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[bookmark: _Toc442193215]Introduction
LiDAR (Light Detection and Ranging) elevation data was collected for the Brooks River area on May 27, 2012 (Figure 1). The LiDAR data was collected for archeological and engineering purposes, but it is also useful for interpreting geomorphology. The enclosed geomorphic map was interpreted from the hillshade and digital elevation model (DEM) derived from this LiDAR dataset. The map is primarily the product of remote sensing interpretation, but was field checked during the summer of 2014.
The area mapped lies between Brooks Lake and Naknek Lakes. Naknek Lake is dammed by a Pleistocene glacial moraine on its down-stream side and Brooks Lake is dammed by a moraine on its up-stream side. Brooks Lake is 8 m (25 ft) above Naknek Lake and the lake drains into Naknek Lake via Brooks River, which flows over the iconic Brook River falls.
The Brooks Camp area is a national historic landmark with a rich history dating back at least 4,400 years and the geomorphology of the area provides the stage upon which ancient inhabitants lived. The development of the Brooks River formed a constriction that concentrated fish for harvest. The landforms of the area provided solid, well-drained ground for housing.
Brooks Camp contains roads, trails, floating bridge, and small buildings; and a raised bridge over the Brooks River has been proposed. A geomorphic map can be useful for understanding or identifying the engineering properties of the ground around the Brooks Camp area for the purpose of identifying suitable materials and sites for buildings, roads, and trails. It may also help with understanding the hydrogeologic properties of the area. As such, an effort has been made to describe the physical properties of the geologic units along with interpretations of the geologic processes that formed the features. 
[image: D:\NPS\_Parks\KATM\2014 LiDAR and Naknek\Fig_AK Peninsula.jpg]
[bookmark: _Ref427487692][bookmark: _Toc442193232]Figure 1. Map showing the geomorphic map location.
[bookmark: _Toc442193216]Geologic Setting
Underlying the Brooks River area are Tertiary sedimentary rocks, and Jurassic plutonic and volcanic rocks (Riehle et al. 1993). The Jurassic plutonic and volcanic rocks are part of the Talkeetna arc, which was a volcanic arc that formed as an island arc about 190 million years ago. After these rocks formed, they were transported a long distance in the paleo-Pacific ocean until they collided with the North American continent where they were uplifted and eroded. The Tertiary sedimentary rocks were derived from erosion of the Talkeena arc and laid down by braided rivers.
The geomorphology of the landscape of the map area was shaped predominately by Pleistocene glaciers and related processes. During the Pleistocene (2.6–0.01 Ma), glaciers covered nearly the entire map area, except for the highest ridges. The Alaska Peninsula held the most western extent of the North American continental ice-sheet. Figure 2 shows a schematic map of the glacial coverage extent during these glaciations. The absolute age ranges of the glacial advances is shown in Figure 3. The glacier that formed Naknek Lake was sourced from the mountain crest and flowed down the Savonoski and Rainbow River valleys where it merged, then split into four fingers that flowed down Iliuk Arm and Brooks Lake, North Arm of Naknek Lake, Grosvenor and Coville Lakes, and Hammersly Lake. The Newhalen and Iliuk stades of the Brooks Lake glaciation are preserved in the map area: (Abrahamson 1950; 1952, 1953; Detterman and Reed 1973; Detterman 1986).
[image: D:\NPS\_Parks\KATM\2014 LiDAR and Naknek\Fig_Glaciation extents.jpg]
[bookmark: _Ref423364986][bookmark: _Toc438194826]Figure 2. Map showing the glacier extents during Pleistocene glaciations (after Detterman and Reed 1973; Detterman 1986; Detterman et al. 1987; Riehle and Detterman 1993).
[image: D:\NPS\GRI\AK Geo Reports\KATM\Figures\Fig_Glacial Advances Ages.jpg]
[bookmark: _Ref424030791][bookmark: _Toc438194827]Figure 3. Diagram showing the distance from the mountain crest of the various glacial advances and their age ranges based on radiocarbon ages. Ages of overlying tephra deposits help constrain the age of some of the glacier deposits. Also shown is the global temperature deviation curve from Petit et al. (1999). Radiocarbon ages are reported in cal. yr BP. Sources: a – Pinney and Beget (1991), b – Rymer and Sims (1982), c – Riehle et al. (2008), d – Reger et al. (1996), e – Hildreth and Fierstein (2003), f – Mann and Peteet (1994), g – Stilwell and Kaufman (1996), h – Detterman (1986), I – Riehle and Detterman (1993).
The oldest surficial deposits in the map area are Brooks Lake glaciation-Newhalen stade glacial drift deposits forming kame topography along the base of Dumpling Mountain and along the Valley of Ten Thousand Smokes road. The Newhalen stade glacial advance and older advances scoured the bedrock of the map area and formed the smoothed texture of Dumpling Mountain and the rounded knobs of Jurassic plutonic rocks. The Iliuk Arm moraine divides the Iliuk Arm from the rest of Naknek Lake (see cover photograph) and is the type moraine for the Iliuk stade. The moraine is only moderately eroded. The Newhalen and Iliuk stades are constrained with radiometric ages between 19,880 ±210 and 23,180 ±140 cal. yr BP[footnoteRef:1] (Pinney and Begét 1991; Reger et al. 1996; Hildreth and Fierstein 2003). [1:  Ages are given in calibrated (calendar) years before present (cal. yr BP). "Present" is, by convention, considered to be 1950 CE and ages are given with an error range of ± one standard deviation (1σ). Calibrated ages were calculated from reported radiocarbon (carbon-14 or 14C) yr BP ages using the program OxCal v4.2 with the IntCal13 calibration curve (Bronk Ramsey 2009). The IntCal13 calibration was developed by correcting 14C ages with known ages of plant and animal species with countable annual features like tree rings and coral growth rings.] 

As the glaciers receded, the freshly deposited end moraines dammed the water melting from the glaciers to form proglacial lakes. When the Iliamna stade glacier retreated, a greater Naknek lake began to form and the higher lake level eventually filled the many valleys of the Naknek district. After the Iliuk advance, the water flowing over the Naknek moraine slowly cut down and lowered the lake. As the lake lowered, waves cut a flight of terraces on the hillslopes around the lake. As the lake lowered it divided into the present Brooks and Naknek Lakes and the Brooks River was formed. The earliest known archeological sites are about 4,400 years old and are located on lake terrace beach ridges adjacent to the Brooks River (Dumond 1981, 2005).
[bookmark: _Toc442193217]Previous Studies
[bookmark: _Toc442193218]Geomorphic Mapping
This map provides the most detailed geomorphic map of the Brooks River area to date, but the interpretation of the landforms was informed by previous studies. The first general geographic and geomorphic geology study of the area was by Abrahamson (1950), who described and named the glacial features. Muller (1953) conducted a more detailed geomorphic study of the Naknek Lake area and further refined the interpretations of the glacier deposits. Muller (1963) sketched the first detailed geomorphic map of the Brooks River area showing Naknek Lake beach ridges, glacier deposits, modern beach deposits, and alluvial deposits (Figure 4). He also made interpretations on the timing of glacial recession and formation and draining of the ancient Naknek Lake. During archeology studies, Dumond (1981) completed a second detailed geomorphic map of the Brooks River area showing the locations and elevations of ancient Naknek Lake beach ridges (Figure 5). Riehle and Detterman (1993) produced a 1:250,00 scale Quaternary geologic map of the Mount Katmai quadrangle that is useful for understanding the regional geologic history.
[image: ]
[bookmark: _Ref438643468]Figure 4. Muller (1963) geomorphic geologic map of the Brooks River area showing the glacial features and series of shoreline features.
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[bookmark: _Ref427517768][bookmark: _Toc442193233]Figure 5. Dumond (1981) geomorphic geologic map of the Brooks River area showing the various locations and elevations of beach ridges and wave-cut terraces.
[bookmark: _Toc442193219]Naknek Lake Levels
The hills around Naknek and Brook Lakes have well-preserved wave-cut terraces, wave-cut cliffs, and beach ridges that are a record of the elevations of the ancient Naknek Lake. During the first US sponsored exploration of the area, J.E. Spurr (1900) recognized raised terraces above Naknek Lake. He stated (p. 258), “On rock shores of the lake, a short distance above the outlet, are terraces, the lowest of which are very fresh, which have talus fragments almost unattacked by frost or vegetation.” He suggested that the lake was once a fjord and that at one time, the lake was damned by an elevated bay bar. Abrahamson (1950) was the first to identify that Naknek Lake was damned by a moraine. He also recognized the wave-cut terraces on the hills around the lake as representing higher lake levels. Muller (1952) found three recognizable terrace levels 24–30 m (80–100 ft) above the current level of the lake.
Muller’s (1963) unpublished report was the first detailed study of the wave-cut terraces of Naknek Lake, with a focus on the Brooks River area. Muller described the progression of ice retreat and lake formation and provided terrace height measurements. The highest terrace he measured was 68 m ASL along the western portion of Brooks Lake, which he assigned to a Headwaters Lake stage, named after Headwaters Creek. He suggests that there is no evidence for a lake level of this height on the western side of the lake (near Brooks River). He poposed that the Headwaters Lake was damned by the Naknek Glacier resting against the base of Dumpling Mountain and that it was only present for a short duration until the Naknek Glacier retreated back from Dumpling Mountain, allowing the lake to drain out the Naknek Lake drainage. The next lowest terrace Muller measured was at 35 m above sea level, which was formed on the Iliuk outwash plain and moraine. Downcutting at the outlet of the ancient Naknek Lake slowly lowered the lake level and left a series of beach ridges and minor terraces. As the lake level reached the elevation of the bedrock near the head of Brooks River, approximately 22 m ASL, the lake separated.
Dumond (1981) conducted a more detailed transit survey of the Brooks River area to measure the heights of the terraces relative to the elevation of Naknek Lake. He also dug pits and cored the terraces to identify the presence or absence of dated tephra layers. Dumond suggested that the absence of the older tephra layers on the younger terraces provided an age for the draining of the lake. Dumond produced a detailed figure that shows the lake levels and the ages of ash layers identified on the terraces, which is reproduced in Figure 6. These dates should be considered as youngest ages, because they are more than 10,000 years younger than the age of the retreat of the Illuk stage glacier (Figure 3).
[image: D:\NPS\_Parks\KATM\2014 LiDAR and Naknek\Dumond 1981 terrace levels.jpg]
[bookmark: _Ref439082204][bookmark: _Toc442193234]Figure 6. Wave-cut terrace levels and ages by Dumond (1981). Dumond used 10 m for the elevation of Naknek Lake as a baseline for the terrace height measurements. The LiDAR data shows the elevation of the lake at 12.8 m, so 3 meters was added the elevations for this diagram. The oldest tephra identified on each terrace was used by Dumond to estimate their age of formation.
Kaufman and Stilwell (1997) conducted lake terrace mapping and dating on Illiamna and Naknek lakes. On Naknek lake, they identified three distinct terrace levels at 6, 15, and 31 m above the Naknek Lake level, which match well with the previously reported terrace levels. They noted that the most prominent terrace was at the 14-15 m level.
[bookmark: _Toc442193220]LiDAR Dataset and Geomorphic Mapping Methods
The primary dataset used for mapping the geomorphology of the Brooks River area was a LiDAR dataset that was collected for the Brooks River area by AeroMetric on May 27, 2012 (Mann 2012). The dataset is approximately 17 km by 5 km and covers part of Dumpling Mountain, the Brooks River area, and part way out the Valley of Ten Thousand Smokes Road. A Leica ALS70 LiDAR system was used from an aircraft flying 1,500 m above ground level. The resulting normal point spacing was 0.687 m with a vertical accuracy of 0.057 m RMSE (NAVD88, GEOID09). A bare earth DEM was generated from the point cloud with a pixel size of 1 m. 
For interpreting the landforms, the bare earth DEM was converted to a hillshade with the same resolution as the original dataset and was illuminated from the north with a sun angle of azimuth 315º and altitude 45º. Detailed 1 m resolution IKONOS satellite imagery and aerial photos are available for the map area; however, the thick vegetation coverage obscures most of the geomorphic features. The LiDAR bare earth dataset was invaluable for “seeing through” the vegetation to the surface features. However, some of the older geomorphic features are subdued by dense brush, soil, and ash cover. The geomorphic map was drawn at approximately 1:5,000 scale for display and use at 1:10,000 scale. The enclosed map is plotted at 1:20,000 scale and includes the LiDAR hillshade as a background. The digital datasets for the geomorphic map are provided as an ESRI Geodatabase and shapefiles.
[bookmark: _Toc442193221]Geomorphic and Geologic Features
[bookmark: _Toc442193222]Bedrock Features
The surficial deposits of the lowlands of the Brook River area overlie four older bedrock units. These bedrock units crop out at Dumpling Mountain and along the lake shorelines. Where these rocks crop out extensively, their structural features are visible in the LiDAR bare earth dataset. The oldest unit of the area makes up Dumpling Mountain and is the Lower Jurassic Talkeetna Formation (Jtk), which is altered volcanic and volcaniclastic rocks. Shallowly dipping bedding planes are visible as parallel ridges that wrap around the southeast end of the mountain. The bedding is cut by numerous lineaments. If they are faults, offsets are slight and may be apparent, so they may simply be joints. The lineaments were targeted during the field investigation, but it was not possible to find any suitable bedrock exposures in the dense vegetation on Dumpling Mountain.
The next oldest bedrock unit is the Jurassic granodiorite (Jgd) forming small glacially scoured knobs in the middle of the map area. The knobs have relatively wide, subdued lineaments that may be faults or joints.
Along the base of Dumpling Mountain, along Naknek Lake is the lower Tertiary Ketavik Formation (Tk), which was originally described by Parrish et al. (2010). The unit only crops out in a narrow band along the shore of Naknek Lake, northwest of Brooks Camp, at Brooks Falls, and at a small exposure on Brooks Lake. Along the lakes, the exposure is limited between the thick brush and the waterline (Figure 7). Exposure is best during low water levels. The unit consists of sandstone and conglomerate, and contains plant fossils. Although not mapped previously, the Ketavik Formation also crops out along the Brooks River at Brooks Falls, where a resistant bed of conglomerate forms the falls (Figure 8). Both the Talkeetna Formation and the Ketavik Formation have shallow dips, so mapping the contact between the two units using the LiDAR is difficult. However, there is an apparent slight change of bedding plane orientation that is mapped as a queried contact on the map. This slight change in bedding orientation suggests that the Ketavik Formation overlies the Talkeetna Formation with a slight angular unconformity. Both these units are intruded by porphyritic Tertiary dikes and small stocks of diorite (Td), which were identified in the field and form linear, narrow ridges in the LiDAR dataset.
[image: D:\Photos\2014_07_21 Katmai rocks and bears\IMG_3253.JPG]
[bookmark: _Ref439257520][bookmark: _Toc442193235][bookmark: _Ref428288573]Figure 7. Photograph of sandstone beds of the Ketavik Formation along Naknek Lake.
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[bookmark: _Ref427518797][bookmark: _Toc442193236]Figure 8. A) Photograph of Brooks Falls showing the Ketavik Formation cropping out on the north bank. A resistant bed of conglomerate forms the falls. B) Photograph showing a close-up of conglomerate at Brooks Falls. Largest clasts are approximately 3 cm in diameter (NPS Photo/Mike Fitz).
[bookmark: _Toc442193223]Glacial Features
The Brooks Lake glaciation-Newhalen stade glacial deposits form fluted topography on the south side of the map area (g), which is either subglacial logement till, or scoured bedrock with a thin cover of glacial till. The smoothed texture of the lower portion of Dumpling Mountain and the rounded knobs of granodiorite (Jgd) in the middle of the map area were formed by glacial erosion. The Iliuk Arm moraine (m) is moderately eroded and the lower portions show evidence of wave action, which formed wave-cut cliffs and terraces. Glacial meltwaters formed the Iliuk outwash plain (ag) that contains kettle pits (k). Based on the orientation of the braided channels on the outwash plain, it appears that it was sourced from the flat-wide river plain (ag) that is oversized for the small Up-a-Tree Creek.
[bookmark: _Toc442193224]Earth Flow
An earth flow (ef) is present on the northwest corner of the map area with a scarp near the top of Dumpling Mountain. The flow appears as a large lumpy mass with a head scarp in bedrock. The upper portion of the slide area contains a couple small earth flows and the toe mass has a few intra-flow scarps. The main earth flow, the internal earth flows, and the intra-flow scarps may have formed during a single slumping event or during separate events. Earth flows are usually triggered during heavy or prolonged rain events. The presence of levees on the smaller internal earth flows suggests that they were highly saturated at the time of failure. The flatter area mapped as thin alluvium (att) below the toe of the earth flow may have formed by the release of clay rich water releasing from the toe after the main event. The earth flow is clearly visible in the LiDAR dataset, but is not recognizable in the field or from remote sensing imagery.
[bookmark: _Toc442193225]Lacustrine Features
[bookmark: _GoBack]Beach ridges, wave-cut cliffs, and wave-cut terraces (w1, w2, w3) are present throughout the map area. The beach ridges are prominent features that clearly indicate that the lake levels were higher than present day. The beach ridges form arcuate parallel ridges in small paleo-coves, linear parallel ridges on strait paleo-beaches, and horse-tail shaped ridges at the end of jetties (for example: beach ridges enclosing Nystrom Lake). Beach ridges form during storm events where waves push up gravel and sand. Parallel ridges form where waves break generally perpendicular to the shoreline, and horse-tail shaped ridges form where waves break at an angle to the shoreline. The source of sediment for the beach ridges either comes from local beach deposits, or, where waves break at an angle to the shoreline, long-shore currents carry sediment along to supply the formation of beach ridges (for example: beach ridges enclosing Nystrom Lake). The inside cover photograph shows beach sands of the Brooks Camp area with interbedded ash layers.
Wave-cut cliffs are cuspate steep faces above gently sloping wave-cut terraces containing beach ridges. The wave-cut terraces are present at various elevations, but three major levels were identified (w1, w2, w3), which correspond to elevations of 31, 42, and 52 m ASL respectively. These three terrace levels are most developed along the base of Dumpling Mountain. Along the Iliuk Moraine and at the toe of the Iliuk outwash fan, the wave-cut terraces are present at various elevations and are not as laterally continuous as at Dumpling Mountain. The difference in wave-cut cliff and terrace formation between these two areas is most likely due to the direction of the prevailing winds flowing down lake. The waves created from these winds would have hit the shores of the Iliuk Moraine and the Iliuk outwash fan at higher angles than along the base of Dumpling Mountain. As such, the waves would have had more energy to cut defined wave-cut terraces and cliffs along the base of Dumpling Mountain, and the features would preserve better because they were cut into bedrock. Whereas, along the Ilium Moraine and the Iliuk outwash fan, the waves would have had less energy by hitting at an angle, and preservation would be less likely, because the waves were eroding unconsolidated surficial materials.
Lacustrine silts underlie much of the Brooks River area; covered only by a thin layer of beach deposits and alluvium. As part of the engineering studies for building a raised bridge replacement over the Brooks River, 14 geotechnical holes were drilled at the proposed site. The geotechnical report (Scher 2011) provided drill logs for each hole. A generalized core profile is provided in Figure 9 for the holes drilled directly in the Brooks River floodplain. A typical core profile contained approximately 4 m of gravel and sand at the top, 12 m of fine-grained sand and silt, and 6 m of silt and clay at the bottom. The upper gravel and sands are Brooks River alluvial deposits. The lower sand, silt, and clay layers are most likely lacustrine sediments. One interesting finding is the depth of the lacustrine sediments extends below modern sea level. The lacustrine sand, silt, and clays are not present downstream of the Naknek Moraine where drill cores at King Salmon and in the Naknek Moraine showed that glacial and glacial outwash deposits extend to depths as deep as 54 m (Abrahamson 1950). Sea level was lower during the Pleistocene glaciations, so the deeper fine-grained sediments in the Brooks River drill cores are probably not from a marine incursion, but are most likely lacustrine.
[image: D:\NPS\_Parks\KATM\2014 LiDAR and Naknek\Bridge Drill Cores_generalized squished.jpg]
[bookmark: _Ref441160757][bookmark: _Toc442193237]Figure 9. Generalized drill core log for holes in the Brooks River floodplain. Generalized from Scher (2011). A 4 m layer of alluvium overlies a thick package of lacustrine sand, silt, and clay that gets finer-grained at depth.
Comparison of Mapped Lake Levels with Previous Studies
Appendix A shows a table of wave-cut terrace and lake level heights mapped during this study compared to previous studies. Wave-cut terrace heights were identified visually in the LiDAR at five heights, 25, 31, 37, 42, and 52 m ASL. The most laterally continuous wave-cut cliffs are at 31, 42, and 52 m ASL, which correspond to the tops of wave-cut terraces identified on the map as w1, w2, and w3. A histogram of elevations in the LiDAR dataset (Figure 10; Appendix A) shows that two of the histogram frequency peaks correspond well with the mapped wave-cut terrace heights (w2 and w3) at 42 and 52 m. Other minor peaks in the elevation frequencies also correlate with the minor wave-cut terraces identified in the hillshade. 

[bookmark: _Ref441155555][bookmark: _Toc442193238]Figure 10. Histogram showing the frequency of elevations from the LiDAR dataset (with Naknek and Brooks Lake elevations removed). Red dashed lines show elevations of major and minor wave-cut terraces identified visually in the LiDAR dataset. The prominent terrace at 52 m is indicated by a large frequency of elevations ranging from 47–52 m. The 42 m terrace also has a moderately high frequency of elevations between 38–42 m. Other identified wave-cut terraces have lesser correlation with the minor peaks in the elevation frequencies.
On the west end of Brooks Lake, Muller (1963) identified wave-cut terraces as high as 68 m. The Brooks Lake Moraine, damning the west side of the lake, has a low point at 66 m ASL, but must have been slightly higher when the 68 m wave-cut terraces formed. Interestingly, the ponded looking area below the toe of the Earth flow (mapped as att) is at a similar elevation to the wave-cut terraces at the west end of Brooks Lake. This correlation in height may suggest that the lake level was at this height in the Brooks River area, but this correlation alone is not very strong evidence for lake levels in the Brook River area.
The highest beach ridge identified on the Iliuk Arm side of the Iliuk Arm Moraine is at 57 m ASL near the south end of the map area. Overflow storm ridges are present along the northeast side of the outwash plain at 59 m ASL. This height is similar to the height of the subdued surface formed along the base of the outside of the Iliuk Arm Moraine, which is mapped as washed moraine (wm). Ponded areas along the Iliuk Arm Moraine on the southern end of the map area are at approximately 59 m ASL, which is only 2 m higher than the highest beach ridge. The prevailing winds pushed strong waves against the east side of the Iliuk Arm Moraine and formed the beach ridges and overflow ridges on the inside of the moraine. The braided river channels are preserved on the outwash plain on outside of the moraine, which suggests that wave energy on the west side of the moraine was low. These features suggest that the level of the ancestral Iliuk Arm area of Naknek Lake was as high as 59 m ASL after the glacier retreated from the Iliuk Arm Moraine.
The lowest divide on the Naknek Moraine is 53 m ASL; where Lake Camp Road crosses the moraine. Abrahamson (1950) identified an alluvial fan downstream of this divide, which he suggested was formed by the ancestral Naknek Lake draining over the divide. The presence of beach ridges on the Iliuk Arm Moraine higher than the divide suggests that the divide was higher than it is today, and that it was lowered by erosion from water flowing over the divide. 
The extent of the ancient Naknek Lake was much greater than it was today. Figure 11 shows the extent of the lake levels at the heights of the identified wave-cut terraces. At even the lowest wave-cut terrace elevations, the lakes Coville and Grosnenor were connected to the greater Naknek Lake extent. These lake heights are important for understanding the presence of kokanee salmon in some of the lakes that are no longer connected to the sea (Hamon and Pavey 2012).
[image: D:\NPS\_Parks\KATM\2014 LiDAR and Naknek\Fig_Greater Naknek Lake.jpg]
[bookmark: _Ref442199665][bookmark: _Toc442193239]Figure 11. Map showing the extent of Greater Naknek Lake at the identified wave cut terrace levels. (Elevations were derived from the National Elevation Dataset Digital Elevation Model).
[bookmark: _Toc442193226]Alluvial Features
Three streams cross the map area: Brooks River; Margot Creek; and the informally named Up-a-Tree Creek. The modern Brooks River forms an alluvial floodplain (am) with slight meanders below Brooks Falls. There are higher, older river terraces (at) that indicate a progressive down-cutting of the river channel. Margot Creek, on the south end of the map area, has a meandering channel with a wide flood plain. There are paired river terraces on each side of the river with abandoned channels that appear to have been more braided than the modern river, which may have formed from glacier outwash. Thin alluvium (att) overlies older surficial deposits along small drainages throughout the map area.
Not shown as a map unit are deltaic sediments along the banks of the Brooks River, below Brooks Falls (Muller 1963). These sediments consist of sandy foreset beds and gravelly topset beds. Muller suggested that the deltaic sediments were laid down below Brooks Falls while Naknek Lake was about 4 m higher than present. The deltaic sediments were reworked and eroded by waves and the Brooks River. As such, they are not identifiable in the LiDAR imagery, because they are overlain by alluvium or beach berms.
[bookmark: _Toc442193227]Quaternary Timeline
1. Older glaciations scoured the bedrock and formed wide U-shaped valleys. 
2. During the Illiamna stade of the Brooks Lake glaciation, the Naknek Moraine was formed.
3. The Naknek glacier receded from the Naknek Moraine. The height of the nascent pro-glacial lake is unknown.
4. During the Newhalem stade of the Brooks Lake glaciation, the Brooks Lake Moraine (west end) formed and subglacial lodgment till (g) was deposited.
5. As the Naknek Glacier receded from the Newhalem stade position, a lake formed on the west end of Brooks Lake that left a wave-cut terrace at 68 m ASL. This lake was called the Headwaters Lake by Muller (1963), because it flowed out Headwaters Creek.
6. After the Naknek Glacier receded away from Dumpling Mountain, the high ancient Brooks Lake may have dropped significantly when it joined Naknek Lake. The height of Naknek Lake is unknown, but could have been as low as it is today.
7. During the Iliuk stade of the Brooks Lake glaciation, the Iliuk Arm Moraine (m) formed.
8. The Iliuk outwash plain formed (ag). Abandoned channels on the outwash plain show that they were sourced from the Up-a-Tree Creek drainage and deflected off the Iliuk Arm Moraine. The Brooks Lake level at the time was below the end of the outwash plain. Braided channels are visible near the end of the outwash plain, so the lake level had to be lower than the braided channels visible on the toe of the outwash plain.
9. The Naknek Glacier receded from the Iliuk Arm Moraine (m) either during or after the outwash plain formed.
10. The Naknek Lake level rose to the height of the highest beach ridges and storm overflow ridges formed at 59 m ASL. These features are present on the inside and outside of the Iliuk Moraine, so the glacier had retreated before these features were formed. 

The highest lake level was probably short lived. Prior to reaching 59 m ASL, the Naknek Lake would have been lower than the Naknek Moraine. When the lake level rose to the point where the water flowed over the moraine, the lake level most likely dropped rapidly due to erosion by the new outlet river. 
11. As the lake level dropped from eroding the outlet at the Naknek Moraine, wave-cut terraces and cliffs were eroded the toe of the outwash plain and etched into the sides of the hills surrounding the lake. Even though the lake level was higher than the highest preserved wave-cut terrace and cliff (w3, 52 m), these wave-cut features did not form at higher elevations, because the lake was not at the highest levels very long. As the lake level dropped, it left the flight of wave-cut terraces during periods of stable lake level that were long enough to allow the formation of the wave-cut features.
12. After dropping to a level of approximately 22 m ASL, Brooks Lake would have been split from the ancient Naknek Lake and a juvenile Brooks River began to flow over bedrock into the modern Naknek Lake (Muller 1963).
[bookmark: _Toc442193228]Surficial and Geomorphic Units
w, water
h, anthropogenic alteration - Areas of human disturbance; primarily building sites and gravel pits.
bm, Modern beach deposits- Moderately sorted sand with small gravel and pumice within the wave affected area adjacent to Brooks and Naknek lakes. Beach deposits are only a few meters thick overlying older geologic units. The source of the sediment for beach deposits is from reworking the underlying and adjacent units and sediment transported by long-shore currents. Locally contains cobbles and boulders weathered from local bedrock, or where finer sediment is washed from glacial deposits leaving behind larger clasts.
p, Peat and silt - Low-lying areas of bogs consisting of abundant organic matter in the form of peat and silt. Includes interbedded tephra layers.
ef, Earth flow - A large earth flow is present on the south side of Dumpling Mountain. The earth flow contains contorted, poorly-sorted material consisting of large bedrock blocks and glacial sediment entrained in mud, silt, and sand. 
am, Alluvium - Moderately well-sorted and stratified sand and gravel along modern active flood plains along the Brooks River and Margot Creek. Locally includes boulders where the streams erode glacier deposits.
at, Alluvial terrace - Alluvial deposits forming terraces above the modern flood plains of Brooks River and Margot Creek.
att, Thin alluvium - Moderately well-sorted sand, silt, and possibly small gravel forming thin deposits overlying older units. Located along small stream channels and areas of small alluvial fans.
w1, Wave-cut terrace and beach deposits below 31 m ASL - Beach ridges are common. Wave cut terrace beach deposits are relatively thin, few meters, and overlie older glacial or lacustrine deposits.
w2, Wave-cut terrace and beach deposits below 42 m ASL - Beach ridges are common.
w3, Wave-cut terrace and beach deposits below 52 m ASL - Beach ridges are common.
ag, Glacial outwash deposits - Moderately well-sorted and stratified sand and gravel of the Iliuk outwash plain. Surface has numerous braided stream channels and kettle pits (k).
m, Iliuk Arm Glacial Moraine - Arcuate, uneven ridge of poorly-sorted deposit of boulders, cobbles, gravel, sand, silt, and clay. 
g, Glacial till - Sub-glacial drift of poorly-sorted deposit of boulders, cobbles, gravel, sand, silt, and clay. Erratic boulders are present on the surface. May include areas of thin cover over glacially scoured bedrock.
[bookmark: _Toc442193229]Bedrock Units
d, Dikes and small stocks (Tertiary) - Hypabyssal dikes of porphyritic andesite and small stocks of diorite. An Ar/Ar age of 39.63 ±0.17 Ma was produced on a diorite intrusion in Murder Cove  (Parrish et al. 2010).
Tk, Ketavik Formation (Late Paleocene to Early Eocene) - Shallowly dipping sandstone and conglomerate with rare interbeds of siltstone (Parrish et al. 2010). Contains well-preserved plant fossils. Clasts are similar in composition to the volcanic and volcaniclastic rocks of the adjacent (underlying?) Talkeetna Formation (Jtk).
Jgd, Granodiorite (Jurassic) - Medium-grained, gray granodiorite (Riehle et al. 1993).
Jtk, Talkeetna Formation (Lower Jurassic) - Gray green tuff, andesitic lava flows, and volcaniclastic rocks (Riehle et al. 1993).
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Lake terrace levels identified by various researchers and this study. Large X indicates a major feature and a small x indicates minor features. Highlighted elevations indicate probable high stand lake levels.
	Meters ASL
	Meters Above Naknek Lake
	Mapped in LiDAR
	Histogram Peaks
	Muller (1963)
	Dumond (1981)*
	Riehle (1993)
	Kaufman (1997)*
	Notes

	68
	55
	 
	 
	X
	 
	 
	 
	Muller (1963) suggested that the highest wave-cut terrace in the western Brooks Lake area was 68 m ASL.

	67
	54
	 
	X
	 
	 
	 
	 
	Height of "ponded" area on Dumpling Mountain

	66
	53
	 
	 
	 
	 
	 
	 
	Brooks Lake Moraine Elevation

	65
	52
	 
	 
	 
	 
	 
	 
	 

	64
	51
	 
	 
	 
	 
	 
	 
	 

	63
	50
	 
	 
	 
	 
	 
	 
	 

	62
	49
	 
	 
	 
	 
	 
	 
	 

	61
	48
	 
	 
	 
	 
	 
	 
	 

	60
	47
	 
	x
	 
	 
	 
	 
	 

	59
	46
	 
	 
	 
	 
	 
	 
	Height of 

	58
	45
	 
	x
	 
	 
	 
	 
	 

	57
	44
	 
	 
	 
	 
	 
	 
	Highest beach ridge in the map area.

	56
	43
	 
	 
	 
	 
	 
	 
	 

	55
	42
	 
	 
	 
	 
	 
	 
	 

	54
	41
	 
	 
	 
	 
	 
	 
	 

	53
	40
	 
	 
	 
	 
	 
	 
	Naknek Moraine elevation at divide where Lake Camp Road crosses the moraine.

	52
	39
	X
	X
	 
	 
	 
	 
	Wave-cut terrace (w3)

	51
	38
	 
	 
	 
	 
	 
	 
	 

	50
	37
	 
	 
	 
	 
	 
	 
	 

	49
	36
	 
	x
	 
	 
	 
	 
	 

	48
	35
	 
	 
	 
	 
	 
	 
	 

	47
	34
	 
	 
	 
	 
	 
	 
	 

	46
	33
	 
	 
	 
	 
	 
	 
	 

	45
	32
	 
	 
	 
	 
	 
	 
	 

	44
	31
	 
	 
	 
	 
	 
	X
	 

	43
	30
	 
	 
	 
	 
	X
	 
	 

	42
	29
	X
	X
	 
	 
	 
	 
	Wave-cut terrace (w2)

	41
	28
	 
	 
	 
	 
	 
	 
	 

	40
	27
	 
	 
	 
	 
	 
	 
	 

	39
	26
	 
	 
	 
	X
	 
	 
	 

	38
	25
	 
	 
	 
	 
	 
	 
	 

	37
	24
	x
	 
	 
	 
	 
	 
	Mapped terraces at this level in Brooks Lake basin and along "road triangle".  This is probably equivalent to Muller's 35 m terrace.

	36
	23
	 
	 
	 
	 
	 
	 
	 

	35
	22
	 
	 
	X
	 
	 
	 
	Muller (1963) suggested that this was the initial level of the newly merged Books and Naknek lake areas.

	34
	21
	 
	 
	 
	 
	 
	 
	 

	33
	20
	 
	 
	 
	 
	 
	 
	 

	32
	19
	 
	 
	 
	 
	 
	 
	 

	31
	18
	X
	 
	 
	 
	X
	 
	Wave-cut terrace (w1)

	30
	17
	 
	x
	 
	X
	 
	 
	 

	29
	16
	 
	 
	 
	 
	 
	 
	 

	28
	15
	 
	 
	 
	X
	 
	X
	 

	27
	14
	 
	 
	 
	 
	 
	 
	 

	26
	13
	 
	 
	 
	 
	 
	 
	 

	25
	12
	x
	 
	 
	X
	 
	 
	Minor terraces along Brooks Lake.

	24
	11
	 
	x
	 
	 
	 
	 
	 

	23
	10
	 
	 
	 
	X
	 
	 
	 

	22
	9
	 
	 
	 
	 
	 
	 
	Modern height of Brooks Lake, but similar elevation of minor wave-cut terrace along Naknek Lake.

	21
	8
	 
	x
	 
	X
	 
	 
	 

	20
	7
	 
	 
	 
	 
	 
	 
	 

	19
	6
	 
	 
	 
	X
	 
	X
	 

	18
	5
	 
	 
	 
	X
	 
	 
	 

	17
	4
	 
	 
	 
	X
	X
	 
	 

	16
	3
	 
	 
	 
	 
	 
	 
	 

	15
	2
	 
	 
	 
	 
	 
	 
	 

	14
	1
	 
	 
	 
	 
	 
	 
	 

	13
	0
	 
	 
	 
	 
	 
	 
	Naknek Lake Level (12.8 m) in the LiDAR dataset.

	*Reported terrace levels were meters above Naknek Lake assumed lake level was 10m, but LiDAR shows level is 12.8, so added 3m to all reported levels for use in this chart
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