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Climatic and intrinsic controls on Holocene geomorphic processes
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ABSTRACT

We employed a systemwide approach, a large and robust set
of radiocarbon ages, and modern process analogs to interpret the
Holocene history of forest fire-related sedimentation and overall
alluvial activity in northeastern Yellowstone National Park. De-
bris-flow and flood events following the 1988 fires provided facies
models for interpreting the stratigraphic record of fire-related
sedimentation within valley-side alluvial fans of Soda Butte
Creek. Fire-related deposits make up approximately 30% of the
late Holocene fan alluvium. Fifty "*C ages on fire-related events
cluster within the intervals of 3300-2900, 2600-2400,
2200-1800, and 1400-800 yr B.P. and suggest earlier episodes of
large fires and fan aggradation around 7500, 5500, and 4600 -
4000 yr B.P. A major pulse of fire-related debris-flow activity
between 950 and 800 yr B.P. coincided with the height of the
widely recognized Medieval Warm Period (ca. A.p. 1050-1200).
Instrumental climate records over the last ~100 yr in Yellow-
stone imply that the intensity and interannual variability of sum-
mer precipitation are greater during warmer periods, enhancing
the potential for severe short-term drought, major forest fires,
and storm-generated fan deposition.

Along lower Soda Butte Creek, fill-cut terrace treads were
created by lateral migration of channels and accumulation of
overbank sediments ca. 8000 yr B.P. (terrace level T1a), 7000—
5600 (T1b), 3100-2600 (T2), 2000-1300 (T3), and post—800 yr
B.P. (T4). These periods coincide with overbank sedimentation
on Slough Creek and the Lamar River but alternate with inter-
vals of fire-related fan deposition, implying a strong climatic
control. Local paleoclimatic data suggest cooler, effectively wet-
ter conditions during terrace tread formation. In warmer, drier
intervals, reduced average runoff in axial streams results in me-
ander-belt narrowing; concurrent channel incision may be
caused by infrequent large floods. Greater resistance to down-
cutting, however, allowed fewer terraces to be formed along
Slough Creek and the Lamar River. Alluvial systems in north-
eastern Yellowstone show a clear response to millennial-scale
climatic cycles, wherein alluvial fans aggrade and prograde over
flood plains in drier periods. Axial streams widen their flood
plains and trim back the fans during wetter periods. “Small-
scale” climatic fluctuations of the Holocene thus had substantial
impact on postglacial landscapes in northeastern Yellowstone.
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INTRODUCTION

Forest fires have long been recognized as a potentially effective
geomorphic agent in the North American Cordillera (e.g., Black-
welder, 1927). Some authors have proposed that fire plays an im-
portant role in mountain landscape evolution because of associated
slope erosion, debris flows, and floods (e.g., Swanson, 1981; Morris
and Moses, 1987). Routing and storage of fire-related sediment,
however, have been investigated over periods of a few years at most
(e.g., Laird and Harvey, 1986; Florsheim et al., 1991). Over the
longer term, the relative importance of fire in erosion and the pro-
cesses and rates of fire-related sediment transport through alluvial
systems are little known.

We evaluated the long-term geomorphic significance of fire in
the alluvial systems of northeastern Yellowstone National Park be-
cause debris-flow and flood events following the major 1988 fires
provided clear modern analogs for interpreting fire-related sedi-
mentation over the Holocene. Because tributary and trunk streams
often respond in a different and asynchronous manner to the same
environmental perturbation (e.g., Schumm, 1965; Knox, 1983), we
developed a detailed alluvial chronology throughout the Soda Butte
Creek alluvial system that includes numerous low-order tributaries
and associated alluvial fans. To gauge the regional extent of fire-
related activity, the stratigraphy of small fans was also examined in
the Lodgepole Creek and Gibbon Canyon areas (Fig. 1), where
similar timing of events would suggest a strong climatic influence on
the occurrence of major fires and associated geomorphic response.

Fire regimes may be strongly influenced by climate in the west-
ern United States (e.g., Romme and Despain, 1989; Swetnam and
Betancourt, 1990; Balling et al., 1992a, 1992b), and climate also
affects fundamental hydrologic factors in alluvial systems such as
flood magnitude and frequency (e.g., Ely et al., 1993). Alluvial sys-
tem response to climatic perturbations may be complex, diachro-
nous, and dependent on intrinsic basin characteristics, however,
leading to widely different chronologies in nearby drainages (e.g.,
Schumm, 1973). In order to evaluate the relative influence of cli-
matic versus intrinsic controls on overall alluvial processes, we ex-
amined alluvial history in parts of the Slough Creek and upper
Lamar River systems. For example, the Slough Creek valley is im-
mediately adjacent to Soda Butte Creek and is broadly similar in
scale and form (Fig. 1), yet has significant differences in lithology,
local relief, and valley-floor morphology. Similarities in the timing
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FIRE AND ALLUVIAL CHRONOLOGY, YELLOWSTONE NATIONAL PARK

of events between these alluvial systems would imply common cli-
matic controls, whereas differences in timing would suggest that
contrasting geomorphic and lithologic factors dominate over cli-
matic influences.

STUDY AREA
Geologic and Environmental Setting

Northeastern Yellowstone National Park is located in a rugged
part of the Absaroka and Beartooth Ranges that lies between 2000
and 3350 m in elevation and is drained by the Lamar River, a major
tributary of the upper Yellowstone River (Fig. 1). This area was
almost entirely mantled by ice during the Pinedale glacial maximum
(Pierce, 1979). Soda Butte Creek and Slough Creek are axial
streams of large glacial trough valleys and have basin areas of 256
km? and 570 km?, respectively. These streams enter the Lamar River
in its broad lower valley. The upper Lamar River basin above the
Soda Butte Creek confluence is of higher relief and covers 752 km?.
Runoff in these high-elevation catchments is dominated by snow-
melt. Discharge records (Slack et al., 1993) show that an average of
70% of annual runoff in the Lamar River occurs during the primary
snowmelt period of May and June. This period also accounts for
90% of the suspended sediment discharge in the upper Yellowstone
River (Ewing and Mohrman, 1989).

Side slopes of the major trough valleys average 25°-40° and
include numerous small tributary basins (Fig. 1). These small basins
typically have areas of <4 km? and total relief of 500-1000 m; many
are drained by ephemeral streams. Upper valley walls are formed
largely of friable andesitic volcaniclastic rocks of the Eocene Ab-
saroka Volcanic Supergroup, whereas lower valley slopes are com-
posed primarily of lower Paleozoic carbonate rocks and shales
(Prostka et al., 1975a, 1975b). Slope sediment yields have remained
relatively high in postglacial time because of the relief imposed by
rapid late Cenozoic uplift of highly erodible rocks and Pleistocene
glacial erosion (Pierce and Morgan, 1992). At least 50% of most
tributary basins is covered by a dense, mixed-conifer forest that
tends to burn in high-intensity stand-replacing fires (e.g., Romme
and Despain, 1989). Fires promote debris-flow and flood transport
of sediment from intensely burned tributary basins to alluvial fans
along the sides of the major trough valleys. These fans lie between
tributary basins and axial streams and act as reservoirs for fire-
related and other sediment. In a number of steep tributary basins in
the Soda Butte drainage, large areas of exposed bedrock above
timberline generate dilute runoff during intense summer thunder-
storm precipitation, thus producing flash floods and channel incision
on fans (Meyer, 1993). Incised channels are not limited to proximal
fans, and cutbanks along Soda Butte Creek provide exposures of
distal fan sediments as well. Fan sediment reservoirs are linked to
the perennial axial streams of trough valleys largely through fan
toes, which impinge on active flood plains and are eroded by lateral
cutting of the axial channel. Axial streams are mostly alluvial in
character, and flights of stream terraces are present along the
broader valley reaches of lower Soda Butte Creek and the Lamar
River near the Soda Butte confluence. Fluvial stratigraphy is well
exposed in active stream-cut scarps.

The 1988 fires in Yellowstone followed a trend of increasing
drought over the last century and were prompted by the most severe
summer drought of that period (Balling et al., 1992a, 1992b). Many
lower-order basins in northeastern Yellowstone were almost en-
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tirely burned by intense stand-replacing fires, including all of the
basins we studied that produced debris flows and floods between
1989 and 1991 (Meyer, 1993). Sediments deposited on fans follow-
ing the 1988 fires provided modern analogs for identification of
fire-related deposits in Holocene alluvial fan sections.

METHODS
Identification and Dating of Fire-Related Sediments

Most fire-related sedimentation events after 1988 were pro-
duced by brief, intense, convective-storm rainfall, which generated
widespread, erosive surface runoff in steep, intensely burned basins
(Meyer, 1993). Colluvium is typically thin except in foot-slope areas;
thus en masse slope failures were rare. Instead, progressive sedi-
ment bulking in runoff began with entrainment of fine sediment, ash,
and charcoal from burned soil surfaces, and continued via incision
of low-order channels, which supplied coarse sediment as well
(Meyer et al.,, 1992; cf. Wells, 1987). Bulking often proceeded to
debris-flow conditions, where water, sediment, and organic matter
flowed and were deposited as a single phase (Pierson and Costa,
1987). Fire-related flows typically became more dilute over time, for
example, debris flows progressed through hyperconcentrated flow to
flood streamflow. A single flow process was often dominant, how-
ever, and some larger basins produced only dilute floods (cf. Wells
and Harvey, 1987). Hyperconcentrated flows (Smith, 1986; Pierson
and Costa, 1987) and flood streamflows deposited coarse sediment
on proximal fans, but fine sediment and charcoal remained sus-
pended in these flows and were carried to lower-energy depositional
sites, often beyond fan margins.

Sedimentologic and stratigraphic features of post-1988 deposits
indicated that three major classes of fire-related deposits could be
recognized in Holocene alluvial fans, based on the degree of con-
fidence with which an origin due to fire could be interpreted: (1)
fire-related debris flows (most confidently attributed to fire), (2) prob-
able fire-related sediments, and (3) possible fire-related sediments. In
the discussion of these classes below, facies models based on post-
1988 deposits are described first, followed by corresponding depos-
its in Holocene fans.

Fire-Related Debris Flow Deposits. Debris flows following the
1988 fires deposited bouldery lobes on proximal fans, which dis-
played very poor sorting, random orientation of large clasts, and a
finer, generally muddy matrix, as is typical of debris flow deposits
(e.g., Costa, 1988) (Fig. 2a). Gravel-poor debris-flow facies were
formed by runout of more fluid matrix during movement and dep-
osition of the flow, similar to the precursory surges described by
Pierson (1986). These “mudflow” facies composed half of the sed-
iment volume deposited in some fire-related debris-flow events
(Meyer, 1993). Gravel-poor facies were deposited marginal to and
downfan of boulder lobes and are typically of sandy loam texture
with minor pebbles and cobbles (Fig. 2b). Coarse, angular charcoal
and charred wood are common in both bouldery and gravel-poor
facies. Gravel-poor facies in particular display abundant, readily
visible charcoal and contain as much as 6%-7% total organic matter
by loss on ignition (Meyer, 1993). Post-1988 deposits indicate that
charcoal is more comminuted in bouldery flow phases than in grav-
el-poor flows.

Numerous debris-flow deposits within Holocene alluvial fans
contained abundant coarse, angular charcoal. Simple detection of
charcoal in a debris flow is not diagnostic of a fire-related origin
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Figure 2. Post-1988
and Holocene fire-
related debris-flow facies
of alluvial fans in north-
eastern Yellowstone,
Main bouldery lobe (a)
and muddy, gravel-poor
matrix-runout deposits
(b) of a 1989 debris flow—
dominated event in the
middle Slough Creek
drainage. Photo (c¢) and
sketch (d) of the Station
31 exposure, an incised
fanhead channel in the
upper Pebble Creek
drainage (Fig. 1), show
fire-related debris-flow
facies and sample loca-
tions for radiocarbon
ages. Note large angular
charcoal fragments in
unit DFgp, gravel-poor
debris-flow facies; com-
pare to photo b. Unit
DFb, bouldery debris-
flow facies, has coarse
charcoal in the matrix,
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Boulders appear to have settled on deposition, leaving a matrix-rich upper zone. Similar fabrics were noted in post-1988 deposits; compare
to photo a. HCF = hyperconcentrated-flow facies deposits; S = streamflow facies deposits.

(e.g., Florsheim et al., 1991). Debris-flow facies interpreted as fire
related displayed a visible abundance of angular charcoal, typically
of pebble size and larger, and often displayed dark mottles and
streaks of fine charred material within the matrix (Figs. 2¢ and 2d).
Debris-flow facies with less-common, finer, and rounded charcoal
were not considered fire related. As in the post-1988 deposits, grav-
el-poor debris-flow facies were the most charcoal-rich of Holocene
fan deposits (Fig. 2). Care was taken to distinguish such deposits
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from the dark, charcoal-bearing A horizons observed in some
strongly developed buried soils, which grade downward into lighter-
colored, less bioturbated sediments and cut across stratigraphic
units. The rarity of well-developed A horizons in both surface and
buried soils attests to the dynamic character of the northeastern
Yellowstone fans.

Twenty fire-related debris-flow units were '“C-dated by beta-
counting and accelerator mass spectrometry (AMS) methods (Ta-
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ble 1). Most analyses were conducted on aggregate charcoal samples
made up of a large number of coarse angular fragments. To examine
the age range of charcoal in a single fire-related debris flow and test
for reworking of charcoal, five individual fragments from a single
flow at Station 4 (Fig. 1) were dated by AMS techniques (Table 1).
These samples gave ages of 2825, 2480, 2480, 2525, and 2545 yr B.P.
(AA-7210 through AA-7214), all with 1 & errors of 55 **C yr. All five
ages cannot be considered to represent a single event, as they are
significantly different from their mean (2570 = 25 yr B.P.). The
latter four ages, however, are indistinguishable from their mean
(2508 = 28 yr B.P.) at the 95% level of confidence (Ward and
Wilson, 1978); thus the four dated charcoal fragments were prob-
ably produced in a single forest fire. Trees in northeastern Yellow-
stone are mostly <300 yr old (Barrett, 1994), and even in the intense
1988 fires, only the young outer wood was charred on most trees.
Older wood from inner rings and dead timber may be charred and
incorporated in debris flows, however, and some charcoal may be
reworked. Although aggregate sample ages are subject to systematic
errors from inclusion of older fragments, the five test dates imply
that such errors are relatively small.

Probable Fire-Related Sediments. Hyperconcentrated-flow
and streamflow deposits of post-1988 fire-related events range from
boulder bars deposited by channelized flows on proximal fans, to
silty sands deposited by shallow sheetflooding on distal fans. Al-
though coarse charcoal is uncommon in these deposits, fine-grained
facies buried and preserved the 1988 burned soil surface in a num-
ber of localities, as did debris flows (Fig. 3a). These burned soil
surfaces (hereafter referred to as burn surfaces) consist of charred
forest litter, for example, needles and twigs, in discrete, laterally
extensive layers of a few centimeters or less in thickness.

We observed similar burn surfaces in numerous alluvial-fan
stratigraphic sections (Figs. 3b and 3c). Rarely, a millimeters-thick
reddened zone was observed in the mineral soil directly underneath
the charred litter; similar reddening occurred only locally under
long-burning fallen logs in the 1988 fires (Shovic, 1988). A burn
surface provides clear and accurately datable stratigraphic evidence
of fire, as the in situ carbonized litter layer typically includes annu-
ally produced materials such as conifer cones and seeds. Rapid
burial enhances the preservation of burn surfaces, because various
processes (e.g., bioturbation, wind erosion, and sheetwash) rapidly
destroy the integrity of these layers. Because hyperconcentrated-
flow or streamflow sediments overlying well-preserved burn surfaces
were probably deposited shortly after fire, we consider these units to
be probable fire-related sediments (Figs. 3b and 3c).

Probable fire-related sediments were interpreted in a smaller
number of cases where hyperconcentrated-flow or streamflow facies
contained large quantities of coarse angular charcoal. In a few sec-
tions in foot-slope areas at fan margins, burn surfaces were buried
by colluvial sediment. Colluvial units directly overlying these layers
were interpreted as probable fire-related sediments. Overall, 30
probable fire-related events were dated.

Possible Fire-Related Sediments. Eight '*C-dated fan units
were interpreted as possible fire-related sediments, mostly where
distal fan streamflow sediments contained locally high concentra-
tions of coarse charcoal. The degree of rounding or restricted oc-
currence of charcoal in these units suggested possible reworking
from older deposits. Interpretation of a fire-related origin is least
confident in these cases.
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Dating of Axial Stream Sediments

We used '*C methods to date fluvial deposits and terraces of
Soda Butte Creek and the Lamar River and abandoned channels of
Slough Creek. Radiocarbon ages were obtained on charcoal and
unburned organic matter in well-laminated fine overbank sediments
or abandoned channel fills. Samples were collected from detrital
material in discrete individual beds, or from burn surfaces within
overbank deposits. Earlier overbank sediments have a lower prob-
ability of preservation and may be missing from the radiocarbon
record because of lateral erosion of the stream.

Charcoal was relatively sparse in overbank deposits. Burn sur-
faces of charred grass and fine woody material were not interpreted
as evidence of major fires, because range fires are relatively frequent
in the sagebrush-grassland valley-floor areas of northeastern Yel-
lowstone (Barrett, 1994). At a few localities, however, abundant
coarse charcoal was present in muddy bar-drape or scour-fill sedi-
ments immediately overlying or beneath channel gravels. Analogous
sediments were deposited over channel gravels when post-1988 fire-
related debris flows and floods flushed voluminous fine sediment
into axial streams; thus these charcoal-rich fluvial muds may be
evidence of major fire-related events.

CHRONOLOGY OF FIRE-RELATED SEDIMENTATION
AND ALLUVIAL SYSTEM ACTIVITY

Soda Butte Creek Alluvial System

Alluvial Fans. Forty-five stratigraphic sections were described
in the alluvial fans of Soda Butte Creek and its major trough-valley
tributary, Pebble Creek (Fig. 1, Table 1). Exposures are limited in
depth to between 2 and 6 m below fan surfaces. The oldest dated
alluvial unit in a proximal fan exposure is a fire-related debris flow
of ca. 2500 yr B.P. age at Station 4 (Fig. 1, Table 1). The middle
Holocene (arbitrarily defined here as 6000-3500 yr B.P.) is repre-
sented only in medial and distal fan exposures. Several cutbanks in
fan toes expose the entire thickness of distal fan sediments overlying
axial-stream fluvial deposits. Early Holocene (10 000—6000 yr B.P.)
fan sediments, however, were identified at only two distal fan sec-
tions (Stations 34 and 53; Fig. 1). Older sediments are exposed in
more distal sections in part because depositional units thin downfan.

Fire-related debris-flow deposits were most often identified in
proximal fan sections, thus dated units are primarily of late Holo-
cene age (3500 yr B.P. to present). Coarse bouldery facies predom-
inate in proximal sections, whereas medial and distal fan sections
show an increased percentage of gravel-poor debris-flow facies
(Meyer, 1993). Maximum aggradation at many fanhead sites oc-
curred around 1800 yr B.P. (e.g., Stations 4, 12, and 27; Fig. 1).
Younger sediments are inset below this highest fanhead surface or
were deposited below intersection points farther downfan. At other
fanheads (e.g., Stations 3 and 31), the highest surfaces are underlain
by fire-related deposits dated at ca. 900 or 1200 yr B.P. (Fig. 1, Ta-
ble 1). The fan of Stations 23 and 24 (Fig. 1) lies at the mouth of a
small, steep, low-elevation basin containing highly erodible and un-
usually clay-rich volcaniclastic rocks. On the upper fan, a fire-related
debris flow dated at ca. 900 yr B.P. is buried by >3 m of sediment.
A burn surface at ~1.5 m depth is dated at 40 = 50 yr B.P. and has
a calibrated 2 o age range between ca. A.D. 1680 and present (Stuiver
and Reimer, 1987). On this small fan where the stream power to
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TABLE 1. RADIOCARBON SAMPLES, DATED MATERIAL, LOCATIONS, "“C AND CALIBRATED AGES, AND INTERPRETATION

Station* Lab no.} Material Mass® Meth*  Agez 1o* Calibrated age(s) and 1o range'’ Interp.%
1 AA7208 detrital charcoal 0.22 A 860 £ 55 A.D. 1049 (1182) 1238 FR
2 Beta38055  detrital charcoal ~5 B 520+ 70 A.D. 1322 (1414) 1440 FR
2 Beta38163  detrital charcoal ~5-7 B 1380 + 80 A.D. 604 (654) 681 FR
3 AAT205 defrital charcoal 0.226 A 2125+ 55 341 (173) 100 B.C. FR
3 AA7206 detrital charcoal 0.117 A 905 + 50 A.D. 1032 (1068, 1071, 1128, 1133, 1168) 1192 FR
4 Betad1006  detrital charcoal ~7.1 B 18101 70 A.D. 118 (221) 322 FR
4 AA7210 detrital charcoal 0.077 A 2825 + 55 1045 (995) 914 B.C. FR™
4 AA7211 single det. char. fragment 0.014 A 2480 * 55 783 (760, 684, 656, 638, 592, 586, 550) 511 B.C. FR
4 AAT212 single det. char. fragment 0.112 A 2480 £ 55 783 (760, 684, 656, 638, 592, 586, 550) 511 B.C. FR*
4 AA7213 single det. char. fragment 0.100 A 2525 £ 55 797 (773) 542 B.C. FR*™
4 AA7214 single det. char. fragment 0.028 A 2545 + 55 801 (790) 599 B.C. FR*™
5 Beta32934  detrital charcoal 3.0 E 87070 A.D. 1039 (1169) 1245 FR
5 AA7207 detrital charcoal 0.22 A 2180 £ 55 368 (340, 322, 203) 172 B.C. FR
6 Beta31839 in situ charred litter 4.3 E 7640 £ 140 6600 (6458) 6265 B.C. PR
6 Beta31840  in situ charred litter 3.2 E 2830 + 90 1125 (998) 901 B.C. PR
7 AA7215 detrital charcoal 0.13 A 1705+ 50 A.D. 251 (340) 403 PR
8 Beta32222  detrital charcoal 0.47 E 4180 £ 150 2920 (2875, 2802, 2778, 2715, 2706) 2510 B.C. PO
9 Beta32223  single det. char. fragment ~5 B 4560 £ 80 3373 (3344) 3104 B.C. PR
10 Beta38161  wood, single fragment >10 B 150 £ 50 A.D. 1666 (1683, 1739, 1805, 1934, 1955) 1955 w
11 AA7209 detrital charcoal 0.23 A 1725+ 80 A.D. 223 (263, 285, 330) 409 PO
12 Beta38162  detrital charcoal ~7 B 2180 + 80 379 (340, 322, 203) 116 B.C. FR
12 Beta38056  detrital charcoal ~5 B 2240+ 70 394 (370) 199 B.C. FR
12 Beta38710 in situ charred litter ~2-3 E 1950 + 80 43 B.C. (A.D. 58) A.D. 124 PR
14 AAT7947 detrital charcoal N.D.*™ A 4645 + 60 3506 (3374) 3352 B.C. PR¥
14 AA7948 detrital charcoal N.D. A 4570 £ 60 3371 (3348) 3137 B.C. PR
15 AA7216 detrital(?) charcoal 0.19 A 175 + 50 A.D. 1658 (1674, 1749, 1797, 1943, 1955) 1955 PR
15 AAT7217 detrital charcoal N.D. A 1880 + 50 A.D.71(118) 197 PO
16 AAT218 detrital charcoal 0.16 A 4085 t 55 2865 (2851, 2829, 2653, 2646, 2614) 2509 B.C. PO
19 AAT7219 detrital charcoal 0.16 A 5545 £ 60 4463 (4364) 4348 B.C. FR
19 AA7940 in situ charred litter 0.049 A 3960 + 55 2571 (2470) 2458 B.C. PR

20 Beta41007  detrital charcoal 45 B 820+ 90 A.D. 1057 (1225) 1272 PR

23 Beta41008  detrital charcoal 5.2 B 1170 £ 80 A.D. 772 (883) 969 FR

24 Betad2471  wood, outer rings 300+ B 400 + 60 A.D. 1436 (1460) 1617 w

24 AAT7220 detrital charcoal 1.0 A 965 + 50 A.D. 1013 (1029) 1155 FR

24 AA7959 in situ charred litter N.D. A 40 £ 50 2c range: A.D. 1683 (71955) 1955 PR

26 Beta38711  detrital charcoal ~5-7 B 3530 + 50 1938 (1886) 1776 B.C. PR

26 Beta42472  detrital charcoal 10.0 B 2910 £ 80 1261 (1100) 998 B.C. PO

27 Beta38712  detrital charcoal ~5 B 219070 379 (348, 316, 207) 168 B.C. FR

27 Beta41009  in situ charred litter 5.1 B 1870 + 80 A.D. 58 (123) 234 PR

29 AAT941 detrital charcoal N.D. A 2455 + 50 766 (753, 704, 533) 409 B.C. FR

29 AA7221 detrital charcoal ~0.09 A 1225 + 55 A.D. 689 (783) 883 PR

29 AAT7222 detrital charcoal 0.225 A 3215+ 55 1526 (1513) 1432 B.C. FR

31 Beta41010  detrital charcoal 4.6 B 1190 + 90 A.D. 689 (830, 859) 961 FR

31 AAT7223 detrital charcoal 0.77 A 2075 £ 55 178 (103) 35 B.C. FR

34 AAT7224 detrital charcoal 2.8 A 1830+ 55 A.D. 115 (146, 164, 190) 242 PR

34 Beta41011  detrital charcoal 5.0 B 8700+ 110 7916 (7700) 7548 B.C."" PR
34 AAT7232 detrital charcoal 1.3 A 9360+ 75 8478 (8410) 8267 ..Mt PR
36 AA7225 detrital(?) charcoal 0.135 A 4595 £ 60 3492 (3358) 3149 B.C. PR
40 AAT7942 in situ charred litter N.D. A 1120 £ 65 A.D. 867 (897) 988 PR
40 Betad2473  in situ charred litter 7.4 B 1250+ 70 A.D. 673 (772) 880 PR
40 AAT7226 in situ charred litter 0.105 A 2050 £ 50 152 B.C. (92B.C.)AD. 1 PR
40 Beta41012  in situ charred litter 7.8 B 2540170 803 (786) 543 B.C. PR

1216

Geological Society of America Bulletin, October 1995



TABLE 1. (Continued).

Station* Lab no.t Material Mass® Meth*  Agez1o™ Calibrated age(s) and 1o range'” Interp.5
40 Betad40239  detrital charcoal 45 B 3330 £ 100 1740 (1628) 1520 8.C. PO
41 AAT7227 detrital charcoal 0.117 A 1090 £ 55 A.D. 890 (968) 1004 PR
41 AAT7228 detrital charcoal 0.52 A 1095 + 50 A.D. 890 (964) 995 PR*
41 AAT7229 detrital charcoal 0.63 A 1650 + 55 A.D. 340 (405) 433 0
41 Beta40240  detrital charcoal 43 B 1890 £ 70 A.D. 27 (113) 215 (o}
41 AAT7230 detrital conifer cone 0.430 A 1470 £ 55 A.D. 545 (600) 640 [0}
43 AAT7231 detrital charcoal 0.16 A 2475 + 55 779 (758, 686, 654, 643, 547) 422 B.C. PR
43 Beta40314  detrital charcoal 7.3 B 2610+ 90 838 (803) 770 B.C. PO
44 AA7233 in situ(?) charcoal 0.11 A 6930 + 60 5950 (5753) 5724 B.C. o}
44 Beta40241  in situ(?) charcoal 1.5 E 5940 + 240 5210 (4892, 4887, 4841) 4535 B.C. o]
44 AAT7955 detrital charcoal N.D. A 5290 £ 70 4236 (4218, 4203, 4143, 4115, 4073, 4068, 4046) PR
45 Beta40315  detrital charcoal 3.0 E 1600 + 80 :0;33:.(;: k429) 549 [0}
46 Beta41013  detrital charcoal 71 B 3470+ 70 1889 (1866, 1846, 1772) 1696 B.C. PR
46 AA7234 detrital(?) charcoal 0.37 A 5460 £ 60 4358 (4343) 4245 B.C. PR
47 AA7943 single det. char. fragment  N.D. A 800 + 50 A.D. 1205 (1245) 1267 o}
47 Beta40316  detrital charcoal 9.2 E 740 £ 60 A.D. 1244 (1270) 1283 o]
48 AAT7235 in situ charcoal 0.030 A 1240 £ 55 A.D. 683 (777) 872 o}
51 AAT7236 detrital charcoal 0.13 A 2005 £ 50 94 B.C. (5B.C.)A.D. 55 (o}
53 AAT7944 detrital charcoal N.D. A 7420+ 75 6394 (6223, 6195, 6187) 6153 B.C. PR
56 AAT7946 in situ charred litter N.D. A 427575 3013 (2911) 2782 B.C. PR
61 AA7949 detrital conifer cone N.D. A 2655+ 75 896 (816) 797 B.C. (6}
61 AA7950 in situ charred litter N.D. A 45+ 50 26 range: A.D. 1683 (1955) 1955 PR
62 AA7951 detrital charcoal N.D. A 2625+ 75 838 (806) 791 B.C. (o]
62 AAT7758 single det. char. fragment N.D. A 3080 + 50 1420 (1394, 1331, 1329) 1308 B.C. (o}
64 AAT7759 detrital charcoal N.D. A 7205 £ 60 6106 (6081, 6050, 6011, 6009) 5985 B.C. (o}
64 AAT7952 defrital charcoal N.D. A 10,325:100 10403 (10 240) 10 028 B.c."" c
65 AA7953 detrital charcoal N.D. A 1940 + 90 43 B.C. (A.D. 66) A.D. 134 0?
65 AA7954 in situ charcoal N.D. A 920+ 75 A.D. 1019 (1047, 1091, 1118, 1143, 1153) 1215 [0}
69 AAT956 detrital charcoal N.D. A 1195 + 50 A.D. 773 (821, 838, 855) 890 c
70 AA7957 detrital charcoal N.D. A 3090 + 65 1430 (1400) 1303 B.C. PR
70 AA7960 detrital charcoal N.D. A 2065 £ 55 169 (98) 9 B.C. PO
71 AA7958 detrital charcoal N.D. A 7920 £ 65 7031 (6778) 6677 8.C. (0]
73 AA7961 detrital conifer cone N.D. A 820 £ 50 A.D. 1168 (1225) 1262 (o}
74 AA7963 detrital charcoal N.D. A 3020 + 65 1397 (1299, 1276, 1269) 1168 B.C. FR
78 AA9216 in situ(?) charcoal N.D. A 5685 t 85 4675 (4523) 4460 B.C. 0
78 AA9217 detrital charcoal N.D. A 6395 £ 135 5470 (5336) 5230 B.C. 0]

‘Statlon number for radiocarbon sample; see Figure 1 for location.
Sample number assigned at dating laboratory: Beta = Beta Analyt|c Inc.; AA = NSF-Arizona Accelerator Facility for Isotope Dating.
SMass of submitted sample in grams. All rootlets and other organic contamlnants visible at low power magnification were removed from samples prior

to submittal.

*Meth. = carbon isotopic analytical method, where A = accelerator mass spectrometry; B = beta decay counting; E = beta counting over extended time
period.

**Age £ 1o = conventional radiocarbon age and analytical standard deviation (yr B.P.) (Stuiver and Polach, 1977).

HCalibrated calendar ages, given in format: minimum of 1 calibrated age fanges (calibrated calendar ages) maximum of 1o calibrated age ranges,
where endpoints of 1o calibrated age ranges are calculated from intercepts of (**C age + 1c) and (*C age - 15) with calibration curve (method A of
Stuiver and Reimer, 1987). Date in italics indicates possible influence of bomb C in sample. The 2o calibrated age ranges given for samples AA7950
and AA7959 contain several 1o calibrated age ranges as calculated from probability distributions (method B of Stuiver and Reimer, 1987).

SSInterp. = interpretation of stratigraphic significance: FR = fire-related debris flow; PR = probable fire-related sediment; PO = possible fire-related
sediment; W = unburned wood in fan sediment; O = axial stream overbank sediment (includes abandoned channel fill sediment); C = deposit of active
axial stream channel.

'“‘Age not included in probability summation curves to avoid possible (Stations 14 and 41) or known (Station 4) duplication of an event.

***N.D. = mass not determined.

"Calibrated using program and calibration curve(s) of Stuiver and Reimer (1993); others using Stuiver and Reimer (1987).
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Figure 3. (a) A 1989 fire-related debris-flow deposit
overlying the well-preserved 1988 burned soil surface
(arrows) in Gibbon Canyon, west-central Yellowstone.
Shovel is ~0.9 m long. Compare with photo (b) and
sketch (c) of the Station 27 fanhead channel exposure in
the upper Soda Butte Creek drainage (Fig. 1), which
contains a well-preserved burned soil-surface layer (ar-
rows) overlain by a thin, sandy, streamflow-facies unit.
Tape is marked in meters. Abbreviations same as in
Figure 2.

S sand and
= Y}~ fine gravel

burned soil surface,
1870 + 70 yr B.P.

S pebble gravel

boulder channel
lag

DF-HCF

2190 + 90 yr B.P.

sediment supply ratio is low, the proximal fan has aggraded to near comparable buried A horizon at Station 56 is capped by a burn
the present time. surface of about 4300 yr B.P. age (Fig. 1). At both of these distal fan

Sediments exposed in distal fan sections are dominantly  sites, surface stability and soil development was followed by aggra-
streamflow and hyperconcentrated-flow facies of middle and late dation of streamflow-facies sediments. Similarly, at Stations 8§, 9, 16,
Holocene age (Meyer, 1993). At Station 19, a well-developed A and 36 in Soda Butte Creek and Station 14 in Lodgepole Creek
horizon is bracketed by ages of about 5550 and 3950 yr B.P. A (Figs. 1 and 4c), progradation of distal fan sediments over axial
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stream flood-plain areas occurred shortly after ca. 4600 yr B.P. and
continued until at least 4000 yr B.P.

Along middle and upper Soda Butte Creek, extensive distal fan
surfaces were built between about 4600 and 4000 yr B.P. and stand
several meters above the present flood plain. The proximity of these
surfaces at Stations 8, 9, and 16 (Figs. 1 and 4c) shows that the flood
plain was strongly constricted by fan toes and stream power in Soda
Butte Creek was apparently insufficient to remove the large mass of
sediment. Axial-stream deposits of middle Holocene age are ex-
posed under fan gravels on both sides of the valley (Fig. 4c). Soda
Butte Creek has accomplished no significant net downcutting since
4500 yr B.P. in this area, because the dated overbank sediment is less
than about 30 cm above the present flood-plain elevation. Aggra-
dation of the axial channel may have occurred as the fans subse-
quently prograded, but no higher channel deposits were identified.

After 4000 yr B.P., secondary fans were formed along middle
Soda Butte Creek by “telescoping” of lobes (cf. Denny, 1967) from
the aggraded distal fans (Fig. 4c). Lateral erosion of fan toes by the
axial stream lowered local base level for distal fan channels, and
secondary fan lobes prograded from the incised channels. Secondary
fans are fewer along upper Soda Butte Creek, probably because this
reach is less constricted between opposing fans, and stream power
for distal fan erosion is lower. As many as three distinct levels of
secondary fans are present at some localities in the middle valley. At
Stations 15 and 20, charcoal in Soda Butte Creeck overbank sediment
directly underlying secondary fan deposits gave ages of 1880 = 50
yr B.P. and 820 = 90 yr B.P. These represent maximum limiting ages
for progradation of secondary fans over formerly active flood-plain
areas.

Station 34 is a cutbank of Soda Butte Creek, which exposes the
distal fan of Stations 23 and 24 (Fig. 1). This unusual section of
faintly stratified silty clay contains several charcoal-rich layers, but
no discrete burn surfaces were clearly identifiable. The charcoal is
probably detrital material in fine-grained facies of fire-related debris
flows from the forested upper basin, because clay-rich deposits of
the distal fan support only herbaceous plants (Despain, 1990). Dates
on charcoal within this section include 1830 = 55 yr B.P. from 30-45
cm depth, 8700 + 110 yr B.P. (180-185 cm), and 9360 = 75 yr B.P.
(~275 cm). The latter two ages provide the only record of probable
fire-related sedimentation on fans before 8000 yr B.P.

Fans along the broad Soda Butte Creek valley downstream of
the Trout Lake landslide (Figs. 1 and 4d) differ in morphology from
those of the middle and upper valley. Fan tributary basins are less
steep and of lower relief; thus sediment supply from side slopes is
lower. In this reach, Soda Butte Creek has incised as much as ~7 m
since latest Pinedale time. Secondary fans are well developed at the
fan-to-flood-plain transition and grade to the lower terrace levels of
Soda Butte. Proximal and medial fans are more isolated from the
base level effects of Soda Butte Creek, however, and higher terraces
have continued to act as a local base level for fan deposition in some
areas. Higher, older surfaces of middle to upper fans are thus in
similar geomorphic positions and are difficult to differentiate. Fan
surfaces mapped as fO appear to grade or project to the TO fluvial
terrace, and fl fan surfaces appear to grade to the Tla or T1lb
terrace (see following section), but correlations are tentative
(Meyer, 1993). At Station 53 (Fig. 1), an age of 7420 = 75 yr B.P.
was obtained on charcoal from a probable fire-related unit ~1.4 m
below an f1 fan surface. At Station 44 (Fig. 1), initial progradation
of distal fan gravels over Soda Butte Creek flood-plain sediments
occurred shortly after 5940 = 240 yr B.P., and stabilization of the f1
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fan surface above occurred sometime after 5290 = 70 yr B.P.
(Fig. 4d). It is not clear whether some of the high distal fan surfaces
may be as young as 4600-4000 yr B.P., as in the middle and upper
Soda Butte valley.

Fluvial Terraces of Lower Soda Butte Creek. Soda Butte Creek
exhibits a nearly smooth longitudinal profile. It is an alluvial stream
below Cooke City except for a bedrock knickpoint at Icebox Can-
yon, a steep boulder-armored reach around the Trout Lake land-
slide toe (Fig. 4d), and a short bedrock slot near Station 48, about
2.5 km above the Lamar River confluence (Fig. 1). Fluvial terraces
in the broad valley below the Trout Lake landslide area were
mapped and numbered from oldest to youngest as T0, T1a, T1b, T2,
T3, and T4 (Meyer, 1993) (Fig. 4a). Total station survey data show
that these terraces are paired. The TO terrace is an aggradational
surface; associated valley-fill deposits were mapped as latest
Pinedale outwash by Pierce (1974) on the basis of geomorphic po-
sition and a strongly expressed bar-and-swale surface morphology.

Near the Lamar River confluence, limestone and dolomite
clasts with provenance in the Soda Butte Creek basin identify Tla
channel gravel, which has a maximum thickness of about 2 m. The
underlying Lamar River—derived outwash gravel of the TO fill lacks
carbonate rocks. Present bank height for lower Soda Butte Creek is
between about 1.0 and 1.5 m, and the thickness of T1la deposits is
well within the typical scour-and-fill range of about 1.75 to 2 times
bank height for a vertically stable stream system (Wolman and
Leopold, 1957; Palmquist, 1975). Thus, the T1a is a fill-cut terrace.
Terraces of this type are formed by lateral migration of the channel
during a period of vertical stability (Bull, 1990, 1991). Although
stratigraphic relations are not as clear for other Soda Butte Creek
terraces, it is likely that they are also fill-cut terraces or perhaps
minor fills that developed during pauses in downcutting through the
latest-glacial valley fill.

Near the Lamar River confluence, the T1a and T1b terraces are
inset approximately 1.0 and 2.0 m below the TO surface, respectively.
Radiocarbon ages at Stations 71 and 78 show that activity on the T1a
surface ended after 7920 yr B.P., and that early deposition on the
T1b surface began before 6400 yr B.P. and continued until at least
5700 yr B.P. (Figs. 1 and 4a). At Station 44, the fluvial overbank
sequence below distal fan gravels contains an ~0.5-cm-thick layer of
in situ distal fall tephra identified by microprobe analysis as Mazama
ash (D. Johnson, 1990, written commun.; Meyer, 1993) (Fig. 4d). A
widely cited, relatively precise radiocarbon age for Mazama ash is
6845 = 50 yr B.P. (four-sample weighted mean; Bacon, 1983), al-
though other possibly accurate ages fall between about 6900 and
6400 yr B.P. (e.g., Brown et al., 1989). At Station 44, Mazama ash
is bracketed by '*C ages of 6930 = 60 yr B.P. and 5940 =+ 240 yr B.P.
on probable in situ charcoal in weak, slightly bioturbated A horizons
(Fig. 4d). These relations support the accuracy of the radiocarbon
dates and show that overbank deposition at Station 44 is of T1b age.
Downcutting from the Tla to T1b level is thus bracketed between
ca. 7900 and 7000 yr B.P.

The T2 terrace lies about 3.0 m above the modern flood plain.
Overbank sediments beneath the T2 surface are thin and thoroughly
bioturbated in most exposures. At Station 62 (Figs. 1 and 4a), ages
of ~3080 = 50 yr B.P. and 2625 = 75 yr B.P. from the lower part
of a fine-grained channel fill show that a relatively large time gap
exists between T1b activity and the earliest dated deposition of T2
sediments. More than 1 m of fine-grained sediment above the
~2625 yr B.P. level implies that overbank deposition on the T2
surface may have continued significantly after that time.
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Figure 4. Schematic cross sections of valley floor alluvial deposits in northeastern Yellowstone. Vertical scales show approximate
height above the modern flood plain (fp). See Table 1 for *C sample data and Figure 1 for map location of stations. Sections show terraces
and stratigraphy of (a) lower Soda Butte Creek and (b) Lamar River above the Soda Butte Creek confluence, and alluvial fan and fluvial
deposits of (c) Station 8, 9, and 16 area and (d) Station 44 area, middle Soda Butte Creek, and (e) Station 41, middle Slough Creek.
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The T3 terrace is a broad surface about 2.3 m above the modern
flood plain and is characterized by well-preserved meandering chan-
nel patterns and a relatively thick sequence of overbank deposits.
Detrital charcoal from these fine sediments yielded ages of 2005 *
50 yr B.P. and 1600 = 80 yr B.P. at Stations 51 and 45, respectively
(Figs. 1, 4a, and 5a). At Station 48, a weak buried A horizon 50 cm
below the T3 surface contains charcoal dated at 1240 = 55 yr B.P.
This age is probably a minimum-limiting age for T3 overbank dep-
osition, as overlying unstratified silt loam is probably local loess and
wash sediment from a nearby scarp in silty deposits.

The meandering channels on the T3 surface have a sinuosity of
1.55 to 1.64. In contrast, the present bar-and-island-braided channel
has a maximum sinuosity of about 1.29 in the same area (Fig. 6). An
increase in sinuosity typically occurs when the percentage of sedi-
ment transported as bed load decreases, whereas mean annual dis-
charge may either increase or decrease (Schumm, 1969). Average
discharge is more likely to have increased during T3 formation,
considering the flows necessary for the lateral migration associated
with this broad terrace. The thick T3 overbank sequence also implies
frequent small to moderate floods.

The steep toe of the Trout Lake landslide (a large late Pinedale
debris-avalanche deposit; Pierce, 1974) was reactivated by large
slumps during T3 time. Slumping may have been a response to more
active undercutting by Soda Butte Creek, or increased ground-water
levels and pore pressure; both mechanisms are consistent with a
wetter climate. Slump blocks formed a low dam on Soda Butte
Creek, resulting in a complex of overflow flood channels that project
to convergence with the T3 terrace. Downvalley, several scab-like
erosional remnants of the T2 terrace are surrounded by the T3
surface, indicating anastomosing flood flows (cf. Baker, 1973).
Slumping raised local base level for Soda Butte Creek (Fig. 4d),
which may explain the lack of higher stream terraces in the Trout
Lake landslide area.

The T4 terrace lies about 1.4 m above the modern flood plain
and consists mostly of narrow remnants, indicating a relatively
minor episode of flood-plain widening (Fig. 6). Rapid downcutting
from the T3 to T4 level is suggested by the minimum age of 1240 +
50 yr B.P. on the T3 terrace discussed above, and an age of 1195 =
50 yr B.P. directly over T4 channel gravel at Station 69 (Figs. 1
and 4a). The latter age was obtained from a charcoal-rich, scour-
filling mud that may be related to fire. Although Soda Butte Creek
had downcut to the T4 level by ca. 1200 yr B.P. at Station 69, the
earliest dated overbank deposition on the T4 terrace occurred about
800 yr B.P. at Station 47, ~300 m downstream (Figs. 1 and 4a).

Initial dendrochronologic work suggests that Soda Butte Creek
remained at the T4 level until the 1800s and that downcutting to the
present level was accomplished largely by major floods in the late
19th and early 20th century (Bingham and Meyer, 1994). The flood
of June 1918 was produced by rain on melting snow, as are most of
the largest floods in main-stem rivers of the Yellowstone region
(U.S. Geol. Survey, 1991). This event produced the highest recorded
discharge on the Yellowstone River at the north park boundary
(Fig. 1) since continuous records were initiated in 1910 (Slack et al.,
1993).

Slough Creek Alluvial System
The Slough Creek valley is broader and less steep walled than

the Soda Butte Creek valley. Archean granitic gneisses are locally
exposed along Slough Creek (Prostka et al., 1975a). These resistant
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Figure 5. Fluvial stratigraphy along Soda Butte Creek and the
Lamar River. (a) Fine overbank sediments overlying channel gravel
beneath the T3 surface, Station 45 on Soda Butte Creek (Figs. 1 and
4a). Tape is marked in meters. A *C age of 1600 + 80 yr B.P. was
obtained from stratabound detrital charcoal in well-laminated silty
sand at 0.8—0.9 m; arrows show sampled bed. Burrows (e.g., left of
tape at ca. 0.7-0.9 m) and bioturbated A horizons of surface soils
(0-0.5 m) were avoided in *C sampling. (b) Stratigraphy beneath
the Tc terrace, Lamar River upstream from Station 64 (Figs. 1 and
4b). Total height of exposure is ~5 m, measured from river level.
Bouldery Tc channel lag overlies the basal scour surface (arrows)
on oxidized latest Pinedale(?) pebble-cobble gravel; note boulder
gravel of present channel. Overbank deposits at this locality are
thoroughly bioturbated, thus unsuitable for *C sampling.

rocks give the valley a stepped profile; steep bedrock knickpoints
separate broad, low-gradient alluvial reaches. Our investigations fo-
cused on the middle Slough Creek valley, where a late Pinedale
outwash surface is discontinuously preserved along the valley mar-
gins. Incision below this surface has been <3.5 m, and postglacial
terraces are poorly preserved. In this area, Slough Creek has a highly
sinuous channel and a low width/depth ratio in comparison to Soda
Butte Creek.
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Figure 6. Aerial photograph of lower Soda Butte Creek in the
area of Station 45 (Figs. 1 and 5) showing high sinuosity of channel
patterns on the T3 terrace surface as compared to braided pattern
on the modern flood-plain surface (fp). Note relatively narrow T4
terrace remnants. Scale is approximate.

Fan channel entrenchment in the Slough Creek drainage is
limited, and fan toe erosion is less active than in the Soda Butte
Creek valley. A cutbank of Slough Creek at Station 41, however,
reveals the transition between axial stream deposits and distal fan
sediments (Figs. 1 and 4e). Clayey, well-laminated abandoned chan-
nel-fill sediments of Slough Creek at the base of the exposure pre-
serve a variety of detrital organic materials. A single conifer cone at
280 cm depth was dated at 1470 = 55 yr B.P. Rounded charcoal
fragments from 244 cm and 180 cm yielded ages of 1890 = 70 yr B.P.
and 1650 = 55 yr B.P., respectively. Reworking of charcoal is more
likely along middle Slough Creek than in Soda Butte Creek, because
of the broad active flood plain and limited postglacial downcutting.
Nevertheless, these two ages represent the only stratigraphic inver-
sion in 90 '“C ages acquired in this study. The two ages were ob-
tained on notably rounded charcoal, which was otherwise avoided in
dating. The conifer cone is more susceptible to decay than the char-
coal and less likely to survive reworking and thus provides a more
reliable age. These data indicate active lateral migration of Slough
Creek concurrent with T3 terrace formation in Soda Butte Creek.
About 50-60 cm of upward-coarsening fluvial gravel is present over
the fine channel-fill sediments, suggesting channel aggradation be-
cause of declining relative stream power, or overbank gravel dep-
osition by large flood(s). Ages of about 1100 yr B.P. on two probable
fire-related deposits approximate the time of initial fan prograda-
tion over the Slough Creek flood plain (Fig. 4e).

Evidence for a similar but older progradation of alluvial fan
sediments over fluvial deposits is present at the Lost Creek fan toe
(Station 61, Fig. 1). A conifer cone from uppermost clayey channel-
fill sediment yielded an age of 2655 = 75 yr B.P., and overlying
imbricated fluvial gravel again suggests Slough Creek channel aggra-
dation or high-energy flood deposition. Distal fan sediments begin
at 100-125 cm depth, but this transition is only broadly bracketed
by a date of 40 = 50 yr B.P. (post-a.p. 1700; Stuiver and Reimer,
1993) from a burn surface at 45 cm depth.
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Lamar River Terraces

The TO terrace is well preserved near the Lamar River-Soda
Butte Creek confluence (Fig. 1). This fan-shaped aggradational sur-
face was built by the Lamar River where it emerges from its confined
upper valley about 3 km above the confluence. An ~12-m-thick
section of sediments underlying the TO surface at Station 68 (Fig. 1)
coarsens upward from well-stratified sand with shallow scour-and-
fill structures to poorly sorted, crudely stratified cobble and boulder
gravel. The lower TO sequence becomes finer downvalley and may
be a deltaic deposit built into an ice-dammed lake in the Lamar
Valley. This lake was impounded by a late Pinedale ice lobe from the
Slough Creek drainage (Junction Butte phase of Pierce, 1974, 1979).
Ice damming occurred sometime between about 15 500 and 12 000
yr B.P. (Porter et al., 1983; Richmond, 1986; Sturchio et al., 1994).
Fluctuating water levels in the lake may have produced the extensive
oxidation stains observed in the lower TO sequence. We infer that
coarse sediments trapped above the lake were rapidly eroded after
the ice dam was removed, causing aggradation of the upper TO
sequence at the head of the Lamar Valley.

A sequence of five inset terraces (Ta through TE) was formed
during incision of the Lamar River through the TO fill (Meyer, 1993)
(Fig. 4b). Deposits of the highest two terraces (Ta and TB) are not
exposed. In several exposures under the Tc and Tp terraces, the
base of Holocene fluvial gravel is clearly delineated by a scour sur-
face at the top of oxide-stained late Pinedale gravel (Figs. 4a
and 5b). None of the terrace deposits is thicker than the expected
maximum scour depth; thus these lower terraces are fill-cut terraces.

At Station 64, Tc channel gravel overlies a scour surface cut on
oxidized late Pinedale outwash near the present bankfull elevation
of the Lamar River (Figs. 1, 4b, and 5). A muddy scour fill at the base
of Tc channel gravel contains abundant coarse charcoal and may be
a fire-related deposit (Fig. 4a). An age on the charcoal of 10 325 *
100 yr B.P. (ca. 10 300 B.c.; Stuiver and Reimer, 1993) indicates that
the Lamar River downcut rapidly from the TO level (up to ~15 m
above the modern flood plain) to only 3-4 m above the modern
flood plain. The Ta and TB terraces are thus of latest Pleistocene
age, and formation of the TO surface is approximately bracketed
between ca. 14 000 and 11 000 yr B.P.

An age of 7205 = 60 yr B.P. (ca. 6050 B.c.) was obtained within
well-laminated overbank sediments 40 cm above Tc channel gravels
at Station 64 (Figs. 1 and 4b), indicating that the Lamar River was
quasi-stable at the Tc level for at least 4000 calendar yr. Accumu-
lation of an additional 1.3 m of laminated overbank sediments above
the dated level suggests that activity on the Tc terrace continued for
at least several hundred years. Most of the thin overbank sequence
on the T terrace is thoroughly bioturbated, thus no '*C ages were
obtained. Overbank sedimentation on the TE terrace is bracketed
between ages of 1940 = 90 and 920 = 75 yr B.P. (Figs. 1 and 4b).

Gibbon Canyon Alluvial Fans

As in northeastern Yellowstone, a series of debris-flow and
flood events following the 1988 fires demonstrated a high potential
for fire-related sedimentation in Gibbon Canyon (Meyer, 1993)
(Figs. 1 and 3a). Valley-side fans, however, are small and poorly
preserved in this narrow canyon. A single stratigraphic section was
described at Station 40, where 1989-1991 fire-related debris-flow
and flood events trenched the fan channel to a depth of about 4 m.
This section exposed a sequence of four burn surfaces separating
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hyperconcentrated-flow and debris-flow deposits. Charcoal from the
burn surfaces yielded ages of 1120 * 65 yr B.P., 1250 = 70 yr B.P.,
2050 = 50 yr B.P., and 2540 = 70 yr B.P.

DISCUSSION

Relative Importance of Fire-Related Sedimentation
in Holocene Alluvial Activity

Nearly one-third of the total thickness of 29 alluvial-fan strat-
igraphic sections in northeastern Yellowstone consists of fire-re-
lated debris flows and probable fire-related deposits (Meyer, 1993),
indicating that forest fires have been an important element in fan
sedimentation during the Holocene. The actual percentage of allu-
vial fan sediment produced because of fire may be greater, because
most streamflow and hyperconcentrated-flow deposits retain no di-
agnostic evidence of origin in burned basins, and subsequent dilute
flood flows may rework fire-related debris-flow sediments. Con-
versely, sampling may have been somewhat biased toward a greater
proportion of fire-related sediments, as data were often collected at
exposures where such deposits were least ambiguous for dating pur-
poses. The relative importance of fire in early Holocene alluvial fan
development is obscure because of limited exposure. Clear evidence
exists for such events as early as 7500 yr B.P., however, and the
charcoal-rich fluvial mud of ~10 300 yr B.P. age at Station 64
may be directly associated with fire. Forest fires have probably
acted to accelerate sediment transport to fans throughout the
Holocene.

Distribution of Fire-Related Sedimentation Events
in the Holocene

Probability distributions for individual radiocarbon ages on
fire-related sedimentation events were summed to display the rel-
ative probability of fire-related events over time (cf. Mehringer and
Wigand, 1990; Tornqvist, 1994). The cumulative curve in Figure 7
includes probability distributions for 20 fire-related debris flows and
30 probable fire-related sedimentation events in the northeastern
Yellowstone area and Gibbon Canyon. A general decline in prob-
ability through the middle and early Holocene is apparent. Older
fan deposits were less often exposed; therefore, this long-term trend
is largely an artifact of sampling. Increased fire-related sedimenta-
tion may have occurred around 7500 yr B.P. and 5500 yr B.P., but
data are few for the early Holocene. Evidence is stronger for a
substantial episode between 4600 and 4000 yr B.P. In the late Ho-
locene, numerous ages on fire-related sedimentation cluster
strongly around 2500, 2100, 1800, 1200, and 850 yr B.P. Probable
fire-related events in Gibbon Canyon correlate to these times as
well, supporting a regional extent for major intervals of fire-related
sedimentation. Minor episodes occurred around 3500 yr B.P., 3250—
2800 yr B.P., and within the last 250 *C yr.

Large uncertainties exist in calibration of *C ages over the last
400 yr (Stuiver and Reimer, 1993), but accurate calendar-year ages
for fire-related events are necessary for comparison with dendro-
chronological fire records (e.g., Barrett, 1994). The three youngest
ages on probable fire-related sedimentation are 40 * 50 yr B.P.,
45 = 50 yr B.P.,, and 175 * 50 yr B.P. (Table 1). Calibrated 1 o
intervals for the first two ages are A.p. 1699-1723, A.p. 1821-1851,
and A.D. 1867-1919. For the latter age, 1 o intervals are A.D. 1665—
1697, A.p. 1723-1817, and post-A.p. 1922 (Stuiver and Reimer,
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1993). Dates after A.n. 1872 are rejected because of significant soil
development in overlying sediments and the lack of fires in Park
Service records (e.g., Taylor, 1969). Dendrochronological fire
records extending over the last ~400 yr in Yellowstone feature mod-
erate to large stand-replacing fires in the late 1600s to mid-1700s and
between 1820 and 1855 (Romme and Despain, 1989; Barrett, 1994);
thus the remaining 1 o intervals appear to be likely times for fire-
related sedimentation.

Calibrated probability distributions for fire-related events were
summed to construct probability curves extending back to 5000 B.c.
(Fig. 8). Calibrated probability distributions for radiocarbon ages
are typically asymmetrical and are often multimodal; for example,
note the calibrated probability distribution for a single fire-related
debris flow with a '*C age of 5545 = 60 yr B.P. that is centered near
4400 B.c. in Figure 8. These features stem from variations in atmo-
spheric '*C content that are inherent in the calibration curve
(Stuiver and Reimer, 1993). Where several calibrated ages are pos-
sible for a single radiocarbon age, the calibrated probability distri-
bution will display several peaks. Thus, each minor peak in the
calibrated summation curve does not necessarily represent an actual
event. The eight possible fire-related events included in Figure 8 do
not substantially alter the character of the cumulative distribution.
Fire-related events cluster strongly within the intervals of 4500-
4000 B.c., 3500-2400 B.C., 800 B.C.—A.D. 350, and A.D. 650-1200, with
lesser episodes ca. 1950-1200 B.c. and A.p. 1650-1870. Major peaks
in fire-related debris-flow activity occurred ca. 350-100 B.c. and A.D.
1050-1200. Minima in probability are centered near 3750 B.c., 2200
B.C., 850 B.C., A.D. 500, and A.D. 1550. Some of the broader peaks in
the curve result from large uncertainties in calibrated ages. For
example, calibrated ages that fall between 800 and 500 B.c. have 1
o ranges spanning 200-350 yr, as compared to 1 o ranges of 100-140
'“C yr for the uncalibrated ages. The broad peak between 650 and
950 A.D. represents at least two distinct events, however, because
calibrated ages of about A.p. 770 and 900 were obtained from su-
perposed burn surfaces at Station 40 (Beta-42473 and AA-7942,
Table 1).

By inspection, between 9 and 13 maxima may be identified in
the probability summation curve for fire-related sedimentation be-
tween 2000 B.c. and present, including a maxima representing post-
1988 events. The recurrence interval for fire-related sedimentation
episodes over the study area is thus between 300 and 450 yr. To
examine these probability variations more closely, spectral analyses
were conducted using a fast Fourier transform (Fig. 9). The radio-
carbon-year probability curve of Figure 7 was used, however, be-
cause the calibrated calendar-year curve (Fig. 8) includes multiple
peaks in probability for single events; cyclic variations in probability
produced by the '*C calibration curve (Stuiver and Reimer, 1993)
would obscure the analysis. The probability summation data were
filtered prior to analysis with a Tukey-Hanning window. Analysis
was restricted from 3350 yr B.P. to present because (a) the 36 '*C
ages within this period constitute a relatively complete and unbiased
sample, whereas too few dates are available for the early and middle
Holocene to adequately define probability variations; (b) the density
of '*C ages decreases with time before 3350 yr B.P., thus introducing
an artificial decline in overall probability; and (c) the average length
of a radiocarbon year is approximately the same as a calendar year
for 3350 yr B.P. to present, whereas radiocarbon years become in-
creasingly shorter with respect to calendar years prior to this time
(Bard et al., 1990; Stuiver and Reimer, 1993).

Maxima in spectral density (power) occur at frequencies cor-
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Figure 7. Chronology of fire-related alluvial fan deposition and axial stream activity in northeastern Yellowstone. Histogram shows
the number of ages contributing to probability curves in center; 150 yr age classes in histogram approximate the average 1 o range for
14C ages. Probability curves are constructed by summation of normal distributions defined by individual '*C ages and 1 o analytical errors.
Lower Soda Butte Creek terrace height and downcutting history is indicated by the line at top (dashed where uncertain); horizontal
segments indicate vertical stability at terrace levels, and sloping lines indicate incision. Where error bars are not shown on '“C age
symbols, 1 o range is less than or equal to the symbol width. Arrows (> > >) illustrate Soda Butte overbank aggradation rates, which
are near 1 mm/yr for terraces T1b, T2, and T3. Cross (+) denotes a minimum age for channel incision to the T4 terrace level. Note the
alternation between fire-related fan sedimentation and overbank aggradation along axial streams, particularly in the late Holocene.

responding to recurrence intervals of about 430 and 320 yr (Fig. 9).
These cycles may be controlled in part by intrinsic ecological pro-
cesses. Lodgepole pine—dominated forests are relatively resistant to
fire in early stages of regeneration after burning, but become more
flammable with age up to 150-300+ yr, producing fire return in-
tervals of similar length (e.g., Romme and Despain, 1989). In an
~450 yr dendrochronological record of fire in northeastern Yel-
lowstone, Barrett (1994) found fire return intervals for most forest
types of about 200 yr. Whitebark pine stands near timberline, how-
ever, have an average fire return interval of >350 yr and burn only
in very severe fire weather (Despain, 1990). These same weather
conditions promote the intense, near-total burns that are associated
with fire-related sedimentation, as in 1988 (Meyer et al., 1992; Ball-
ing et al., 1992b). Small and low-intensity burns are unlikely to cre-
ate the slope-runoff conditions that generate major debris flows and
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floods on fans (Meyer, 1993). Thus, the 300 to 450 yr cycle of fire-
related sedimentation may also reflect the recurrence interval for
extreme droughts in northeastern Yellowstone.

Spectral analysis also suggests a dominant 1300 yr cycle in late
Holocene fire-related sedimentation (Fig. 9). Although a 1300 yr
cycle is too long to be confidently defined in a 3350 yr record (e.g.,
Jenkins and Watts, 1968), it is also supported by the T2, T3, and T4
cycles of terrace formation, where the development of each flood-
plain level is centered on a time of minimum probability of fire-
related sedimentation (Fig. 7). We do not interpret this apparently
quasi-periodic variation as evidence of a periodic forcing mecha-
nism, or of a persistent Holocene climatic cycle; no indication of a
1300 yr cycle is seen in the middle and early Holocene record. Nev-
ertheless, the relative strength of this cycle in the probability spec-
trum attests to the strongly episodic character of fire-related activity
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curves result from calibration; for example, multiple possible calibrated ages exist for some radiocarbon ages, and thus each minor peak
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Grass/sagebrush pollen ratios from Blacktail Pond, north-central Yellowstone, were calculated from data in Gennett (1977). Ring-width
indices for Almagre Mountain, Colorado (CO), are 20 yr running means (Williams and Wigley, 1983; scale omitted); higher values
primarily reflect higher summer temperatures. Radiocarbon ages on inner rings of wood above present timberline in central Yellowstone
(K. L. Pierce, U.S. Geol. Survey, 1993, written commun.) indicate conditions warmer than present; error bars show maximum 1 o
calibrated age ranges. Times of large fires in Yellowstone in the last 750 yr are from dendrochronological (Romme and Despain, 1989;
Barrett, 1994) and lake sediment (Millspaugh and Whitlock, in press) fire records.

in the late Holocene. Large variations in probability imply that fire
regimes have fluctuated from periods characterized by large, intense
1988-type fires and associated fan sedimentation, to periods in
which such fires are rare or absent.

POWER

0.007

f f
0.004 0.005 0.006
FREQUENCY

I
0 0.001 0.002 0.003
Figure 9. Results of spectral analysis for the radiocarbon-year

record of Figure 7 over the period 3350-0 yr B.P.
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Summary of Axial Stream Activity

The chronology of overbank deposition and terrace formation
along axial streams in northeastern Yellowstone is summarized in
Table 2 and is shown in relation to fire-related events on alluvial fans
in Figure 7. Dates on overbank sediments underlying secondary fan
deposits in middle Soda Butte Creek (not shown) fall within the T3
and T4 intervals. This suggests that lateral erosion and axial flood-
plain widening occurred simultaneously along the middle and lower
drainage. Incision along lower Soda Butte Creek is broadly con-
strained within periods of active fire-related sedimentation. Rapid
downcutting of axial channels may occur over more restricted in-
tervals, however, as suggested by the limited time available for
downcutting from the T3 to T4 levels (Figs. 4a and 7). Downcutting
from the T4 to present levels appears to have occurred largely within
the last 200 yr (Bingham and Meyer, 1994).

Dated overbank deposition along Slough Creek corresponds to
T2 and T3 overbank sedimentation along Soda Butte Creek, im-
plying that climate-related discharge variations are common to both
streams (Table 2; Fig. 7). Intervening periods are characterized by
progradation of alluvial fans over formerly active flood-plain mar-
gins and narrowing of the Slough Creek meander belt, but down-
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TABLE 2. TIMES OF OVERBANK DEPOSITION ON LOWER SODA BUTTE CREEK TERRACES,
LAMAR RIVER TERRACES, AND ALONG MIDDLE SLOUGH CREEK

Soda Butte Creek Lamar River Slough Creek
TO
TO (not dated; latest glacial-deglacial TO

(latest glacial-deglacial

aggradation ca. 14,000 to 12,000 yr

(latest glacial-deglacial

2000 to 1300 yr B.P.

100 8.C. to A.D. 650

aggradation surface; probably B.P.?) aggradation surface)
varies in age between TA
drainages)
T8
T1a TC
? to 7900 yr B.P. post-10,300* to post-7200 yr B.P. (no terraces identified;
? to 6700 8.C. post-10,300 B.C. to post-6000 8.C. no overbank sediments dated)
T1b
7000 to 5600 yr B.P. (continued TC?)
5800 to 4500 8.C.
T2 Sta. 61
3100 to 2600 yr B.P. TD? ? to 2600 yr B.P.
1400 to 800 8.C. ? to 800 B.C.
T3 TE Sta. 41

2000 to 900 yr B.P.

1008.C. to A.D. 1100

19007 to post-1400,
pre-1100 yr B.P.
A.D. 100? to post-A.D. 600,
pre—A.D. 950

800 yrB.P.*to ?
A.D. 1200* to 18701

T4 (continued TE?) Sta. 73

800yrB.P.to ?
A.D. 1200t0 ?

Note: Times of overbank aggradation are given in radiocarbon years (boldface) and approximate
corresponding calendar years (italics). Question mark indicates that initiation or cessation is not delimited by

*C ages.

*Date on sediments immediately above channel gravels of T4 terrace indicates downcutting to T4 level by
ca. 1200 yr B.P., but age of earliest dated overbank sediments is ca. 800 yr B.P. (A.D. 1200).
TApproximate latest possible time of stability at T4 level estimated by dendrochronology (Bingham and

Meyer, 1994).

cutting has been limited and terraces were not formed or preserved.
Overbank sedimentation along the Lamar River is broadly similar in
timing to that along Soda Butte Creek, but again, the development
of terraces differs. Tc formation may encompass the time of both T1
surfaces in Soda Butte Creek. TE development may extend into T4
time, but no separate T4-equivalent terrace is present along the
Lamar River.

Episodes of downcutting since 10 000 yr B.P. were fewer along
the Lamar River than on lower Soda Butte Creek (Table 2). The
Lamar River has a bouldery bed armor in the upper study reach,
both in the modern channel and at the base of Tc channel gravels.
Large clasts were concentrated from the coarse upper TO gravels as
the Lamar River incised and became confined within the TO fill, and
development of bed armors may have inhibited downcutting (e.g.,
Bull, 1990, 1991). Late Holocene terraces of Soda Butte Creek are
poorly preserved below the small bedrock knickpoint near Station
48; this 2.5 km reach above the Lamar River confluence may have
been the primary zone of adjustment between the two streams dur-
ing asynchronous downcutting.

Overall, a pattern of alternation between two dominant modes
of Holocene alluvial activity is evident in northeastern Yellowstone:
(1) aggradation and progradation of tributary alluvial fans, in which
fire plays an important role, and (2) flood-plain widening and over-
bank sedimentation along axial streams. This cycle is particularly
apparent in the late Holocene, where more data are available
(Fig. 7). The similarity in timing of these alternations between dif-
ferent alluvial systems of the study area suggests that climatic vari-
ations are responsible.

Postglacial Climate and Alluvial System Dynamics

Local and regional Holocene climate proxy records were ex-
amined to determine if consistent relations existed between fire-
related sedimentation, alluvial system behavior, and climatic varia-
tions in northeastern Yellowstone. High-resolution paleoclimatic
data are presently available for only the last 250 yr in the Yellow-
stone area (i.e., the dendroclimatic study of Douglas and Stockton,
1975), but general changes in effective moisture are reflected in
some longer, less-detailed records. In a pollen record from Blacktail
Pond, north-central Yellowstone (Gennett, 1977), variations in the
ratio of Gramineae (grass) to Artemisia (sagebrush) may reflect
changes in effective moisture, where a higher grass/sagebrush pollen
ratio implies wetter conditions (e.g., Mehringer and Wigand, 1990).
The coarse sampling and relatively few dates within this record,
however, result in low resolution. High grass/sagebrush ratios
around 900 B.c., A.D. 400, and A.p. 1600 correspond to minima in
fire-related activity and active overbank sedimentation at the T2, T3,
and T4 terrace levels, suggesting a wetter climate at these times
(Fig. 8). Grass/sagebrush ratios are mostly moderate to low during
major periods of fire-related sedimentation, but a strong correlation
is not evident.

Changes in the ratio of small mammals in a stratified cave
deposit in northeastern Yellowstone may also indicate changes in
effective moisture, where an increase in dry-grassland Spermophilus
species relative to moist-meadow Microtus species implies increas-
ing drought (Hadly, 1990) (Fig. 8). A wet interval indicated by the
mammal record around A.p. 300—600 is coincident with low fire-
related activity and active flood-plain widening along both Soda
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Butte Creek and Slough Creek. The mammal record indicates a dry
interval from A.p. 900 to 1200, generally corresponding to the Me-
dieval Warm Period of ca. A.p. 900-1300 (e.g., Lamb, 1977) and the
major period of fire-related sedimentation from a.p. 650 to 1200.
Moderate conditions of effective moisture are indicated from A.D.
1200 to near present, during T4 terrace formation.

Paleoclimatic implications of a middle Holocene eolian se-
quence in the Ferris dune field of south-central Wyoming were dis-
cussed by Gaylord (1990), who interpreted arid conditions between
about 7545 and 7035 yr B.P. and from 5940 to 4540 yr B.P. Relatively
moist conditions in the intervening period from 6460 to 5940 yr B.P.
correlate with T1b terrace formation and an absence of dated fire-
related sedimentation in northeastern Yellowstone (Fig. 7). Late
Holocene droughts suggested by the fire and alluvial record, how-
ever, were apparently not severe or prolonged enough to initiate
dune activity in south-central Wyoming.

More distant paleotemperature proxy records were considered,
because forcing mechanisms for temperature fluctuations such as
volcanic aerosol production (e.g., Rampino and Self, 1982; Porter,
1986) and orbital variations (e.g., Berger, 1979) may affect large
areas. The ca. 1400 yr series of ring-width indices from bristlecone
pines at upper tree line on Almagre Mountain, central Colorado,
has a strong positive correlation with summer growing-season tem-
peratures and was considered by LaMarche and Stockton (1974) to
contain the most reliable paleoclimatic record of several Rocky
Mountain tree-ring series. The response function for this series also
indicates positive correlation with precipitation for most of the con-
current year; therefore, high ring-width indices do not necessarily
indicate summer drought. High ring-width indices from Almagre
Mountain (Williams and Wigley, 1983) at ca. A.p. 1120 and 1160
correlate well with the major episode of fire-related debris flow
activity in Yellowstone around A.p. 1150 (Fig. 8) and inferred peak
temperatures of the Medieval Warm Period in the Northern Hemi-
sphere ca. A.p. 1090-1230 (Porter, 1986). Maxima at ca. A.D. 630,
820, and 960 bracket and fall within the A.p. 650-950 interval of
fire-related sedimentation. A rapid decline in summer temperatures
is suggested by the Almagre Mountain tree-ring record after A.D.
1200, corresponding with widespread evidence for cooling in west-
ern North America (e.g., LaMarche, 1974; Porter, 1986) and glacial
advances in the Canadian Rockies (e.g., Leonard, 1986; Luckman,
1993). Generally low temperatures suggested by the Almagre
Mountain record from A.p. 1200-1700 correlate with low probabil-
ities of fire-related sedimentation in Yellowstone.

Wood above present tree line on Mount Washburn in central
Yellowstone National Park indicates germination of trees under
conditions warmer than present. Ages on inner rings of 830 = 70 yr
B.P. (ca. A.D. 1225; W-4239) and 1190 * 60 yr B.P. (ca. A.D. 880;
W-4240) (K. L. Pierce, U.S. Geol. Survey, 1993, written commun.)
fall near major peaks in fire-related sedimentation (Fig. 8). Germi-
nation of these trees predates the onset of the Little Ice Age, as-
signed to ca. A.D. 1300 by some workers and to ca. A.p. 1500 by others
(Luckman, 1993). Fresh moraines in well-shaded cirque heads in the
Soda Butte Creek drainage (Pierce, 1974) are probably local evi-
dence of Little Ice Age cooling. For example, a sparsely vegetated
moraine in the northeast cirque of Amphitheater Peak (Fig. 1) is
very sharp crested and has a distal slope of ~38°, suggesting for-
mation within the last several hundred years. As is generally the case
for such moraines in the Rocky Mountains, however, the precise
timing of the associated glacial advance is not known (e.g., Davis,
1988).
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Large burn areas in central and northeastern Yellowstone in
the early to mid-1700s and mid-1800s (Romme and Despain, 1989;
Barrett, 1994) and renewed fire-related sedimentation at this time
(Fig. 8) imply a variable and sometimes droughty Little Ice Age
climate. A 750 yr proxy record of fire contained in lake sediments of
central Yellowstone gives evidence for larger fires around A.p. 1440,
1560, and 1700, and reduced fire activity A.p. 1220-1440 and A.D.
1700-1987 (Fig. 8) (Millspaugh and Whitlock, in press). The Little
Ice Age continued to about A.D. 1900 (e.g., Grove, 1987), but recent
compilations of paleoclimatic data imply that this period was neither
uniformly cold nor synchronous over large areas (e.g., Jones and
Bradley, 1992).

Instrumental records show that since 1895, climate in Yellow-
stone has shifted from a cooler and wetter mode to a warmer and
generally drier regime with decreased winter precipitation (Balling
et al., 1992a, 1992b). Warming has been accompanied by increased
convective-storm activity, but the interannual variability of summer
precipitation has been large. In this drought-prone climate, persis-
tent high-pressure ridges in some years produce extreme summer
drought, whereas in other years, “monsoonal” incursions of Pacific
and Gulf moisture combine with strong convection to generate in-
tense summer rainfall. As exemplified by the events of 1988-1990,
fan sedimentation is promoted by extreme summer drought and
major fires followed by frequent and intense summer convective-
storm precipitation (Meyer, 1993). A cooler climate characterized
by prolonged frontal storm precipitation would produce greater
snowpacks and high average discharges in axial streams, thus aiding
overbank sedimentation and channel migration.

Process-Response Model for Northeastern Yellowstone
Alluvial Systems

Relations between Holocene climate variations and alluvial sys-
tem activity in northeastern Yellowstone imply that sediment flux
through the hillslope, alluvial fan, and axial stream subsystems is
subject to substantial climate-related variations in process and rate.
During warmer drought-prone intervals, alluvial fan growth is as-
sociated with aggradation of fire-related sediments and prograda-
tion of fans over axial-stream flood-plain margins. Debris flows on
alluvial fans are mainly depositional in character, whereas large
dilute floods typically incise fan channels; both are typically gener-
ated by intense convective-storm rainfall. Coarse sediment en-
trained in fan-channel incision is deposited in intersection point
lobes or on distal secondary fans but remains within fan storage
unless stream power in the axial system is sufficient to remove it.
Increased convective-storm activity thus promotes fan progradation
over flood plains as well as fan aggradation after fires.

In the northeastern Yellowstone trough valleys, net erosion of
fans is most readily accomplished through cutting of the fan toe by
laterally eroding axial streams. Radiocarbon ages indicating flood-
plain widening at the expense of fans consistently fall within cooler,
wetter intervals, when average discharges in axial streams are likely
to be greater. During the same periods, sustained vertical stability
and overbank accumulation along axial streams indicate that the
threshold of critical power for channel incision is not exceeded
(Bull, 1979, 1991), and flood discharges are probably not extreme.
Vertical stability also implies that adequate resisting power was
maintained by bed load. Bed-load sediment supply in lower Soda
Butte Creek is primarily a function of discharge in middle and upper
Soda Butte Creek, because entrainment of distal fan gravel depends
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on stream power in the axial channel. A consistent supply of sedi-
ment from distal fan erosion would permit construction of a broad
flood plain and inhibit degradation in the lower valley. Thick over-
bank sediments and high-sinuosity channel patterns on the T3 ter-
race suggest that frequent moderate floods and a decrease in the
ratio of bed load to suspended load characterize times of flood-plain
widening along Soda Butte Creek (cf. Schumm, 1969). Similar high-
sinuosity channel patterns are present on the T1a and T1b terraces
as well, although they are more poorly preserved.

Periods of incision along Soda Butte Creek are broadly con-
current with major episodes of fire-related sedimentation. Associ-
ated discharge and sediment-supply conditions in axial streams are
more difficult to interpret, as little depositional record of these
phases is preserved. Where dating limits the timing of downcutting
on Soda Butte Creek most closely (i.e., the T3-T4 and T4-present
transitions), incision occurred during a change from effectively wet-
ter to drier conditions. Incision may involve either an increase in
discharge, a decrease in bed-load supply, or both (Bull, 1979, 1991).
In northeastern Yellowstone, increased relative stream power for
incision most likely stems from increased peak discharges in rare
large floods, while average discharge declines. On the Cimarron
River in Kansas, an analogous transition to drier conditions and
lower average runoff was punctuated by a few very large floods,
which caused a major increase in bed-load transport and channel
erosion (Schumm and Lichty, 1963). The largest recorded dis-
charges in rivers of the Yellowstone region were produced by pro-
longed heavy rain during snowmelt runoff (U.S. Geol. Survey, 1991).
A change to a generally warmer and drier climate may increase the
probability of such events. Because flood-plain widening gradually
reduces the potential for the axial channel to impinge directly on fan
toes and terrace scarps, major floods following an extended period
of flood-plain widening would apply greater stream power to vertical
incision.

Of course, a model invoking fluctuations between uniformly
cool-wet and warm-dry conditions oversimplifies Holocene climatic
variability. The Little Ice Age was cold enough to produce the max-
imum Holocene glacial advance in many parts of the Rocky Moun-
tains (Carrara, 1987; Davis, 1988; Luckman, 1993). The relatively
narrow flood plain of the T4 terrace, however, implies a minor in-
crease in average discharge in Soda Butte Creek during this general
period. Thus, although an unusually cold episode occurred within
the last several centuries, little evidence exists for a large concurrent
increase in precipitation. A minor increase in runoff may have re-
sulted largely from reduced evapotranspiration and a greater per-
centage of precipitation as snow.

Alluvial system models based on late Holocene activity may not
be applicable to the early Holocene, because progressive changes in
Northern Hemisphere insolation produced by orbital variations pre-
clude long-term stationarity of climate. During the early Holocene
ca. 9500-7000 yr B.P., total annual and summer insolation were
greater than at present, whereas winter insolation was less (Berger,
1979; Kutzbach and Guetter, 1986). Pollen records in Yellowstone
indicate generally warmer conditions (e.g., Whitlock, 1993), and no
glacial advances have been substantiated in the Rocky Mountains
for this period (Davis, 1988). Fire frequency was apparently greater
at this time on the central Yellowstone plateau (Millspaugh and
Whitlock, 1994). Whitlock and Bartlein (1993) used pollen data to
infer a wetter-than-present climate, however, at sparsely forested
low-elevation sites in northern Yellowstone during the early Holo-
cene. They attributed greater moisture to increased monsoonal cir-
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culation and summer precipitation. If conditions resembling the
modern snowmelt-dominated hydrologic regime were in existence
around 8000 yr B.P., however, it is likely that T1a flood-plain for-
mation was promoted by an episode of increased snowmelt runoff as
well.

The Soda Butte Creek and Lamar River fill-cut terraces formed
during postglacial incision of late-glacial valley fill. Bull (1990, 1991)
studied generally similar fill-cut terraces along the Charwell River in
New Zealand. He proposed that bed armors form during sustained
moderate flows. The armor inhibits incision and promotes lateral
migration of channels, creating a terrace tread. Erosion of the armor
by large floods permits renewed downcutting. Although changes in
discharge regime were suggested, Bull (1990, 1991) inferred that
terrace formation was more strongly controlled by adjustments
among dependent variables within the alluvial system, and that the
Charwell River terraces represent a complex response of the system
during overall incision (e.g., Schumm, 1973). In contrast, we infer
that similar alternations between lateral migration and incision
along lower Soda Butte Creek are in large part attributable to cli-
mate-related variations in discharge, and that formation of the Soda
Butte terraces was at least in part externally forced.

The Soda Butte and Slough Creek basins experienced nearly
synchronous changes in alluvial fan and axial stream processes, but
resistant bedrock has limited downcutting in Slough Creek so that
terraces are poorly preserved. High sideslope sediment supply and
lesser stream power have prevented net downcutting over the Ho-
locene in upper reaches of Soda Butte Creek, and again, terraces are
not well developed. Although dated times of overbank aggradation
are generally similar to those of lower Soda Butte Creek, the Lamar
River underwent fewer episodes of incision, perhaps due to channel
armoring; thus, fewer terraces were preserved. Intrinsic aspects of
the Lamar River basin such as generally lower relief may also result
in a lower potential for large erosive floods than in Soda Butte
Creek. Differences in the height and number of terraces between
these adjacent axial streams demonstrate that intrinsic controls are
important in determining how climate-induced variations in alluvial
processes are reflected in a suite of landforms.

Few studies have been conducted on Holocene alluvial systems
in the Yellowstone and Rocky Mountain region (see Knox, 1983).
Incision of the Madison and South Fork of the Madison Rivers
through sandy Pinedale outwash in the West Yellowstone basin
(Fig. 1) was relatively continuous through the Holocene (Alexander
et al., 1994), probably because of the low resisting power offered by
the relatively fine outwash sediment. The processes and timing of
terrace development are unlike those of northeastern Yellowstone.
Terraces in the West Yellowstone basin are unpaired, and local
tectonic activity and base level controls may also be significant fac-
tors in terrace formation. Nonetheless, an extended period of inci-
sion between ca. 5700 and 3800 yr B.P. is observed in both areas.
Radiocarbon dates indicate very active lateral migration of streams
in the West Yellowstone basin between about 7100 and 5800 yr B.P.,
coincident with T1b terrace formation in Soda Butte Creek. These
broad similarities suggest that only the larger and longer-term Ho-
locene climate variations have affected alluvial system behavior in a
similar manner in both areas.

Although alluvial system behavior has been strongly modulated
by climate, a fundamental driving mechanism behind Holocene
slope erosion and fan construction in northeastern Yellowstone is
the transition from glacial to fluvial drainage processes at the end of
Pinedale time and the resultant geomorphic disequilibrium. Early
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postglacial fan building was probably rapid because of ample sed-
iment supplied by unstable glacial deposits (i.e., paraglacial fan sed-
imentation of Ryder, 1971, and Church and Ryder, 1972). The rapid
construction of the TO surface at the head of the Lamar Valley is an
analogous paraglacial response. Nevertheless, aggradation had
ended and the Lamar River had incised to near its present level by
ca. 10300 yr B.P. Soda Butte fans have continued to aggrade
through the late Holocene, even in basins with little remnant glacial
sediments. Upper Soda Butte Creek has accomplished very little net
downcutting since 4000 yr B.P.; thus primary denudation of glacially
oversteepened, erodible valley walls has continued to be an impor-
tant geomorphic process in northeastern Yellowstone over postgla-
cial time.

CONCLUSIONS

Post-1988 fire-related sedimentation and similar events re-
corded in Holocene alluvial fans show that widespread, intense for-
est fires are a major factor in export of sediment from tributary
basins in northeastern Yellowstone. Fire-related sedimentation has
occurred on cycles of 300-450 yr in the late Holocene. Strong al-
ternations between episodes of fire-related sedimentation and ter-
race tread formation have also occurred on a cycle of about 1300 yr
over the late Holocene. Comparisons with paleoclimatic records
imply that this longer cycle is controlled largely by climatic varia-
tions. Some major pulses of fire-related sedimentation are appar-
ently related to climatic episodes of hemispheric significance (e.g.,
the Medieval Warm Period; Lamb, 1977).

Climatic trends revealed in instrumental records and associated
changes in geomorphic processes provide analogs for interpreting
Holocene alluvial activity in northeastern Yellowstone. As in recent
years, drought-prone intervals probably involved warmer tempera-
tures, reduced winter precipitation, and intensified summer convec-
tive-storm activity. Summer “monsoonal” precipitation is highly var-
iable on small spatial and temporal scales; thus the potential exists
for severe drought and large fires followed within a few years by
intense convective-storm rainfall. This climatic regime promotes
valley-side fan aggradation and progradation over flood-plain mar-
gins. Less frequently, prolonged basin-wide rainfall on melting snow
may generate a major flood in axial streams, causing channel inci-
sion where resisting power is low.

A low probability of fire-related sedimentation and active lat-
eral migration of axial-stream channels imply that effectively wetter
conditions prevail during periods of terrace tread formation. Large
1988-type fires and associated alluvial-fan sedimentation become
unlikely at these times. Greater runoff probably results mainly from
deeper snowpacks and decreased evapotranspiration. Increased av-
erage discharges in axial streams promote rapid channel migration
and flood-plain widening, and lateral erosion of fan toes supplies
ample sediment to the axial channel. Bed-load gravels inhibit chan-
nel degradation, and high rates of suspended sediment transport
allow overbank aggradation during frequent moderate floods.

Intrinsic lithologic and geomorphic factors within northeastern
Yellowstone alluvial systems have modulated the geomorphic ex-
pression of Holocene climatic variations. While lower Soda Butte
Creek recorded punctuated downcutting in a sequence of five post-
glacial terraces, the Lamar River experienced only three episodes of
downcutting. Resistant bedrock has imposed relative vertical stasis
on middle Slough Creek. Nonetheless, relatively minor climate
changes of the late Holocene clearly effected substantial changes in
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fire regimes, alluvial processes, and the resulting morphology of
valley floors.
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