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Introduction:

Multiple times over the past 2 million years, Earth’s climate has grown cold enough to cause widespread growth of glaciers at high latitudes and high elevations on Earth’s continents. Although abundant evidence for multiple episodes of glaciation is preserved in sediments of the deep ocean, the geologic record of multiple glaciations on Earth’s continents is much more fragmented because each set of advancing glaciers tends to obliterate (erase) much or all evidence of prior glacial advances.

In the northern Rocky Mountains, a well-preserved record of glaciation exists for the last two glacial intervals.  The older of the two glaciations, called the Bull Lake glaciation, occurred about 136,000 years ago.  Glaciers associated with the younger of the two glaciations, called the Pinedale glaciation, were fully developed in Montana about 17,000 years ago.
Glaciers and glacial processes have profoundly impacted the landscapes and near-surface geology of the northern Rocky Mountains. This influence includes erosion of bedrock by glaciers as well as deposition of sediment in environments directly or indirectly influenced by glacial ice.  Many of the mountain peaks, sharp ridgelines, and deep valleys in western Montana have been partially shaped by glacial erosion. At the same time, significant accumulations of sediment were left behind by the glaciers. These accumulations include glacial deposits that were shaped by the ice itself (so-called ‘ice contact deposits’) and deposits that were influenced by glaciers but not shaped directly by ice contact.  The latter include sediments that accumulated in glacial lakes and those deposited by rivers carrying melt water downstream of melting glaciers.

This field trip is designed to provide an introduction to the evidence for ancient glaciers and their influence on the landscapes and shallow geology of the Arlee Valley in western Montana. Over the course of six stops, we will see evidence of glacial erosion in addition to several types of glacially-influenced sedimentary deposits. Two of the field trip stops will be located along roads; others will be located off the main roads a short distance.  Please exercise caution at each of the stops, watching out for cars at the roadside stops and carefully choosing your footing at the stops off road.
II. A primer on glaciers and glacial geology:  
Glacial ice forms over a period of multiple years in places where temperatures during the warm summer months are insufficient to melt all of the snow and ice that accumulate at other times of the year, and enough snow builds up over multiple years to form glacial ice.  As it accumulates and slowly turns into glacial ice, snow formed from delicate six-sided snowflakes undergoes several transformations.  Within each annual snowpack, snowflakes undergo partial melting and refreezing that destroys their original shape.  With enough melting and refreezing, the snow transforms to a granular type of ice called firn. As more snow accumulates and the firn becomes more deeply buried, it slowly is compacted and anneals (fuses) together to form glacial ice.

As glacial ice builds up, it behaves like a very viscous fluid. Glaciers that form on a slope (e.g., in mountainous terrane) flow and slide downslope.  In addition, glacial ice can spread out under its own weight and flow/slide laterally away from the zone in which the ice is forming, much like honey will flow across a countertop onto which it is poured.  Although the rate of ice movement usually is relatively low - typically less than 1 m per day - glaciers can occasionally surge forward at rates exceeding 10 meters/day.

Glaciers advance when the rate at which glacial ice forms in the upper reaches of a glacier exceeds the rate at which the ice melts at the front of the glacier.  The area on a glacier where sufficient snow accumulates to form glacial ice is called the zone of accumulation.  In contrast, the lower reaches of a glacier that undergo net annual melting but which are supplied by ice from the higher-elevation head of the glacier is called the zone of ablation.  The elevation where the zone of accumulation meets the zone of ablation is called the equilibrium altitude line, or ELA.  As climate cools at the beginning of a glacial episode, the ELA will lose elevation, and as climate warms during the transition from a glacial to interglacial period, the ELA will gain elevation.

Glaciers that form in a maritime climate (e.g., Alaska) or at relatively low latitudes (e.g., Montana) usually contain significant amounts of melt water, particularly during the warmer summer months.  Some of this water can flow along the top of the glacier, but most of it flows down passageways in the ice and ends up at the bed of the glacier as a subglacial stream. Such streams flow along the base of a glacier to its end or terminus where the melt water emerges from under the glacier and continues down slope as a glacial outwash stream.
In mountainous terrain, glacial ice can reach thicknesses of hundreds of meters, although most mountain glaciers typically are thinner.  Glacial ice in some continental glaciers can exceed a kilometer in thickness.  The tremendous weight of thick glacial ice flowing and sliding along its base gives glaciers a remarkably erosive power. Glaciers erode bedrock at their base by quarrying or plucking large fragments of bedrock and carrying them away and also by simple abrading the bedrock as the ice flows and slides over it. In some cases, rocks carried by the glacial ice will leave behind scratches or striations in the bedrock surface over which the ice flows. The orientation of the scratches provides a good indication of the direction the glacier was flowing.

Erosion by glaciers leaves behind a variety of distinct landforms, most of which are common in western Montana.  For example, a glacier flowing down a mountain valley will erode a broad valley floor and steep valley walls, giving the valley a distinct U-shaped cross-section.  In comparison, unglaciated valleys shaped by streams usually have a more V-shaped cross-section. Another example of a glacial erosional feature is an arête, a sharp ridgeline formed when two glaciers flow down a pair of closely-spaced parallel drainages and erode the ridge in between.  When three or more glaciers carve away the sides of a single peak, they can shape it into a pointy summit called a horn.  The Matterhorn in Switzerland is a great example.
Rock and sediment that is picked up by a glacier usually is transported some distance down stream in the ice before being re-deposited.  Unlike transport of sediment by water (e.g., in a river) or wind (e.g., in a desert sand dune), ice flows so slowly that it does not tend to segregate the sediment it carries by size - a process called ‘sediment sorting’.  Thus, unlike well-sorted gravel in a river bar or well-sorted sand in a sand dune, sediment deposited by glacial ice typically is not well sorted.  When the ice melts, it simply drops the sediment it is carrying, forming a type of deposit called glacial till.

Glacial till not only can be deposited by a glacier that melts back and leaves its sediment load behind as it does so, but by the conveyor belt-like movement of glacial ice transporting sediment downslope towards its margins.  When a glacier remains in a relatively stable configuration for several years or decades, the rate of ice melting in the zone of ablation is approximately balanced by the rate at which new ice forms in the zone of accumulation. Although the end or terminus of such a balanced glacier will remain in approximately the same position, ice is continually flowing downslope from the head of the glacier to the terminus.  As a result of the flow, sediment reaching the terminus will accumulate in a berm-like deposit called a terminal moraine. Sediment that is carried by the ice to the margins of a glacier and deposited in a similar fashion forms a lateral moraine.  When a glacier retreats, the position and shape of the terminal and lateral moraines can provide a good indication of the position of the glacier and the approximate shape of its snout when the glacier was at maximum advance.
In addition to the landforms and environments that are shaped by direct ice contact are a variety of environments that are influenced by glacial processes but that are not in direct contact with the ice.  Two such environments are glacial lakes and glacial outwash streams.  Glacial lakes can form in several ways, but among the most common is for a glacier to advance across a river and form a temporary ice dam. Water above the dam is impounded, forming the glacial lake.  Glacial lakes also can form at the bottom of large continent-scale glaciers. For example, dozens of sub-glacial lakes have been detected under the Antarctic Ice Sheet.  These lakes form because the thick accumulation of ice overhead insulates the bottom of the glacier from cold atmospheric temperatures while heat from the ground below causes some of the glacial ice to melt.  (The high pressure caused by the weight of the overlying glacier also depresses the melting point of ice at the bottom of a glacier, facilitating the melting process.)  Regardless of how they form, all glacial lakes are prone to rapid draining as the ice holding the water back eventually becomes unstable and fails.  Such rapid lake draining events produce glacial outburst floods downstream of the glacier. Such floods are the largest recognized from Earth’s geologic record.
Glacial outwash streams form from melt water flowing beyond the end of a glacier. Most glacial outwash streams are fast-moving, characterized by multiple channels (so-called ‘braided’ streams), and carry a high proportion of coarse sediment such as pebbles, cobbles, and boulders relative to fine-grained sediment such as silt and clay. The deposits left behind by glacial outwash streams typically consist mostly of coarse-grained sediment, commonly with an interconnected network of pore spaces between the pebbles, cobbles, and boulders. Ancient glacial outwash stream deposits that are buried can serve as excellent water aquifers if they are below the water table, because the open pores in the deposit can store a lot of water while also facilitate its rapid movement through the aquifer to the well.  
III. The Pinedale glaciation in western Montana: During the Pinedale glaciation (~17,000 years ago), a large mass of ice called the Cordilleran Ice Sheet formed over the Canadian Rocky Mountains and extended southward into northern Montana, Idaho, and Washington States. Large lobes of ice from the ice sheet flowed down major valleys, including the Flathead Valley in Montana and the Purcell Valley in northern Idaho.  The Purcell lobe actually flowed across the Clark Fork River near Sandpoint, Idaho, impounding glacial Lake Missoula in the upper Clark Fork River basin in western Montana. At its maximum development, the surface area of glacial Lake Missoula was about 1300 square kilometers (about 500 square miles). When the ice dam impounding the lake failed, the water from glacial Lake Missoula was catastrophically released as a glacial outburst flood that flowed across eastern and central Washington, eroding the thick accumulations of wind-blown dust (called Palouse) from the flood pathway and exposing the underlying basalt bedrock. 
The Missoula and Arlee valleys both contain a well-preserved record of glacial Lake Missoula. In the Missoula valley, shoreline terraces from the lake are clearly visible on the west-facing slopes of Mount Jumbo and Mount Sentinel and exist also on other slopes facing the valley although they are not as obvious. In addition, mostly fine-grained sediment deposited in the lake is preserved in the western part of the Missoula Valley. The Arlee Valley also contains a good sedimentary record of glacial Lake Missoula which we will visit at our last stop.

During the Pinedale glaciation, each of the mountain ranges in western Montana was glaciated, although not all of the glaciers were connected directly to the Cordilleran Ice Sheet. In the continental divide region in and around the Bob Marshall Wilderness, glacial ice built up to the point that the entire region was covered by a single ice cap called the Northern Rocky Mountain Ice Cap. Valley glaciers spilled off this ice cap in all directions.  Mountain ranges further south, including the Rattlesnake and Jocko Mountains, also contained well-developed glaciers although these were mostly smaller valley glaciers that flowed away from each range crest.
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Figure 1: Overview map of entire glacial Lake Missoula and Channeled Scabland system, including offshore components.  Many of the flood deposits that flowed through the mouth of the Columbia River carried sediment far offshore where it was deposited off the coasts of southern Oregon and northernmost California.

BSSP field trip route and description

Stop 1: View of Mount Jumbo from UM campus
The floor of the Missoula Valley is built on gravel-bearing deposits brought into the valley over the past several million years or more by ancestral versions of the Clark Fork and Bitterroot Rivers.  In addition, at least some of the gravel was brought in by large flows through Hellgate Canyon as glacial Lake Missoula drained.  As the flows left Hellgate Canyon and flowed out onto the Missoula Valley floor, they spread out and slowed down, depositing the gravel. In addition large parts of the Missoula Valley contain clay and silt deposits that accumulated in glacial Lake Missoula. These deposits are best exposed in the northwest Missoula Valley.
Rising above the valley floor and guarding the mouth of Hellgate Canyon are the rounded masses of Mount Jumbo and Mount Sentinel.  Cutting across the treeless western slopes of these mountains are horizontal lines that mark the location of former glacial Lake Missoula shorelines, first noted by J.T. Pardee in a landmark 1910 paper.  Although it is popular to think that waves on the surface of the lake carved these shorelines into the bedrock of the mountain sides, it is more likely that the shorelines result mainly from the formation of thin ‘beach berms’ – piles of gravel concentrated by wave action at the shoreline.  The highest shoreline is located about 1000 feet above the valley floor, indicating that the city of Missoula not long ago lay at the bottom of a cold, dark and deep body of water.

After leaving the UM campus, the field trip will proceed to I-90, where we will head west.  An extensive gravel-quarrying operation at the mouth of Grant Creek indicates the presence of a small gravel-bearing delta that likely once flowed into glacial Lake Missoula.  Proceeding further west on I-90, the road climbs slightly and crosses a bench made of silt and clay deposits laid down at the bottom of glacial Lake Missoula.  The Missoula airport is built on top of this bench.

From the I-90/Rt. 93 interchange, the road crosses a series of old sedimentary deposits of Tertiary age.  These rocks are part of the Renova Formation, a series of clay-rich lake and river deposits with thin coal seams that accumulated between about 40 and 15 million years ago, long before glacial Lake Missoula.  Continuing north on Rt. 93, the route crosses the Nine Mile fault that bounds the Missoula Valley on its northern side. This fault, apparently no longer active, places Tertiary rock of the Renova Formation against much older rock of the Belt Supergroup, deposited about 1.5 billion years ago.  From there, Route 93 climbs up and over the Evaro grade, passing multiple road cuts and outcrops of Belt Rock before descending into the Arlee Valley.

Stop 2: McClure Road: The Arlee Valley contains a well preserved record of sedimentation associated with the end of the last major Ice Age.  As we enter the valley traveling on Route 93 north, you will see an excellent example of a glacial moraine at the mouth of Finley Creek to the east (right).  Although the exact age of this moraine is not known, it probably formed near the end of the last major glaciation, about 15,000 years ago.  The well preserved shape of this terminal moraine suggests that it is relatively recent and has not been partially buried by deposits from glacial Lake Missoula.  Although the moraine is located at about 4100’ elevation, the highest levels of glacial Lake Missoula would have overtopped this site.  (The highest elevation shoreline for glacial Lake Missoula is about 4200’, just above the “M” on Mount Sentinel.)  These relationships suggest that the Finley Creek moraine postdates the last full-pool filling of glacial Lake Missoula.
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Figure 2: Looking southeast from intersection of McLure Road and Route 93.  The prominent U-shaped valley is Finley Creek Canyon. The low timbered ridge in the foreground is a terminal moraine deposited by the glacier that flowed down the canyon.  Lateral moraines connect the terminal moraine to the mouth of the canyon.

Stop 2: Finley Creek Moraine: From Stop 1, our route takes us east on McClure Road, then north on a road that accesses the Finley Creek moraine, located on SKC tribal land.  After passing southward along the west side of the moraine’s terminus, the road turns left (to the east) and climbs.  Stop 2 is located at the intersection of the main road with a side road that climbs up to the top of the moraine complex.
We will park the cars at the intersection and continue up the side-road to the north on foot.  The conspicuous boulders on the surface of the moraine were transported by the glacier.

Notice the broad hummocky shape of the ground surface in this part of the moraine.  This type of hummocky topography is typical of moraines and develops because much of the sediment is simply dumped by the ice as it reaches the edge of the moraine or as the ice melts back upon retreat.

[image: image1]
As part of stop 2, we will proceed as a group on foot another hundred or so yards to the north for a look directly up Finley Creek Canyon. From here, we will return to the vehicles and backtrack to McClure Road, where we will turn right (east) and proceed to stop 3.
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Figure 4: Hummocky topography on surface of Finley Creek moraine.

Stop 3: Near the apex of McClure outwash fan.  The McClure fan is an accumulation of sediment deposited mostly by glacial outwash streams sourced in the Jocko Mountains, including in particular the Finley Creek moraine.  The fan clearly slopes to the north, away from the Finley Creek moraine and NW flank of the Jocko Mountains.  The small streams (McClure and Agency) that currently run across the surface of the fan are too undersized to have deposited the large volume of sediment in the fan, suggesting that most of the sediment was probably deposited during Pinedale deglaciation when the melting glaciers provided higher flow discharges.

Notice the upper surface of the fan is marked by numerous piles of cobbles and small boulders moved to improve the value of the land for agricultural purposes.  Many of the cobbles and boulders were probably reworked out of the Finley Creek moraine by outwash streams that carried them further down slope.
From Stop 3 we will drive north down Grey Wolf Road to its intersection with the Jocko Road where we will turn left and proceed west to Arlee for lunch.

Stop 4: Jocko River terraces: Following lunch, we will proceed east on the Jocko River Road out of Arlee to Theresa Adams Lane where we will turn left towards the Jocko River.  The road descends into the Jocko River Canyon, passing by an active gravel quarry before crossing the river and climbing up the north side of the canyon.  Stop 4 is located on the north side of the Jocko Canyon along the road where several small exposures of gravel occur.

The gravels exposed at Stop 4 are part of a large outwash fan complex associated with the Jocko River.  This fan is similar in size to the McClure fan we saw before lunch. Unlike the McClure Fan, however, the Jocko Fan is being actively incised by the Jocko River.  This incision or downcutting has exposed some of the gravel making up the fan and has helped form a series of river terraces in the Jocko River canyon.

River terraces like those which can be seen at Stop 4 can be formed when sediment being transported by a stream aggrades, or builds up, to form a flat surface that stretches across the river valley.  (In this case the valley is the Jocko River Canyon). Usually, the period of aggradation corresponds to a period in which a large amount of sediment is being transported by the river. As the flow wanes and ceases depositing so much sediment, the stream will cut downward or incise into the previously deposited sediment.  In the process, a flat terrace surface corresponding to the period of aggradation is left high and dry, perched above the active stream.

It is presently not known what large flows may have been responsible for depositing the gravel making up the Jocko River terraces, but one scenario is that the upper surface of the Jocko Fan corresponds to peak runoff during the last deglaciation. Following the maximum flow, the river began to cut downward into its own sediment. Several subsequent periods of increased flow caused the river to switch temporarily from degrading (eroding downward) to aggrading (building sediment upward). During each of these periods, the flat surface of one of the terraces was formed, and following each period of increased flow, the river resumed downcutting.
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Figure 5: Topographic map (contour interval 40 feet) of the Finley Creek moraine and McClure Creek outwash fan.  Stops 1, 2, and 3 are highlighted.

Another scenario for the origin of the river terraces at Stop 4 is that the Jocko River has been incising downward through the deposits of the outwash fan since deglaciation of the area.  At times, the river did not incise downward very quickly, but rather migrated back and forth across its flood plain, laterally eroding some of the gravel of the outwash fan and forming a flat surface in the process. Eventually, the river resumed incision and left the former flood plain high and dry as a terrace.

Regardless of how the terraces were formed, Stop 4 provides a good opportunity to look closely at some of the gravels left behind by the outwash stream.  Proceed from the terrace overlook to the small exposures of gravel in the road cut down hill.  Notice that this gravel consists of well rounded clasts that are sorted by size (there are no very large boulders, for example) and that in some places, the clasts are oriented so that they are leaning to the right.
Figure 6: Topographic map of the Jocko River where it enters the Arlee Valley. The river has cut a canyon that is up to 500 m across in places and is characterized by multiple river terraces. Outside of the canyon, the topographic contours define the broad shape of the Jocko outwash fan.
The rounded shape, sorting, and ‘leaning’ of the clasts all suggest that these gravels were deposited by a moving flow of water. Not only does the lower viscosity of water make it a much more effective agent for rounding and sorting than a flow of ice, but the flow can arrange the clasts in a hydrodynamically stable position such that they are leaning upstream. (Clasts leaning downstream tend to have a corner that sticks up into the flow and causes the clast to flip over so that it is leaning upstream.) The leaning of the clasts here is called imbrication, and it is one tool geologists can use to estimate the direction of an ancient flow long after the flow itself is gone.

Stop 5: buried bedrock hill and glacial erratic: Stop 5 is located NW of stop 4 near the western end of Dumontier Road. This stop provides another look at the Jocko River terraces to the southeast, in addition to a hill of bedrock that has been partially buried by sediments of the Jocko River outwash fan.  Looking to the NW, you’ll see a rib of outcropping bedrock running up the hill. The exposed bedrock indicates that this hill is cored by bedrock and not a deposit of sediment.  However, notice the lone angular boulder near the skyline. This boulder, which seems very much out of place, is a glacial erratic, so named because it consists of a different lithology than the bedrock making up the hill and is much larger than any other clasts that occur here.  The glacial erratic is probably a dropstone carried into glacial Lake Missoula on an iceberg which melted and dropped the boulder here.
Stop 6: glacial Lake Missoula sediments: Between stops 5 and 6, Route 93 stays within the Jocko river flood plain. If you look to your right (east) as we are driving, you’ll see some light-colored hills exposed near the foot of the mountains there. These sediments were deposited at the bottom of glacial Lake Missoula. As we get closer to stop 6, you will see that the light-colored hills are getting closer to the highway and that they are marked by a flat upper surface which corresponds to the former lake bottom.  Stop 6 is located where the hills meet Route 93.
Please exercise extreme caution at this stop!  Not only is there a lot of high-speed traffic here, but the rocks forming the outcrop are very unstable and large boulder-sized blocks can come down with little or no warning.  Pay attention to overhanging or otherwise unstable rocks above you if you get up close to the road cut.

Stop 6 provides a fantastic exposure of sediments deposited at the bottom of glacial Lake Missoula. These are the silty light-colored sediments making up all but the lower few meters of the outcrop. The lower part of the outcrop consists of a gravel with lots of silt in between the clasts. Although this could be a river gravel, the fact that it has so much matrix in between the clasts suggests that it may also be a debris flow deposit that mobilized after a lake draining event when the valley walls were covered by saturated, unstable mud.

Pay particular attention to the detailed structures in the glacial Lake Missoula silt beds. You should be able to see planar lamination, possibly representing annual accumulations of sediment, an abundance of small convoluted structures that reflect deformation of the soupy sediment at the bottom of the lake, and one or more beds of sand containing well-developed ripples.
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Figure 8: Cross-sectional view of current ripples at Stop 6. These ripples formed as unidirectional currents at the bottom of glacial Lake Missoula transported coarse silt and sand along the lake bottom.
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Figure 9: Laminated glacial Lake Missoula sediment, Stop 6. Some of the laminations are convoluted, suggesting partial liquefaction of sediment on the lake bottom.
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Figure 3: Boulders of a variety of


sizes are common on the surface of


the Finley Creek moraine.
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Figure 7: Close up of gravel


at stop 4. Noticed that several of


the clasts are leaning to the right


(imbricated) and that open pore


spaces exist between some clasts. 
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