architecture of the AMV volcaniclastic apron and intertonguing foreland basin deposits
is distinguished by widespread intereruptive sedimentation, dominated by debris flow and
hyperconcentrated flow deposition, in response to denudation of the volcanic center.
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ABSTRACT

The Late Cretaceous Adel Mountain Volcanic (AMV) center was characterized
primarily by mafic to intermediate, effusive volcanism and deposition of primary eruptive
products and volcaniclastic sediments in coastal plain and marginal marine environments
along the Western Interior Cretaceous seaway. The AMV succession consists of
sequences of lava flows and associated intrusive and sedimentary rocks, including
sequences of coarse-grained volcaniclastic deposits interbedded with fine-grained fluvial
deposits. Sedimentary rocks are dominated by pebble to boulder, matrix- and clast-
supported conglomerates and stratified, graded and massive sandstone and mudrock units.

This study applies delineation of lithofacies and lithofacies assemblages to define
sedimentary transport processes and depositional environments that typity AMV
volcaniclastic apron and intertonguing foreland basin deposits. Sedimentary rocks were
divided into lithofacies, based on texture, grain size, fabric and geometry, and lithofacies
assemblages, groups of lithofacies produced by common flow types and.sediment support
mechanisms. Five main flow types were recognized in the AMV succession: tidal currents,
normal or dilute stream flow, hyperconcentrated flow, debris flow and lava flow.
Associations of lithofacies assemblages are characteristic of particular depositional
environments: lava flow and tidal current assemblages comprise tidal flat deposits of the
coastal plain environment; normal or dilute stream flow and hyperconcentrated flow
assemblages comprise deposits of the braidplain environment; and debris flow and
hyperconcentrated flow assemblages comprise deposits of the volcaniclastic fan
environment. :

Late Cretaceous volcanic activity in western Montana induced significant changes
in foreland basin depositional processes which are recorded by volcaniclastic sequences of
the AMV center. Sedimentary deposits and primary igneous rocks of the AMV
volcaniclastic apron were deposited in tidal flat, braidplain and volcaniclastic fan
environments that record progradation of the volcaniclastic apron into the retroarc
foreland basin. The lateral and vertical distribution of lithofacies assemblages record
depositional processes in proximal, medial and distal regions of the volcanic center and
distinctive lateral changes in sedimentation that correspond to distance from the volcanic
source area. The lithofacies architecture of the AMV volcaniclastic apron and
intertonguing foreland basin deposits is distinguished by widespread intereruptive
sedimentation, dominated by debris flow and hyperconcentrated flow deposition, in
response to denudation of the volcanic center.




INTRODUCTION

Analysis of volcaniclastic deposits is critical to understanding the
paleogeography and the physical and magmatic evolution of volcanic centers. Prcﬁous
research in and facies models of volcaniclastic environments have focused on
explosive continental volcanism, including andesitic-dacitic stratovolcancoes (Rowley
et al., 1985; Hackett and Houghton, 1989; Turbeville et al., 1989; Waresback and
Turbeville, 1990; Palmer et al., 1993) and rhyolitic calderas (Walton, 1986). In
comparison, volcaniclastic sedimentation associated with effusive, continental
volcanism is limited to a few studies of small-volume, monogenetic dome fields
(White, 1991; and Riggs et al., 1997). Consequently, facies models for modern and
ancient examples of mafic effusive volcanic centers in continental settings are poorly
defined (White, 1991; Riggs et al., 1997). In these seﬁmgs, detailed investigation of
volcaniclastic sedimentation is lacking in : 1) definition of sediment transport
processes at and radially away from the eruptive center; 2) characteristic lithofacies
architecture; and 3) the influence of eruptive activity on adjacent depositional systems.
The goals of this study are to document continental volcaniclastic sedimentatién
adjacent to an effusive, mafic volcanic center and thereby contribute to the knowledge -

base of volcaniclastic facies models.
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| The Late Cretaceous Adel Mountain Volcanic (AMV) complex evolveud' in
paleogeographic and tectonic settings unusual in both modern and ancient examples of
terrestrial volcanism. This mafic to intermediate, dominantly effusive, volcanic
complex formed adjacent to the Western interior Cretaceous seaway and within the
retroarc foreland basin of the Cordilleran fold-thrust belt of west-central Montana. The
AMV complex presefves a 975 m thick succession of primary eruptive, intrusive and
\'/olcaniclastic rocks of mafic to intermediate alkalic composition, east of the Sevier
fold-thrust belt near Craig and Wolf Creek, Montana (Figure 1). The AMV complex is
an excellent location to document volcaniclastic facies architecture not presently
accounted for in existing models of continental, mafic effusive volcanism because: 1)
the volcanic rocks are wéll-exposed and little deformed; 2) relations between
Volcéniclastic apron deposits and deposits of adjacént environments are
distinguishable; 3) the volcanic stratigraphy and petrology are reasonably Well—deﬁned;
and 4) the unusual occurrence of volcanism within a forelénd basin provides an
opportunity to investigate effects of eruptive activity on adjacent foreland basin
depositional systems.

Although the sedimentologic evolution of the Western Interior Cretaceous
seaway and retroarc foreland basin are well-documented (Kauffman and Caldwell,
1993), the significance of AMV volcaniclastic sedimentation to forelanci basin
stratigraphy is largely unknown. Improved knowledge of sedimentation proximal to

mafic volcanic centers will provide better tools for interpreting foreland basin-fill
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sequences influenced by eruptive activity. This is esnecially relevant to deciphering
basin paleogeography in tnctonically active basins where production of volcaniclastic
sediment can complicate depositional patterns. Furthermore, understanding the
regional significance of volcaniclastic processes and deposits will support improved

interpretations of Late Cretaceous paleoenvironments in western Montana.

Purpose of Study

This thesis examines characteristic lithofacies architecture and depositional
processes and environments of the AMV volcaniclastic apron and intertonguing
foreland basin deposits. The specific research questions are:

1. What lithofacies characterize the sedimentary rocks of the volcaniclastic apron
and intertonguing foreland basin deposits?

2. What sediment transport processes were active during deposition of the
volcaniclastic apron and intertonguing foreland basin deposits? What types of
lithofacies are produced by specific sediment transport processes?

3. What lithofacies, groups of lithofacies and sediment transport processes are
indicative of depositional environments preserved in deposits of the
volcaniclastic apron and adjacent foreland basin?

4. How do temporal and spatial changes in depositional nnvirnnments influence

the stratigraphy of the volcaniclastic apron and adjacent foreland basin?




GEOLOGIC SETTING .

During Cretaceous time, the North American Cordillera comprised the
following major tectonic elements: a western coastal-belt subduction zone complex; a
broad calc-alkalic magmatic arc; -an eastern fold-thrust belt; and a retroarc foreland
basin occupied by the Weétern Interior seaway (Kauffman and Caldwell, 1993).’
Tectonisﬁ induced prolonged episodes of magmatiém, volcanism, eustatic sea-level
fluctuations, including the highest post-Paleozoic stand from latest Albian through
middle Maastrichtian time, and accelerated foreland-basin sub.sidence induced by
progressive eastward pr‘opagéti(.)n‘of; the fold-thruét belt (Kauffman and Caldwell,
.199'3). Although more than 1300 volcanic ash and bentonite beds contained in Web;tem -
Interior Basin sequences record explosive volcanism through approximately 38 m.y. of
Albian-Maastrichﬁan time (Kauffman and Caldwell, 1993‘), some volcaniclastic
successions in western Montana remain undefined in terms of their depositional

sequences, geometry and facies distribution, and local stratigraphic.relations.

Volcanic Setting

The geologic evolution of the Adel Mountain Volcanic complex reflects

interactions between tectonism, volcanism and sedimentation. The AMYV center is
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Both the southern and western margins are cut by the Eldorado thrust which places
Proterozoic Spokane Shale over AMV rocks (Lyons, 1944). Between the Eldorado
thrust to the west and AMV center to the east, the Craig anticlinorium comprises
complexly imbricated thrust faults placing Mississippian, Jurassic and Cretaceous units
over AMYV rocks and marks the eastern limit of Sevier thrusting (Schmidt, 1978). Due
to pervasive ho'r'no geneity of individual rock units and the absence of distinct marker
beds, few faults are identified within the AMV complex (Lyons, 1-944). | |

Igneous activity in the AMYV center produced large volumes of shonkinite, a
mafic alkaline roék consisting of potassium feldspar and augite in approximately equal
proportions with minor nepheline, olivine, biotite, magnetite and apatite and zeolites
(Hyndma:h_ and Alt, 1987). Zeolites formed by alteration of potassium feldspar
(Hyndman and Alt, 1987) or as primary minerals by the concentration of magmaﬁc
water as a result of crystaliization of silicéte minerals (Lyons, 1944). Extrusive rocks,
including la'va flows and flow breccias, are composed mainly of trachybasalt (analcime
and augite varieties), latite and quartz latite (Lyons, 1944). Intrusive rocks, including -
dikes, sills and laccoliths, are composed of a wide range of mafic to intermediate rock
types including diabase, syenogabrro, diorite, monzonite (hornblende, augite, sanidine
and quartz varieties) and augite monzonite porphyry. Petrologic analyses indicate that
the AMV alkalic series formed by crystal settling during differentiation showing a
gradual and steady decrease in mafic minerals and calcic plagioclase and a

corresponding increase in orthoclase (Lyons, 1944). Research by Cunningham (1999)
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suggests two processes of magma petrogenesis; fractionation of shonkinite to form
syenite and generation of latite by some form of differentiation associated with partial
melting of the crust associated with ascention of shonkinitic magma.

Intrusive bodies are prominent components of the volcanic succession which
include radial dike swarms and arcuate laccoliths exposed in northern portions of the
AMV center (Figure 3). The main dike swarm radiates approximately northward from
an intrusion in Three Sisters Mountain (referred to as the Three Sisters Stock) near the
center of the AMYV succession. The dikes cross-cut shonkinitic extrusive rocks of the
volcanic center indicating emplacement in the later stages of igneous activity (Beall,

- 1973; Whiting, 1974; ﬂyndmm and Alt, 1987). The dikes range from a fewm to a
maximum of 20 m thick and stand in topographic relief to the less resistant Late
Cretaceous sedimentary formations which they intrude (Hyndman and Alt, 1987). The
radial distribution of the dikes result from load stresses produced by the the overlying
central volcanic pile rather than stresses imposed by magma intrusion (Beall, 1973;
Whiting, 1974; Hyndman and Alt, 1987).

The AMV complex represents a less than 10 m.y. period of magmatic activity
during the later stages of Sevier fold-thrust belt contractile deformation in western
Montana (Harlan et al., 1991). Several workers have reported various age dates from
extrusive and intrusive rocks all of which support a Late Cretaceous age for the AMV
center. Sheriff and Gunderson (1990) and Gunderson and Sheriff (1991) dated AMV

rocks using whole-rock K-Ar analysis which yield age dates of 81.1+/-3.5 Ma. from
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basaltic lava flows (representing early-stage volcanic activity) and 71.2+/-2.7 Ma from
shonkinite dikes that crosscut the volcanic center (representing late-stage intrusive |
activity). Harlan et al. (1991) dated basal volcanic rocks, using biotite and whole-rock
age spectra analysis, which yield an approximate age of 75-76 Ma suggesting eruptive
activity spanned a relatively short period (1-3 m.y. maximum). In addition, hornblende
and biotite ‘°Ar/*°Ar dates from three radial dikes yield an average age of 73.6 +/-0.7
Ma. (Harlan et al., 1991).

In summary, petrologic characteristics, cross-cutting and structural relations and
reported age dates of extrusive and intrusive igneous rocks suggest a two-stage
magmatic evolution of the AMV center; early-stage mafic to intermediate volcanic

activity followed by later-stage mafic to intermediate intrusive activity.

Study Area

The study area includes southwest portions of the Coburn Mountain
Quadrangle (Schmidt, 1972) and west-central portions of the Craig Quadrangle
(Schmidt, 1977) located in Lewis and Clark and Cascéde Counties, Montana (Figure
4). The AMV center is highly dissected. Extensive erosion of proximal, near-vent areas
has exposed much of the volcanic core region (proximal vent facies) and left only
portions of the volcaniclastic apron intact along western and southwestern margins of

the complex. The Missouri River roughly bisects the AMV center, revealing nearly
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vertical exposures of intrusive, primary volcanic and volcaniclastic rocks. Primary
volcanic rocks are concentrated in interior regions of the AMV center and comprise
lava flows and flow breccia units crosscut by networks of radial dikes, sills and
laccoliths. The AMV sedimentary succession comprises sequences of interbedded
conglomerate, sandstone, mudrock and minor amounts of volcanic breccia that are
well-exposed in field areas along the Missouri River near the town of Craig and
Coburn Mountain. Outcrops of volcaniclastic rocks typically form isolated linear ridges
and knobs east of the Missouri River and prominent topographic features west of the
Missouri River including Coburn Mountain, Elephant Mountain and Gardipee Buttes.
Bedding in structurally undeformed AMV rock units dips (0-14°) quaquaversally from
the volcanic core region (Schmidt, 1972; Schmidt, 1977). Throughout the study area,
AMV rocks are overlain by discontinuous Pleistocene terrace gravels and glacial lake
deposits and Holocene colluvial, landslide and stratified alluvium (Schmidt, 1972;

Schmidt, 1977).

Previous Work

In the first comprehensive study of the AMV complex, Lyons (1944) made
general observations of local structures and features and the stratigraphy and petrologic
characteristics of the volcanic rocks of the northern Big Belt Mountains. Schmidt

(1972, 1977, 1978) mapped generalized stratigraphic and structural relations and
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reported detailed petrologic analysis and descriptions of AMV rocks. Subsequent
research has focused on refined petrologic and geochemical analyses of igneous units
and mechanics of intrusive features (Beall, 1973; Whiting, 1977; Hyndman and Alt,
1987; Swenson, 1987; Cunningham, 1999). The AMV complex was assigned a
tenuous Late Cretaceous (Lyons, 1944) and, later, Early Paleocene age based on
petrographic relations, and stratigraphic and paleontologic evidence (Schmidt, 1972,;
Schmidt, 1977; Schmidt, 1978). However, recent isotopic studies have produced ages
of 73.6 (+/- 0.7) Ma by “*Ar/** Ar method (Harlan et al., 1988; Harlan et al., 1991) and
81.1 (+/- 3.5) — 71.2 (+/- 2.7) Ma by K-Ar method (Sheriff and Gunderson, 1990;
Gunderson and Sheriff, 1991), unequivocally defining the AMV complex as Late
Cretaceous (Campanian-Maastrichtian). Figure 5 shows regional age relations between

western Montana stratigraphic units and AMV rocks, which are locally correlative with

portions of the Two Medicine Formation, St. Mary River Formation and Elkhorn

Mountain Volcanic rocks.

Stratigraphy

Chronostratigraphic relations of AMV rock units are not clearly defined and
reflect the scope and focus of previous studies of the AMV complex. Geologic maps of
the study area and previous geologic investigétions (Lyons, 1944; Schmidt 1972;
Schmidt, 1977) assign a Paleocene-Eocene age for' the AMV complex and illustrate

grossly generalized stratigraphic relations of rock units in cross-section.
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Schmidt (1972, 1977, 1978) divided AMV rocks into four map units; volcaniclastic

and lacustrine deposits (Tve, Tvd) and lava flows, volcanic breccias and intrusives
(Tve, Tvab) (Table 1). Field observations and rock unit descriptions indicate these
divisions were based largely on petrologic characteristics of the rocks, not formal
stratigraphic divisions. Because this thesis research is based on sedimentologic,
stratigraphic and envjronmental interpre1;ations, AMYV rocks are subdivided into
lithologic units (for discussion refer to LITHOFACIES section). Map units devised by
Schmidt are used only to clarify the locations of measured sections on study area maps
based on the Craig and Coburn Mountain Quadrangles (Schmidt, 1972; Schmidt,
1977).

Principal rock types in the study area include extrusive rocks composed of
augite trachybasalt with lesser amounts of latite and quartz latite, and intrusive rocks
composed of gabbro, monzanite (quartz, hornblende, augite, and sanidine varieties),
monzonite pomhﬁy and diorite (Lyons, 1944; Viele and Harris, 1965; Schmidt, 1972;
Schmidt, 1977; Schmidt, 1‘9_78). Clasts contained in flow breccia and conglomerate
lithofacies are composed mainly of augite trachybasalt and latite, with the exception of
rare mudstone ‘intraclasts. Many igneous clasts exhibit a notably consistent polygonal
shape which is inferred to reflect the polygonal jointing pattern of igneous rocks upon
cooling; hexagonal and columar jointing were noted in intrusive rocks of the AMV
center by Lyons (1944). Clasts showing spheroidal weathering patterns were also noted

in flow breccia beds (lithofacies Vb) in the study area.
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extrusjve volcanic rocks are included in these fault sequences (Schmidt, 1972;
Schmidt, 1977).

The Two Medicine Formation is divided into two lithologically distinct |
~ sequences, the western and easterh facies, and is composed mainly of sedimentary and
clastic volcanic rocks (Schmidt, 1978). The western facies comprises a lower
sedimentary member and an upper volcanic member (Schmidt, 1978); eastern and
northern exposures of the upper volcanic member are referred to as the Big Skunk
Formation by Viele and Harris (1965). The eastern facies comprises a lower
sedimentary member (equivalent to the lower sedimentary member of the western
facies) and an upper clastic volcanic member including sandstone, siltstone, mudstone,
limestone, bentonite and ash-fall tuff beds (Schmidt, 1978). Tile eastern facies of the
Two Medicine Formation and AMV rocks are in conformable contact in the northern
portion of the study area (Unit Tva, massi;/e volcanic breccia, Coburn Mountain
Quadrangle) (Schmidt, 1972; Smith, 1998) and are considered time-equivalent rock
units. Near Elephant Mountain (directly north of Coburn Mountain field area), workers
have observed conformable stratigraphic contacts and noted marine fossils in the Two
Medicine Formation, indicating deposition in a shallow marine environment (Smith,

1998).
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METHODS

Field Methods

The stratigraphic and sedimentologic framework for field study includes
detailed section measurement and description, sample collection and reconnaissaﬁce of
stratigraphic and structural relations of AMV rocks. Stratigraphic sections were
measured using a Jacob staff and Brunton compass and detailed descriptions were
noted. Stratigraphic sections were located based on the distribution and exposure of
volcaniclastic rocks, outcrop accessibility, and location relative to the volcaniclastic
apron region and environments adjacent to the AMV complex (refer to Appendix A for
detailed descriptions of measured stratigraphic section locations). Stratigraphic
sections were measured along transects radially from and tranverée to the AMV center
at the following locations: Coburn Mountain sections include DB-1 (19 m), DB-2
(14.5 m), DB-3 (16.5 m), DB-4 (9 m) and DB-5 (Figure 6); Stirling Ranch sections
include ST-1 (10 m), ST-2 (6.5 m), ST-3 (3 m), ST-4 (10 m), ST-6 (15.5), ST-7 (10.5)
and ST-8 (6.5 m) (Figure 7); Craig sections include Hwy-N (eight, 3-3.5-m sections
across the outcrop along Highway 15) and Tvd-1 (45 m), Tvd-2 (36.5 m), Tvd-3 (28

m), and Tvd-4 (8 m) along Frontage Road (Figure 7). These transect orientations were




12

8 H1z 6 3
,%7+%82+9
&&H$+,: &&H++
4 L#$"# 1" 1) $& $&&# ##SUSS 19
[ $#'& " +'&' v 9l *#" 1)$&I"
&% '& ,$ & " & #1"&$H&

KF #$&1"1,)$ *'& $&. $+%# #&!" 1 H |
5$™ E "&% () 1"&$", *$ $7$.& #%)*& 12;84



HG

,%07<82+

& ". $"#%

%7282+
7-18 11VEE

[+ 6
= 5 @ > )

\Y
N

Kkkkkkkkhkkkk

FOHS& M) S & P& $+% H TH&!™ 1 HIS
IHIS5K;J$* 9 "&b $., *$ $7%,& #%)*& 12;84



21

selected to encompass the maximum range of lateral and vertical sequences, facies
changes and depositional environments represented in the volcaniclastic apron and
marginal deposits.

Samples were collected from rock units and lithofacies exhibiting specific
lithologic and sedimentologic features and stratigraphic relations. Samples include
representative conglomerate matrices; ﬁnd conglomerate, sandstone and mudstone
lithofacies.

Measured stratigrapilic sections wete not always obtainable due to the
inaccessible nature .of vertical exposures w1th1n the study area. In these instances,.
stratigraphic relations of extrusiv;a and volcaniclastic rocks were noted during
reconnaissance of southwestern portions of the AMV complex. Of particular interest
were primary sedimentary structures, deformation features, and fabrics and textures
that distinguish lithofacies and transport mechanisiﬁs indicative of depositional settings

(subaqueous versus subaerial) and depositional environments.

Analytical Methods

Thin sections of rock samples were examined to determine: 1) lithology of
mudstone lithofacies; 2) lithology of interbedded sandstone and mudstone sequences to
determine provenance (i.e., AMV source area versus volcanic detritus from the

Elkhorn Mountain Volcanic center to the west); 3) presence of interbedded lava flows;
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and 4) presence of pyroclastic fragments in sandstone and mudrock units and
conglomerate matrices. Petrologic analysis (including grain composition, grain sorting,
grain shape, cement composition) facilitates interpretations of depositional

environments represented in volcaniclastic apron and intertonguing marginal deposits.

Lithofacies Analysis

Lithofacies delineation was based on the facies classification scheme of Miall
(1978) which was expanded to accommodate the range of volcaniclastic deposi’;s in the
study area. Stratigraphic sections were divided into lithofacies based on observed
sedimentologic characteristics including fabric (preferred clast alignment of
arrangement), texture (grain size and shape, degree of sorting), bed geometry, primary
structures (grading, stratification, cross-bedding), secondary structures (deformation
structures) and bounding surfaces. Most depositional units were distinguishe(i by
bedding surfaces marked either by sharp bedding planes or abrupt changes in clast size
or coﬁcentration. Conglomerate lithofacies were further defined based on field
estimates of matrix and framework claét ratios and matrix content. For this study,
matrix is defined as granule size or émaller particles (<4 mm) and framework clasts are
defined as pebble size or laiger particles (> 4 mm).

Consideration of lithofacies 1"elations and assémb‘lages enables sediment

transport mechanism, commonly independent of specific environmental settings, to be
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determined. Lithofacies analysis requires definition of sedimentolotgic characteristics of |
individual lithofacies‘ with respect to fhe (range of) rheologic properties active during |
sediment transport.and deposition including grain-support mechanisms, flow type and
flow characteristics '(Piersbn_ and Costa, 1987): Flow types and characteristics are
inferred primarily from the particle-size distribution, pgrticle composition, fabric, -
-lateral relations and geometry of lithofacies (Pierson and Costé, 1987).

Lithofacies assemblages are lateral and vertical lithofacies groups delineated by
stratigraphic and sedimentologic characteristics and flow mechanisms indicative of
particular depositional environments. Lithofacies assemblages provide the basis for

* reconstruction of lithofacies architecture within the volcaniclastic apron and adjacent
environments. Lithofacies architecture is based on architectural eleménts deﬂned by
sedimentologic attributes of lithofacies assemblages and their external geometry (Miall,

1985).
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LITHOFACIES

Introduction and Terminology

Rheology, the study of the deforme;tion and ﬂow“of materials, provides valuable
information about the sediment transport mechanisms and flow types that produce
sedimentary deposits. Rheologic claséiﬁcation of flow types facilitate interpretations of
depositional processes represented in sedimentary deposits of modern and ancient
geologic environments. The principal differences between flow types relate to
variations in physical properties of the flow including yield strength, turbulence, clast
interactions and the ratio of water and particle concentration (Schultz, 1984).

The three dominant flow types in the study area - debris flow,
hyperconcentrated flow and normal or dilute stream flow - are linked genetically to
form a flow continuum in which flow conditions reflect changes in physical properties
over time and space (Figure 8). These flow types can occur in a continuum at a fixed
depositional site, called a flow transformation, or as single depositional events (Smith
and Lowe, 1991).

Debris flows are highly concentrated (> 80 weight percent), non-Newtonian

dispersions with high apparent viscosity, high bulk density, and variable yield strength
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(Fisher, 1971; Schultz, 1984). Deposition from ideal, cohesive debris flows occurs by
en masse freezing (immobilization of both solid particles and fluids when yield
strength exceeds internal shear strength), which preserves internal structures present at
the time of deposition and results in a poorly sorted deposit (Fisher, 1971; Enos, 1977;
Pierson and Costa , 1987). Differences in the shear strength (cohesion and internal
friction) of debris flows produce a range of sedimentologic features and deposit
morphologies that can be diagnostic of different flow processes (Costa, 1988). Water
saturated, non-cohesive debris flow deposits typically exhibit grading, clast imbrication
and, in some instances, better sorting due'to increased turbulence and particle
interactions during flow (Smith, 1986). Most debris flow fabrics develop in the final
stages of flow rﬁovement, as the flow velocity decreases, and it passes to a laminar
phase before coming to rest (Lindsay, 1968). This occurs because as the load of
dispersed grains increases turbulence is damped by the overall shear resistance, and
laminar flow results (Bagnold, 1954). Surface flow transformations, resulting from
addition of fluid (dilution) or addition of sediment (bulking), are important processes
for producing debris flows and hyperconcentrated flows in the same depositional event
(Smith, 1991).

Hyperconcentrated flow deposits are formed by flood events in which extremely
high concentrations of sediment, with a wide range of grain size, are transported and
deposited from suspension and as bed load (grain by grain) by traction (Smith, 1986;

Smith, 1991). Sediment is supported by a combination of fluid buoyancy, grain-
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dispersive pressure and dampened turbulence (Costa, 1988; Smith and Lowe, 1991).
Pierson and Costa (1987) further define hyperconcentrated flow as a mixture of water
and sediment, exhibiting a measurable yield strength, that flows like a liquid but with
dampened turbulence. Hyperconcentrated flood flows lack the strength and cohesion of
debris flows but can carry high sediment loads (Pierson and Scott, 1985 ; Smith, 1986;
Costa, 1988). The textures and stratification sequences of hyperconcentrated flood
flow deposits vary due to differences in flow competency, depth, intensity of
turbulence, sediment deposition rate, grain size (function of discharge and velocity),
and degree of confinement (Blair, 1987).

Normal or dilute stream flow is characterized as a Newtonian fluid, containing
less than 40 weighj: percent sediment concentratioﬁ, 1n which flow is fully turbulent
and where turbulence is the principal sediment support mechanism (Smith, 1986;
Pierson and Costa, 1987; Smith and Lowe, 1991). Normal or dilute stream ﬂow
deposits form by sedimentation from suspension or grain-by-grain accretion of
sediment on depositional surfaces (Schultz, 1984). Deposition of solid particles from
the turbulent fluid suspension occurs “grain by grain”, governed in large part by the
settling velocity of particles as the competence of the stream decreases (Fisher, 1971).
Normal or dilute streamflow includes: 1) continuous sediment transport over a wide
range of discharge conditions; 2) flood-deposited material that is subsequently
reworked into bedforms at lower flow stages; and 3) sediment transported and

deposited only during high-discharge flood events (Smith and Lowe, 1991).
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Descriptions and Interpretations

A code system for classifying lithofacies, rock units containing specific
sedimentologic attributes, was established for fluvial deposits by Miall (1978). The
lithofacies codes of Miall (1978) are assigned to equivalent lithofacies in 1§he study
area. Additional lithofacies codes were devised to accommodate the range of
volcaniclastic lithofacies recognized in deposits of the AMV succession. The codes
consist of a capital letter designating the dominant particle size (G for gravel, S for
sand, F for fine-grained silt and clay) followed by one or two lower case letters
designating the principal sedimentary components of each lithofacies. The lithofacies

codes used in this study are listed in Table 2.

Conglomerate Lithofacies

Massive, Matrix-supported Conglomerate (Gmm)

Description. Gmm, a massive, ungraded, moderately to very poorly-sorted,
pebble-boulder, matrix-supported conglomerate is the most abundant conglomerate
lithofacies in the study area (Figure 9). Some beds contain gradational zones where

matrjx content decreases and framework clasts are more closely packed. Grain size of
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the matrix ranges from fine sand to granule size particles with small amounts of clay.
Some Gmm beds contain a very coarse sand and granule matrix. Outsized clasts as
large as 2.5 m are common at the top or base of individual beds but uncommon within
beds. Gmm beds are 0.20-4.5 m thick with non-erosional, planar contacts and rare
irregular bases. Tabular beds, both displaying clast-rich and clast-poor portions, extend
laterally for tens of meters. Rarely, Gmm beds exhibit isolated horizons of poorly-
developed, low-angle, cross-stratification up to 1 m thick near their bases. Lenticular
and wedge shaped beds are laterally continuous for fewer than 8 m and most beds are
composed of larger framework clasts (cobble-boulder size). Gmm beds are often
interbedded with laterally continuous beds of horizontally laminated sandstone (S#)
and massive sandstone (Sm). Some Gmm beds contain deformed massive and
laminated mudrock intraclasts (lithofacies Fm and FJ) (0.05-0.65 m in length) at their

bases and load structures (lithofacies Fm and F7 are discussed later).

Interpretation. Lithofacies Gmm is interpreted as debris flow deposits due to
their abundant matrix content, non-erosional and planar contacts, poor clast sorting,
and, generally, lack of internal fabric, stratification or grading (Palmer et al., 1993).
The geometry of Gmm beds is indicative of the degree of flow conﬁnement_;-
unconfined flow forms tabular beds with planar, non-erosional bases and channelized
flow forms lenticular or wedge-shaped beds with erosive marginal contacts (Pierson et

al., 1990; Palmer, 1991). Clast-rich, tabular deposits (high particle concentrations) are
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deposited by low-velocity, viscous debris flows exhibiting laminar flow and buoyancy,
cohesion and particle support mechanisms structural (high-strength matrix) (Fisher,
1971; Reading, 1986, p. 33; Costa; 1988; Fisher, 1991). Clast-poor tabular depqsits
(low particle concentrations) are deposited by high-velocity, dilute debris flows
exhibiting turbulent flow and particle support mechanisms including dispersive
pressure (particle interaction) and pore fluid pressure (Fisher, 1971; Reading, 1986, p.
33; Costa, 1988; Fisher, 1991). The presence of poorly-developed basal stratification
indicates deposition by turbulent, hyperconcentrated flow derived from dilution at the
front of a debris flow (Smith, 1988; Smith and Lowe, 1991). Hampton (1979) notes the
presence of outsized clasts requires increased levels of dispersive pressure within the
flow to remain suspended during flow movement.

Lenticular or wedge-shaped Gmm beds are similar to levee deposits from the
Trollheim alluvial fan, California, described by Blair and McPherson (1998) but lack
clast irnbricaﬁoﬁ: These deposits form as a result of overtopping of channelized flows
onto overbank areas and are deposited by laminar flow from moderately viscous, clast-
rich, debris flows (Rodolfo, 1989; Palmer et al., 1993; Blair and McPhers‘op, 1998).
However, at Mayon Volcano in the Philippines, Rodolfo and Argudén (1991) observed
the presence of turbulence and mixing at the center of channelized debris ﬂox%rs
resulting in a chaotic arrangement of framework clasts in coarse-grained, ciast-rich |

debris flow deposits.
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Massive, Normally-graded, Matrix-supported Conglomerate (Gmr)

Description. Lithofacies Gmn comprises massive, normally graded, moderately
to very poorly sorted, matrix-supported, pébble to boulder conglomerate. Matrix is
composed of fine sand to granule size particles and framewoﬂc clasts range from 1 cm
to 2 m in size. Gmn beds are 0.65-1.7 m thick, laterally continuous across outcrops
(maximum of 12 m) with upper and lower bounding surfaces commonly gradational
with overlying and underlying sandstone lithofacies and often contain outsized clasts at
their bases. This lithofacies exhibits well-defined planar contacts and, less commonly,

crude horizontal stratification. Lithofacies Gmn is uncommon in the study area.

Interpretation. Due to the presence of normal grading and crude horizontal
stratification, lithofacies Gmn represents deposition by hyperconcentrated flow (Smith,
1991). Although lacking the strength and cohesion of debﬁs ﬂo‘ws, hyperconcentrated
flows can transport-high sediment loads with particles supported by a combination of .
dampened turbulence, grain—dispersive pressure, and fluid buoyancy (Pierson and
Scott, 1985; Smith, 1986, 1991). The resulting deposits are produced by high d'ischarge
flows intermediate in sediment to water ratio and gradationai to those found in normal
streamflow and debris flow deposits (Smith, 1991). Normal grading can indicate

differential settling of larger clasts during deposition caused by matrix strength
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insufficient to support ciasts (Ballance and Gregory, 1991). The crude hoﬁzontal
stratification observed in lithofacies Gmn couid result from transition to

hyperconcentrated ﬂow at the margins of a debris flow. When debris flows, confined to |
channels, overtop channel margins, coarse pérticleé can be deposited as linear clusters

along channel margins (Palmer et al., 1993).

Massive, Reversely-graded, Matrix-supported Conglomerate (Gmr)

Description. Lithofacies Gmr comprises massive, reversely graded, moderately
to very poorly sorted, matrix-supported, pebble to boulder conglomerate. Matrix is
composed of fine sand to granule size particles, with small amounts of clay, and
framework clasts range from 1 cm to 1.6 m in size. Gmr beds are 0.35-1.25 m thick,
laterally continuous across outcrops (maximum of 12 m) with planar, non-erosional
and gradational upper and lower bounding surfaces. These beds rarely exhibit crude
stratification and poorly-developed clast imbrication that is usually discontinuous
across outcrops. Moderately de\}eloped reverse, coarse-tail grading was observed rarely

at the bases of beds, especially those with gradational lower bounding surfaces.

Interpretation. Lithofacies Gmr represents a clast-rich, viscous, high-strength
matrix, debris flow similar to flows which produce lithofacies Gmm (massive,

ungraded, matrix-supported conglomerate). This flow type can produce reverse grading
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by two inertial particle support mechanisms: 1) kinetic sieving (clast shearing) causes
continupus rearrangement of particles whereby smaller particles are displaced |
downward and larger grains are displaced upward within the flow (Middleton, 1970);
and 2) dispersive pressure (produced by grain-grain collision) is disproportionately
greater for larger clasts, forcing them away from zones of maximum sheariﬁg, such as
near the base of the flow, and toward the top of the flow (Bagnold, 1954; Schultz,
1984). Schultz (1984), describes subaerial debris flow deposition in the upper
Paleozoic Cutler Formation, Colorado and concludes reverse grading, produced by
inertial particle interactions, develops during flow rather than during deposition.
Reverseiy graded conglomerate lithofacies are similarly interpreted by other workers
including Larsen and Steel (1978), Schultz (1984), Smith (1986) and Palmer (1991).
Alternately, one of the most significant characteristics of the deposits of hot
debris flows is prominent reverse grading at their bases, which suggests a lack of
cohesion and increased dispersive pressure within the flow (Arguden and Rodolfo,
1990). The reverse grading and non-erosional and gradational contacts of Gmr r-nay

indicate deposition by hot debris flows.

Massive, Clast-supported Conglomerate (Gem)

Description. Gem, a massive, ungraded, moderately to very poorly-sorted,

pebble-boulder, clast-supported conglomerate is a common lithofacies in the study area




37
(Figure 10). Some beds contain gradational zones where matrix content increases and
clasts are matrix-supported. Matrix is composed of fine sand to granule size particles,
with small amounts of clay, and framework clasts range from 1 cm to 2 m in size.
Some Gcem beds contain a very coarse sand and granule matrix. Some Gem beds
consist entirely of cobble to boulder size clasts in a closely-packed framework. Large
outsize clasts aré observed at the top and base of beds. Gem beds are 0.1-0.5 m thick,
forming laterally continuous shéet—like beds (tens of metefs) or laterally discontinuous
wedge-shaped beds (fewer than 10 meters). Upper and lower bounding surfaces are

often sharp and non-erosional with rare outsized clasts protruding within overlying

beds. Laterally discontinuous, extremely coarse-grained beds , composed primarily of

cobbles and boulders (up to 1 m in size) and little matrix, are uncommon in the study
area (measured sections Tvd-2, Tvd-3). Lenticular and wedge-shaped beds of massive

(Sm) and cross-bedded sand (S/) are interbedded with lithofacies Gem.

Interpretation. Discontinuous wedge-shaped Gem beds represent debris flow
levees or surﬁcial channel lag deposits. Debris flow levees form as a result of
overtobping of channélized flows onto channel margins and are deposited by highly
viscous, clast-rich, flows (Rodolfo, 1989; Blair and McPherson, 1998). Non-erosional
bases of beds and outsized clasts at the top of beds indicate laminar flow at the time of
deposition. Surface lag deposits (clasts at top of bed protruding into overlying bed)

represent reworking of debris flow deposits which are infilled by well-sorted, stratified
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or cross-stratified sand (Palmer et al., 1993). Alternately, surficial winnowing of
originally matrix-supported debris flow deposits by aeolian processes produce clast-
supported gravel lag deposits into which subsequent channels are cut by fluvial activity
(Blair, 1987; Blair and McPhersoﬁ, 1998; Palmer et al., 1993). Discontinuous beds of
massive (Sm) and cross-bedded sand (S/) are commonly interbedded with Gem beds
and are formed by fluvial reworking of debris flow surfaces and subsequent deposition
by sheetfloods, hyperconcentrated flow and normal stream flow (Hackett and
Houghton, 1989; Palmer, et al., 1993).

Tabular Gem beds, characterized by framework supported clasts, lack of
stratification and poor-soi'ting, represent deposition from clast-rich, high-competence
debris flows (Larsen and Steel, 1978; Palmer et al., 1993). Sediment support
mechanisms of these flows include dispersive pressure (Bagnold, 1954; Pierson and
Costa, 1987), buoyancy due to high clast concentrations (Hampton, 1979), and matrix
strength. The presence of outsize clasts within beds is interpreted as due to: 1)
considerable matrix strength within the flow allowing clasts to be carried passiveiy on
top of the flow (Larsen and Steel, 1978); and 2) increased levels of dispersive pressure
within the flow causing clasts to stay suspended during flow movement (Hampton,
1979). Unusually coarse-grained Gem beds, composed mostly of boulder size clasts,
exhibit some sedimentary features of debris avalanche deposits including closely
packed framework clasts and lack of pervasive fine-grained or muddy matrix (top of

measured section ST-6) (Cas and Wright, 1988, p. 302). However, these deposits lack
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specific features used to distinguish the deposits of debris avalanche versus debris flow
including angular, brecciated or shattered framework ciasts, megablocks (tens of
meters or more in diameter), and hummocky upper bedding surfaces (Glicken, 1991;
Palmer et al., 1991). Therefore, Gem beds are interpreted _aé not having formed by

debris avalanche. .

Massive, Normally-graded, Clast-supported Conglomerate (Gcen)

. Description. Gcn, a massive, normally graded, moderately to poorly-sorted,
pebble-boulder, clast-supported conglomerate is a relatively uncommon lithofacies.
Matrix consists of fine sand to granule size particles. Gen beds are 0.65-1.5 m thick,
laterally continuous over tens of meters with irregular, planar upper and lower
bounding surfaces. Within discrete lenses of Gcn beds, preferentiaily arranged clasts |

form a weakly-developed fabric tangential to the lower bdunding surface.

Interprgtétibn. Lithofacies Gen repreéents deposition by hyperconcentrated flow
‘ fand'dilu’ge debris flow. The textures and fqbrics exhibited by lithofacies Gen are

* indicative of hyperconcentrated flow deposits, including poor-sorting, clast support,
normal grading; clast imbrication, and coarse-grained matrix (Hackett and Houghton,
1989). These features of hyperconcentrated flow deposits suggest rapid tractiqn and

suspension deposition, characterized by high-sediment concentrations, with turbulent




41
grain interactions as the primary sediment support mechanisms (Smith, 1986).
Li\thofacies Gci may represent deposits that formed by the transition to
hyperconcentrated flow along the margins of debris flows (Palmer et al., 1993).
Normal grading caﬁ form by deposition from dilute, high-competence, debris flows by
settling of clasts within the flow during transport (Smith, 1986). Pierson et al. (1990)
describe channel-margin, longitudinal bars consisting of a reversely graded base and a
normally graded top formed in modern debris flow deposits at Nevado del Ruiz,

Colombia. These graded deposits suggest the presence of incomplete mixing and

vertical density-segregation within debris flows (Pierson et al., 1990).

Massive, Ungraded, Imbricated, Clast-supported Conglomerate (Gci)

Description. Gci beds consist of massive, ungraded, weakly-imbricated,
moderately to poorly-sorted; pebble-boulder, clast-supported conglomerate. Matrix is
composed of fine sand to granule size particles, with small amounfs of dlay, and
framework clasts are 1 cm to 0.5 m in size. Gci beds are 0.60-2.5 m thick and are
laterally continuous across outcrops (maximum of 14 m) and most boundaries are
planar and non-erosional. Clast imbrication is manifested as discontinuous particle
trains aligned parallel to the bedding sﬁrfaces. The poor development of clast
imbrication is attributed to the inherent rounded to sui)-rounded shape of clasts

available for transport.





































































































































































































































