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Getting there:
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Signs at the turnoff from GLH and on the road down to the lake are tricky!
Follow signs to the boat ramp. A small sign says Gold Lake CG.

What’s in Graeagle?
There is a coffee shop named The Outpost by the lake open 7-7. It's not really that quick
unless you get the already made coffee and drop the cash on the counter as she makes
endless lattes.
You and your dogs can swim in Greagle Lake. There is a yacht club there where you can rent
some water toys. There are porta potties there too.
There is also the Greagle Store here that has all the basics, at prices you'd expect for a little
town store. They have a deli counter, meat, wine, beer, booze, snacks, but NO BATHROOM.
The Chevron next door has a bathroom, on the left as you look at the gas station. Another
bathroom is at the Knotty Pine Tavern and Diner. You can access this bathroom from the right
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side of the building where the handicap ramp is. If that door is locked you can go through the
restaurant.
The nice man who runs the Chevron will let you have water from his hose, but ask. He will say
yes and probably suggest you don’t use the hose because it will taste nasty.
Graeagle has a bank with an ATM and a post office.
There is not cell reception at campground. You can drive about 15 minutes down towards
Graeagle or up to the overlook to get cell service. Most or all stops will have reception I think.
Chevron is it for gas around here.
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FOP Origin Myth - What is “Friends of the Pleistocene?”
“A Pleistocene Field Conference”

“A non-organization”

The Friends of the Pleistocene (FOP) was conceived in 1934 as the outgrowth of an informal field trip
organized by Richard Foster Flint (later of Yale University) and several of his colleagues to examine field
evidence of late Pleistocene glacial lakes in Connecticut and New Hampshire. The actual birth of the FOP
was somewhat evolutionary, with Flint, the acknowledged “father of the Friends” taking the leadership
role in putting together annual field trips in the mid and late 1930’s. During this time the number of
Friends grew and by 1939 the Friends of the Pleistocene was firmly established.
Flint, reputed to distain administrative bureaucracy, was proud of the fact that the FOP had no by-laws, no
officers, and no formal membership. Instead, those attending the annual FOP field trip constituted the
membership. Selection of the leader(s) for the next year’s trip and any other business of the nonorganization was conducted on the last evening of the annual field trip, usually around a campfire, with
the trip leader presiding. The leader, in addition to planning and leading the trip, was responsible for
production of a field trip guidebook. This non-organization structure of the FOP has endured to the
present.
After a hiatus during WW II, the FOP continued to grow and expand geographically. In 1950 a Midwest
group was formed, and in 1952 a Rocky Mountain cell, followed by South Central, Southeastern, and
Pacific cells in the 1960’s and a Pacific Northwest cell in 1995. The FOP has even gone international with
the formation of a New Zealand Friends in 2003. An Alaska cell of the FOP was spawned as the
outgrowth of an Alaska Quaternary Center (UAF) field trip during the Labor Day weekend in 2004. The
first Alaska Cell FOP trip took place in 2005.
The informal structure of the FOP, and it’s open invitation to anyone interested in Quaternary science has
fostered wide ranging dialogue “on the outcrop” of many facets of Quaternary research. Often the trips
revolve around work in progress. Passionate debate and open inquire have become hallmarks of the field
trips. Leading a FOP trip can be a challenging undertaking, with bright young students and “old pros” of
Quaternary sciences critically examining the scientific issues in the field. The debate that characterizes
many FOP trips has led to significant advancements in the science. But, in spite of the passion of
participants with opposing views, in the end, all involved leave the field as Friends.
written by Dr. Gary Carver cggeol at acsalaska.net
Stolen from http://www.fop.cascadiageo.org/
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Overall very brief summary of the 2015 FOP
This year’s trip will start and focus in Mohawk Valley, which is along the Middle Fork of the Feather
River (MFFR) in northeastern California. The trip will continue to the west (downstream along the
MFFR) near the town of Cromberg and farther northwest to Thompson Valley, which is just southeast of
the town of Quincy. We will end the trip near (but just east of) the drainage divide at a couple of sites
along the North Fork of the Feather River (NFFR), near Caribou Junction. During this trip we will
discuss the tectonic history of the region, including mapping and paleoseismic studies of the Mohawk
Valley fault zone (MVFZ) (Sawyer, et al., 2013; Gold et al., 2014), late Cenozoic uplift and evidence for
northward propagation of the Sierra Nevada Frontal Fault System (SNFFS) (e.g. Wakabayashi and
Sawyer, 2000, 2001; Wakabayashi, 2013), evidence for temporal variations in uplift-related incision rates
over the past ~3 Ma (Kemp, 2012; Wakabayashi, 2013), along with evidence for a transition of the
SNFFS/western Walker Lane to the Sierra Nevada-Cascade Range Boundary Zone (SNCRBZ)( (Sawyer,
this volume; Sawyer, 2010; 2013). Some of these stops associated with the boundary zone will include
views of evidence for transpressional deformation in what is generally viewed as the transtensional
MVFZ (Sawyer, 2013; Sawyer, this volume). We will also briefly re-visit geodetic models of the MVFZ
(e.g. Bormann et al., 2012; Bormann, 2013) and hear new data from Humphrey and Unruh (Unruh and
Humphrey, 2013) regarding the style of seismogenic deformation in this region. In addition, we will
discuss updated interpretations of the glacial and lacustrine histories recorded by the Quaternary
sediments in Mohawk Valley and the drainage integration and possible tectonic implications of those
deposits (Redwine, 2013). Other topics will include soil development, tephrostratigraphic correlations of
the 26 tephras that were deposited within Mohawk Valley over the past 740 ky (Redwine et al., Appendix
JR-2), and future work that could be done in the area. We hope to provide a fun trip with new
information, and lively debate – as many of these topics are still not completely understood (you may get
to hear debates among the leaders of this trip on some of these subjects!).
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Road Log
Day One Load out at 8:00 a.m. The total mileage for the day is 35 miles.

FOP –Road Log
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Day Summary
We will have an overview at Stop 1-1 where we will introduce the background and point of this FOP.
We will look at glacial deposits at Stops 1-2 and 1-3 and discuss the glacial history of the Lakes Basin
area and weathering. We will look at evidence for a large Mohawk Lake at Stop 1-3 and discuss what is
known and unknown about the lake history here. We will also continue the glacial discussion. At Stop
1-4 we will look at fluvial deposits and tephra beds and discuss the type of river system the deposits
represent and the implications for both lake history and basin subsidence. At Stop 1-5 we will look at a
wavecut shoreline on the northeast side of the valley.
RESET YOUR ODOMETER TO ZERO WHEN YOU TURN ONTO THE GOLD LAKE
HIGHWAY – Do this every morning.

To Stop 1-1
We will leave Gold Lake Campground at 8:00 a.m and will drive about 20 minutes up to the Mills Peak
Lookout for an overview. The turnaround is going to be tight and the fewer cars the better for
this. We ask that you car pool for this first stop. You can leave cars along the dirt road and we
will come right back by on the way to Stop 1-2. This road is mostly fine for 2WD until you get near the
top where there are some big rocks along the way. Some are painted red.
FOP –Road Log
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About 30 cars can come on up to very near the top. The 10 or so that go all the way to the lookout need
to be 4WD with high clearance. Look in the road log where we point out places to park. There will be
roving pickups to shuttle others. If we get really organized, we might have someone there counting cars
and letting you know if you can come on up or need to park and walk/hitch a ride.
Directions / Notes
Mileage

ZERO ODOMETER
Leaving the campground, turn Left onto Gold Lake Highway
Turn right onto a paved road, sign on the left for Mills Peak and Red Fir

0

trailhead. The road turns to dirt pretty quick and stays in pretty good shape.
But please please please carpool for this stop. I will point out places where
you can leave your cars. Hitch rides. Hop in the back up pick ups. Give
each other piggie back rides, just don't all drive up to the lookout as there is
absolutley not room for everyone to park or turn around. I will point out good
places to consolidate cars and park on the way up. There area bunch of little
pullouts in the first mile before we make our first left. Lots of folks can come
up farther though.

0.3

A few pullouts on the left
Turn left. Brown sign on the right points you towards Mill Peak to the left.
Drop off more cars here.
Park at this intersection and drop off a bunch of cars here.
Red Fir nature trail 'parking lot'. Park 5 or 6 cars here. In the distance you
can see into the Frazier Creek canyon and are looking at the ice-scoured
bedrock from the left edge of the ice. 0.9 mile walk from here.
Gravel Pit. Park as many cars as you can please. It is a 0.4 mile walk from
here.
Faded orange, now pinkish, signs stuck to a couple of trees all around say
'Warning Cliff Area Ahead" are telling snowmobiliers to not die and drive
over the steep cliff up ahead. They aren't kidding, it is the headwall cirque we
will stand on for our overview stop. Don't die or let your kids or dogs fall over
the edge either please.
Some cars park in the road here where they feel they can pull over enough
for one car to get past them.
As you start uphill, if you crane your neck around behind you, you can see the
Sierra Buttes. The drainage divide between Frazier Creek and Yuba River is
between Gold Lake and the Sierra Buttes.

0.6
1.4
2.3
2.5
2.8

3

3

Park 5 or 6 vehicles at the turnout on the left.
The road to the right, through the manazanita actually leads to a small
turnaround near a radio tower that is a short walk away from here. Road #
12M37. If you are not high clearance, this is your turn. You have
no other choice. There is a pullout before the loop that can fit 2 or 3 cars.
In and around the loop another up to 8 or 9 can park. Additional cars can turn
around at the road, then back into it faced out.

3.1

Road makes a sharp turn here to the left. We will gather here

3.25

3.2

FOP –Road Log
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High clearance vehicles can park at the top. Do not block the driveway to the
tower!

3.4

Stop 1-1
Logistics: This stop will take a while because we have several folks talking. So, if you are hopping in
with others, bring your guidebooks, water, and whatever else you need to keep you happy for a couple of
hours. There will be a short (< 0.5 mile) walk from where we park to the overview, then we will just be
standing/sitting/fidgeting and talking/listening for a couple of hours.
Retrace the road log back down to Gold Lake Highway (GLH). When you get to the bottom of the hill, to
the „T‟ in the road, you will turn RIGHT towards GLH.
When you reach the intersection with GLH, RE-ZERO
be off already here.

the odometer because everyone will

To Stop 1-2
Directions / Notes
Mileage

Turn Right on to GLH.
Turn Right on to Frazier Falls Rd.

Stop to
Stop
mileage

0
0.5

We will drive by and through glacially eroded bedrock and thin remnants of till
mantling the bedrock. The till will vary in terms of degree of oxidation /
weathering that should become familiar over the course of this trip.
Intermediate-aged till.

0.9

Frazier Falls parking lot. There are a couple of pit toilets here. Frazier Falls
stopped running June 25 this year. The road becomes pavement after this
point.

1.8

At about 2.0 there is a contact (not-exposed), where there is oxidized,
intermediate-aged till and some slope colluvium and as you round the corner,
there is a younger deposit that is less oxidized. Also, now you can see
across the valley for the first time and the moraines perched up high across
the valley are the younger moraines (Qmy1).

2

Right in front of us, the road is turning to the left, the ridgeline across the
valley is bedrock, but just slightly downhill, along the ridge, there is the
transition to a moraine crest, so this is the ~ELA for the Frazier Creek Qmy2
moraines.

2.1

Exposures are in intermediate-aged moraines. Younger moraines are up
higher.
Contact with the manzanita covered, younger moraines as the road bends to
the right.
The road swings back left, around the Qmy1 moraine and now proceeds
downhill on the inner part of the left lateral, Qmy1, moraine.
Across the valley to the right (3:00) there is a nice view of the paired, right
lateral, manzanita-covered, Qmy1 moraine to what we are now driving down.

2.6
3.3

3.7

FOP –Road Log
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View of Mohawk Valley. Can see the Beckwourth Peak that separates
Mohawk and Sierra Valleys. The MFFR heads in the Sierra Valley and
comes around the north (left) side of Beckwourth Peak into Mohawk Valley.

Stop 12

We will park along the road here, try to leave enough room for a car to pass
you. Walk a short distance to the front of the FOP train. We will talk about
what we know about the glacial story and look at the soil developed into the
moraine where we are parked.

4.1

Stop 1-2

young moraine on Frazier Falls Road

Logistics:
Park on the side of the road. This stop will probably be about an hour. You‟ll just want your guidebook
and anything you want to poke at a soil with. Walk down the hill to the front of the FOP train.
Summary:
At this stop I will introduce the glacial geology of the Lakes Basin. I will summarize the work that Scott
Mathieson did for his master‟s thesis at Hayward State (1981) and the revised interpretations from my
work (2013). We will discuss how many generations of glacial deposits have been recognized here so far,
their relative down valley extents, the age control that we have for those deposits, the degree of soil
development, and comparisons to other glacial studies in the region. I will also point out, that thus far,
we have not found any definitive marine oxygen isotope stage (MIS) 2 deposits in this valley. We will
guess why that might be.

Driving to Stop 1-3
Total
miles

Stop to
Stop
miles

Continue the same direction, down Frazier Falls Road.

4.1

0

Leaving towards next stop, around the big bend to the right, we leave the
young manzanita-covered moraine and are driving through all intermediate
moraines - Qmi - well oxidized.

4.2

0.1

4.6

0.5

5.3

1.2

6

1.9

Turn Right onto GLH.

6.1

2

We had been driving down the Qmi moraine, as we turn right, look to the right
at the road cuts. The till overlies outwash interbedded with sands and
massive silty clay. We will discuss at the next stop.

6.2

2.1

Crossing Frazier Creek
Young outwash / Frazier Fan on the right.

6.35
6.55

2.25
2.45

Directions / Notes

You may notice there are differences in color (degree of weathering /
oxidation)
Soil description site 300 on the cutbank on the left. This is on the subtle
moraine crest.
We are driving past soil pits that we will walk back up to.

FOP –Road Log
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Straight ahead (12:00) you can see Beckwourth Peak
On the right - Mohawk lake beds with fan dribbled on top.
On the right you can Frazier fan inset into the Mohawk lake beds.

6.8
7
7.05

2.7
2.9
2.95

Throughcut here shows about a meter of outwash (?) fan gravels deposited
onto Mohawk lake beds. This capping fan grades to a formerly higher base
level. The topographic scarp at the downhill end of the unit may be erosional
or tectonic. It is covered with younger fan material both to the west and to the
east.

7.3

3.2

Turn Left at the stop sign onto HWY 89, towards Graeagle.

7.7

3.6

Greagle Meadows sign

9.9

5.8

10.2

6.1

10.6

6.5

11

6.9

Turn left onto Yonkalla trail.

There are tennis courts on the
left. As you turn onto Yonkalla Trail look at the house on the right. There is a
large bear wearing party shorts and holding golf clubs. While they were
building this house I looked at the exposure where they cut into the hillside for
the walkout basement. I saw flat lying, sandy sediments.
As you turn onto Yonkalla Trail, dead ahead you will see at 12:00 the bare
bedrock slopes that were just below us at Mills Peak at Stop 1-1.

Go straight through this stop sign.
Park. There is a road to the right with a gate in front of it.

We will walk up
this driveway and gather at a little gravel pit beyond two water tanks.

Stop 1-3 A, etc. Mohawk Lake Beds and intermediate-aged moraines.

Logistics:
We will park in the neighborhood on Yonkalla Trail and be at this location for a couple of hours. We are
going to walk about 0.2 miles up a paved road to some water towers where there is a „gravel‟ pit. We will
talk about the sand and sedimentary structures in these exposures and discuss evidence for Mohawk Lake
for a bit. We will then walk uphill another 0.25 miles or so, until we get to the intersection of Frazier
Falls Rd with Gold Lake Highway that we drove by just a few minutes ago. There is a great exposure
along GLH of till and lacustrine sediments. Across GLH there are exposures in the moraine where I
described the soil developed into an older moraine than we saw at Stop 1-2. Those who want to look at
the soil will need to cross the highway to do so. Remember that we are crossing Gold Lake
HIGHWAY. Be careful please!
Summary:
At this stop we will look at the erosional shoreline cut into the outside of the left lateral, intermediateaged moraine and discuss fine-grained deposits that underlie the same moraine and are immediately
downslope of this erosional shoreline. This is part of the evidence that there was a large lake that
occupied Mohawk Valley. We will discuss some of the other evidence for a large lake occupying this
valley including the types of shore features found around the basin. We will discuss what we know about
the ages of former lake levels and how much we still do not know regarding the magnitude of lake level
FOP –Road Log
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fluctuations. We will also look at the soil developed into the intermediate-aged moraine for comparison
to that we just saw as Stop 1-2 and discuss the age constraints we have for this unit.
Driving to Stop 1-4 Willow Creek Section near Clio
Total
miles

Directions / Notes
Turn around and drive back down Yonkalla Trail and down the very steep,
very coarse Frazier Fan. This is way coarser than the alleged moraine we
just walked down.

Stop to
Stop
miles

11

Turn Right onto HWY 89 - Re-Zero if you want.

11.9

0

Passing the turn to GLH and Lakes Basin

14.4
11
15
15.4

2.5

15.5

3.6

15.7

3.8

15.8

3.9

Driving along the broad Frazier Fan
Drive down a terrace riser and onto a lower, inset, MFFR fluvial terrace.
At 3:00 you can see the Mills Peak Lookout, Stop 1-1.
Drive down another terrace riser and onto a lower and younger MFFR fluvial
terrace.
A good example of a terrace cut into the deltaic deposits

Turn Left towards Clio onto Clio Rd.
Sign at the turn says Blackbird Inn, Open Wed-Sat 9am-9pm Beer, wine,
pizza, expresso, and rooms.
Cross MFFR then stay
Clio'.

right at the Y where the sign says 'Welcome to

3.1
3.5

11
15.9

4.0

Turn Right at the T, the Post Office is on your right.

16.1

4.2

Half a boat on the right.
Road becomes Road 40A.

16.8
15.8

4.9
3.9

17

5.1

17.1

5.2

17.2

5.3

17.3

5.4

17.4

5.5

17.6

5.7

17.8

5.9

Cross Willow Creek, the confluence with the MFFR is a short distance to your
right. You will then drive past a series of relatively coarse-grained fluvial
gravels deposited along Willow Creek and the MFFR that are also associated
with strath terraces.
Gouge / Sheared bedrock. The locals refer to this as the clay seam. This
continues across Willow Creek to your left and across the railroad trestle.
More fluvial gravels on a bedrock strath.
There is a driveway headed up onto a nice fluvial terrace on the right, just
below the train trestle.
The base of the Mohawk lake beds. This basal section is more coarse than
above - cobbles and finer.
Buried soil ~2 meters above road level. This is stratigraphically below the
Summer Lake LL tephra bed (~200 ka).

Park.

Cram as many cars as we can in these pullouts and / or park along
the road. There is a good bit of traffic through here though. We will gather at
a turnout here and talk.

FOP –Road Log
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Stop 1-4
Logistics:
We will be here an hour or two dependent on the time of day and interest. We will be close to the cars
the whole time. You may want whatever you use to look at exposures, stratigraphy, tephras, and soils.

Summary:
At this stop we will look at a thick section of fluvial / fluvial-deltaic sediments (MLB) that were
deposited by the MFFR and Willow Creek as they entered Mohawk Valley. We will discuss these
deposits as more evidence for a large Mohawk Lake, the tephras deposited in the MLB at this location,
and introduce the problems with a lacustrine interpretation in Mohawk Valley. Then we will power on
with that lacustrine interpretation and discuss what we know and don‟t know in terms of the lake level
history. We will also discuss the evidence for and against significant basin subsidence since, and while,
these sediments were deposited.

Driving to Stop 1-5 (optional)
Total
miles

Stop to
Stop
miles

17.8

5.9

Railroad trestle and base of the section at this location. Below this there are
inset, fluvial terraces deposited by Willow Creek and the MFFR, at their
confluence and are inset into the Mohawk lake bed section and continue
down to the modern floodplain level.

18.2

6.3

Willow Creek.

18.5

6.6

19.4

7.5

19.6

7.7

Directions / Notes

Turnaround and head back down the way we came. We can re-zero at
the intersection with HWY 89 to all get on the same page again.

Turn Left at the Post Office.
bar and a bathroom.
Cross the MFFR.

If you go straight, there is a restaurant and

FOP –Road Log
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Stop sign and intersection with Highway 89.

Turn Left on to

Highway 89. Re-Zero if you want to.

Directly in front of you, at
12:00, the Mills Peak lookout, Stop 1-1 is on the ridgeline. As you turn onto
Highway 89, you will be driving on a fluvial terrace adjacent to, and about 1-2
meters higher than, the MFFR. If you look towards Mill Peak lookout you will
see a terrace edge and a higher, older fluvial terrace. There is a house built
on top of that higher terrace. To the left (east) of that house and fluvial
terrace you can see the hill that the river cut into. This is common along this
part of Mohawk Valley where there are strath terraces cut into remnants of the
Mohawk lake beds that are the low hills you can see adjacent to the terraces.
Those hills are composed of sand, silt, clay and lesser pebble to cobble
gravels that continue upslope to the outwash terraces at around 1500 m on
the steep slope of the Sierra Nevadas in front of you. I think of these as
erosional remnants of the deltaic lobes that were deposited onto the valley
floor from the Sierra Nevada, but some of them may also be little pop-ups
along bends or steps in the MVFZ.

19.6

0

19.8

0.2

Crossing Sulphur Creek, a tributary to MFFR.

20.6

1

Sharp rangefront of the northern edge of the Sierras. There was some ice
coming over the ridge at Haskell Peak, Mills Peak, and an unnamed drainage
/ cirque to the east. The Eocene 'auriferous gravels' were deposited along
that ridgetop. Those gravels are well rounded, silicic, fluvial gravels and
much of those deposits have failed and were redeposited by landslides as
colluivum. Roadcuts along that slope then are non-sorted, non-stratified but
with well rounded cobbles to boulders colluvium - not tills. This can be tricky
to distinguish.

20.7

1.1

Valley Ranch Dr. to the left. Straight ahead, slightly to the left, is the base of
a hill composed of the Mohawk lake beds. The white beds exposed along the
highway here are diatom beds.

20.8

1.2

21

1.4

In addition to well defined fluvial terraces cut into Mohawk lake bed remnants,
there are higher, erosional surfaces cut on the tops of some of these
remnants. These terraces are found on the floor of Mohawk Valley and on
the valley-edge of the Sierra Nevada. They slope towards the valley floor and
not along the slope of the MFFR. These are interpreted as wavecut features.
Rivers RV Park Edge on the left may have water.
At 2 to 3 O'clock the road climbs another terrace riser. The Sierra Estates
sign is on top of the terrace.
We are driving across an open, wide valley. There is a series of fluvial
terraces in this valley that are all going to be between about 30 ka and 4 ka.
A tephra bed that correlates to the E1 tephra bed of the Summer Lake (~30
ka) section was found along Gray Eagle Creek underlying higher outwash (?)
fans at x meters. Jonathan Davis and Jim Yount both reported finding the
Tsoyawata tephra in a terrace that is about 2 meters above the MFFR, near
14
the Mohawk Cliff site. I did not find that same tephra, but I do have C ages
from charcoal within a fluvial terrace of the same description that is about 4
ka.

Turn Left. There is a short turn lane here. This is Portola Rd. A blue sign
says A15.
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As you start to climb up look for a green fence on the right.
Just beyond the green fence, there is a deposit of the Rockland tephra that is
exposed in the road cut to the right. There is a brown house sitting on top of
this roadcut. Here the Rockland ash is about 2 m-thick and is dipping basinward. It is faulted on the northeast by a south-dipping fault that is the only
exposure of a fault I found in the valley that was not vertical.

Turn Right onto a dirt Rd (22N13).

If we are still a large group, we might
want to drop some cars off here and carpool. The turnaround is tight.

21.6

2

Calfpasture Creek.

21.8

2.2

Park along the road here.

21.7

2.1

Directions / Notes

Total
miles

Stop to
Stop
miles

Turn around as you can. There are a few logging roads if you drive past the
stop. The first is not far, the second larger one is a mile down the road. If we
are still a large group, let's go to the larger turnaround a mile down the road. I
think it will be easier.....

21.7

2.1

22.7

0

Stop 1-5 (optional)
Returning to Camp

After turnaround, head 1 mile back to Portola Rd.

Turn Left on Portola Rd. Re-zero if you want to.

Mileages will be
messed up from the turnaround. Watch out,people drive fast on this road.
Across the street, before you make the left turn you can see the upper
exposure of the Rockland Ash, two phone poles to the right of this
intersection. The landform we are looking at is a delta that has been eroded
and then a terrace was cut into the ash and fluvial / deltaic (?) gravels are
deposited on top of it.
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As you drive back down Portola Rd., notice the inset terraces on the right side
of the road. The closest modern day stream to this flight of terraces is
Calfpasture Creek that we crossed on the way to and from the wavecut
terraces. These terraces are found on interfluves and can be adjacent to
streams or no where near streams. They are found here, along Gray Eagle
Creek and we will see these at Stop 2-3. The back edge of these terraces
have common elevations around the vallley margins and across the valley,
not perfectly correlated, but clustered in groups of similar elevations. These
features are subtle and not impressive at all. They are associated with either
gravel lags or a thin (< 1-2 m-thick) fluvial gravel deposit, so they are
essentially strath terraces cut into fluvial and fluvial deltaic sediments.

Turn Right on HWY 89.

23.3

0.6

Mt. Elwell again at 12:00.

23.6

0.9

Cross Sulphur Creek

23.8

1.1

Mohawk Meadows turnoff. This is where Jim must have gotten the idea.

23.9

1.2

Brown house on the left on a nice fluvial terrace.

24.6

1.9

Clio to the right

24.7

2

Nice fluvial terrace at 9:00 with a white fence on it.

24.8

2.1

25

2.3

Is that scarp a terrace riser or fault on the left?

25.2

2.5

Climb up another terrace riser, this is the 3rd terrace above the MFFR.

25.4

2.7

Now have climbed up onto the expansive Frazier Creek fans.

25.7

3

26.1

3.4

26.2

3.5

26.4

3.7

Climb up a terrace riser onto a little piece of that terrace.

Turn Left towards the Lakes Basin onto Gold Lake Highway.
Brown sign with yellow writing says Gold Lake Stables 9 miles. This is just
past the Graeagle sign.
As you head up this road we will be driving up the steep and expansive
Frazier Creek fan complex.
Large scarp on the left at about 10:00 that you might see through the trees if
you are going slow and are not the one driving. Tom Sawyer pointed this out
to me years ago. The scarp is covered to the east and to the west by a
younger part of this fan complex. This scarp could be erosional or a fault
scarp.
Topographic scarp on the left, 9:00.
The fan that has the topographic scarp in it is a thin deposit of fan gravels
overlying the Mohawk lake beds
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Just past the sign on the right that says Frazier Trails Graeagle Associates
and a fire hydrant on the right you can see a linear positive relief feature that
continues down the right bank of Frazier Creek. I think this is what
Mathieson mapped as a moraine crest that extended to the valley floor. I
walked on that and agree it has a moraine shape, but I think that it is a levee
related to the fans deposited along the creek. I have the benefit of LiDAR
here that he did not have and I can see it is much lower than what he mapped
as the left lateral equivalent that we talked about at length at Stop 1-3.
Road makes a bend to the right and then in a road cut on the left you can see
an exposure of the fan gravels that I think are outwash fans. A little more
upslope you can see that fan is inset into a finer grain deposit by a couple of
meters, that in my story, are the deltaic Mohawk lake beds.

26.8

4.1

At the far end (uphill) of this roadcut exposure you can see a bouldery fan
overlying the Mohawk lake beds that is more of the Frazier Fan complex
deposited up there.

26.9

4.2

Frazier Creek

27.5

4.8

The weeping outcrop on the left is water coming out of the finer grained beds,
I think there it is a massive silty clay.

27.6

4.9

Frazier Falls turnoff to the left

27.8

5.1

Immediately beyond the creek you will see a roadcut on the left of an orange
colored non-sorted non-stratified till. When you get past an orange pole there
is a small perfect Christmas tree that is sitting on a meter or more thick
massive silty clay bed. This is site 286 and the outcrop is composed of fine
grained, interbedded, clays, sand, silts, few pebbles. The beds dip 4 to 7
degrees basin-ward. As you drive uphill, the finer grained section is overlain
by outwash gravels interbedded with silty clay beds, than ultimately by the
moraine from Stop 1-3 (my site 8). Massive silty clay units might be flagged
in pink.

There are many exposures all along on the left of this part of the Gold Lake
Hwy that show different degrees of oxidation in moraines and different
degrees of oxidation in the same moraines as reflected with topographic
position. At this time, this relatively wide zone where there are mulitple wide
and very thin moraine crests, has all been lumped as intermediate-aged till
and moraines. However, I do think that more than one ice advance is likely
recorded in these deposits.

3.4

Gully on the left may separate different ages of moraines. They look similar
with geomorphology and weathering.

27.9

5.2

Edge of the moraine

28.1

5.4

More well oxidized till exposed.

28.2

5.5

Gully or swale that may be the contact of another generation / advance of
moraines. I am not sure about this one, but I have it mapped as younger
than those moraines that we looked at at site 8

28.3

5.6
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Footslope of the cross section of the moraine with far more weathering.

28.4

5.7

After a big swale there are two small turnouts on the right that the FOP can't
fit in.

28.6

5.9

On the left is the most weathered unit exposed on GLH. This unit is some
combination of outwash and till. It is very red and is definitely the most
weathered unit I have found in the Lakes Basin area that is associated with a
surficial deposit and geomorphology. Because the unit is in a swale, the
weathering is enhanced relative to the moraines on either side, regardless the
difference is so great that I think it is truly a much older glacial deposit. THIS
IS DRAINAGE DIVIDE BETWEEN FRAZIER AND GRAY EAGLE CREEKS.

28.8

6.1

Cross a gully on the left that is the contact of that older unit and more
intermediate-aged till, that may or may not be slightly younger (less oxidized?)
than those moraines exposed behind us and closer to Stop 1-3.

29.1

6.4

On the left is a great outcrop , Tthis is a great exposure of a catena. The
thickness and degree of oxidation changes along the side slope of the
moraine, thickest at the toe of the slope, thinner along the steeper side slope,
then a bit thicker on the crest (but now as thick as the toe slope). In addition,
it looks like the middle of the outcrop is more weathered than the C horizon of
the till associated with the moraine landform here. This may be a location
where the older till was over-ridden by a younger ice advance.

29.2

6.5

Outcrop on the left (big turnout on the right) has what, from your car, will look
like a weak soil however it is the same soil as we saw at Stop 1-2. This is the
farthest downhill advance of the Qmy1 moraine in the Gray Eagle Creek
drainage.

29.4

6.7

31.2

8.5

31.3

8.6

Turnoff on the right - at 9:00, you can see the left lateral, Qmy1, moraine from
Gray Eagle Creek up high perched on bedrock. If you follow that ridgeline
uphill to about 1:30 there is a contact of tree covered ridgeline to the right and
a bedrock face to the left. The bedrock peak is Elwell Peak. We could see
this coming back to Portola Rd. from Stop 1-5 and headed downhill from Stop
1-4.

31.6

8.9

You can see there is a little dribble of morainal material on the bedrock ridge if
you look across the spectacular canyon to your right.

31.9

9.2

From this point on, we are mostly in the erosional glacial environment, above
the ELA. Look for beautiful glacial polish and striations on the bedrock
outcrops. There are some remnants of till and outwash here and there of
different ages that have different amount of oxidation / weathering that make
them distinct from one another.

32.1

9.4

Huge turnout at Fern Falls trailhead.

32.3

9.6

Continuing uphill you will be driving on the inside of the Qmy1 right lateral
moraines that are to your left and inset recessional Qmy2 moraines. Notice
that the side slopes of the younger moraines are different. They are steeper,
primarily manzanita-covered, and there are colluvial slopes, boulder fields
(are they patterened ground?) And these
Nice view view of the right lateral, Qmy1 moraine at 12:00. This is the
moraine from Stop 1-2.
Turnoff to the right to Gray Eagle Lodge and Smith Lake and Gray Eagle
trailheads.
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Just past that on the left there are some nice outwash gravels.

26.1

3.4

Intermediate-aged till or outwash on the left

33.3

10.6

Drainage divide between Gray Eagle and Frazier creeks. The Sierra County
line is just past that. Gold Lake Lodge turnoff to the right. The fine-grained
material may be where Julie Broughton was sampling Eocene Lake
sediments. But she is not here to confirm or deny.

33.7

11

View of right lateral moraines from Frazier Creek at 11:00 on the skyline.

34.1

11.4

Frazier Falls Rd on the left, Gold Lake Day Use picnic area to the right and
the outlet of Frazier Creek from Gold Lake.

34.6

11.9

Cross Frazier Creek.

34.7

12

Oxidized outwash gravels. Intermediate aged

Turn Right into Gold Lake Campground

3.4
35.3

12.6

Day Two
RESET YOUR ODOMETER TO ZERO WHEN YOU TURN ONTO THE GOLD LAKE
HIGHWAY – Do this every morning.

Day Summary
We will load out at 8:30 today and drive 45 Miles total.
First we will drive down Gold Lake Highway, through Graeagle to Highway 70, through the western sill
of Mohawk Lake and along the MVFZ and the MFFR. We will leave the lake story for the first half of
the day and talk about tectonics, seismicity, geodetics, and trenching studies of the MVFZ. We will then
drive back towards camp and in the town of Graeagle turn up Iroquios Trail to go look at Mohawk lake
beds, talk about ice-contact deltas, and more lake history.
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HWY 70

GraeagleJohnsville
Rd.
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To Stop 2-1
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Total
miles

Directions / Notes

Stop
to
Stop
Miles

ZERO ODOMETER
Leaving the campground, turn

Left onto Gold Lake Highway

Will see outwash and till remnants of varying ages tucked in around bedrock
knobs and as dribbles on bedrock for the next several miles
Light tan, intermediate till
Cross Frazier Creek
Turnoff on the right that we took on day one
Climbing up the left (west) edge of the Frazier Creek drainage basin

0

0.2
0.6
0.6
1.1

Top of hill here is the drainage divide between Frazier Creek and Gray Eagle
Creek watersheds. There are signs and turnoffs to Gold Lake Lodge and
Round Lake trailhead here as well. I THINK that the fine grained deposits
here at this divide MAY BE where Julie Broughton was sampling Eocene
Flora. But she isn't here, so we can't ask her.
You will see that well-oxidized color of till intermittently on the way down the
hill.
Up high there are remnants of well-oxidized, intermediate-aged till,
intermittently on the way down the hill.
Now we are in to the Qmy-aged till/moraines
Remnant outwash preserved on the right. Lakes Basin campground turnoff
on the left.
Good view to the left of Mt. Elwell (7818 ft / 2382 m).
Great views of Mohawk Valley as the road bends to the right. Bonta Ridge
makes up the bedrock divide on the north side of the valley.
At 10:00, across Gray Eagle Creek valley you can see the uphill extent of the
left lateral moraines on the ridge across the valley here. The bedrock ridge
has a big topographic step down, at the base of which there is a a thin lag of
till/moraine that becomes a nicely preserved moraine on the ridge that is
Qmy1.
The right lateral moraine equivalent to that is on the right is on the ridgeline, it
is tree covered.
The younger till/moraine is intermittently exposed from this point for a couple of
miles downhill.
Good look at the talus slopes on the right. Is this patterned ground or just
talus?
This is the farthest downhill extent of Qmy1.
Starting here there will be all intermediate aged moraines. The degree of
oxidation (both color and depth) changes. Some of this change is due to slope
position, but some has to be age also, I think. There are likely buried units
exposed in here in addtion to possible changes in ages of the surficial units.

1.8
2
2.3
2.5
3

3.1

5.2
5.8
5.9

Crossing the subtle drainage divide, back in to Frazier Creek watershed.
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Again, on the right is a great exposure of a catena. The thickness and degree
of oxidation changes along the side slope of the moraine, thickest at the toe of
the slope, thinner along the steeper side slope, then a bit thicker on the crest
(but now as thick as the toe slope). In addition, it looks like the middle of the
outcrop is more weathered than the C horizon of the till associated with the
moraine landform here. This may be a location where the older till was overridden by a younger ice advance. THIS IS DRAINAGE DIVIDE BETWEEN
FRAZIER AND GRAY EAGLE CREEKS.
Across a gully and you are into a v ery old, the most weathered till/outwash I
have found that is not buried. This is also in a swale, so weathering porbably
a little enhanced based on slope position. This is my Qto unit.
Across another gully you are back in to intermediate-aged till.
Frazier Falls turnoff and Stop 1-3

Turn Left onto HWY 89.
Yesterdays turn to Stop 1-3
Gray Eagle Creek
Graeagle
Later toay we will turn up Iroquios Trail on the left here across from the Knotty
Pine Tavern.
Road A1-4 and Graeagle-Johnsvillle Rd.
Broad floodplain of the MFFR.
Cross MFFR then climb back up on the broad flood plain.
One of Ryan's faults might be that vegetation lineament and topographic scarp
that on the right. It crosses the road and comes in from the southeast and
maybe continuing to the northwest on the left side of the road.
Turnoff to Blairsden. There is a delicious coffee shop and bakery, a hardware
store and a few different restaurants just down the road.
To the left is Little Bear Rd where the Carp Lake Ash-13 is deposited in fluvialfluvial-deltaic sands and gravels. That tephra is 100-200 ka, probably closer to
100 ka.
Railroad and the Little Corner Barn where they rage with their town dances.

Turn Left onto HWY 70
There will be many road cuts exposing Mohawk lake beds along HWY 70.
Most are sands and silts with fewer gravels.
To the left the Railroad cuts through a section where the Carp Lake Ash (200100 ka) is exposed in two locations, It appears to be faulted.
Turn off to Mohawk-Johnsville Rd we will take on our way back
To the left you can see the moraines coming out of Jamison Creek.
Little Bear Rd.
There are more gravels in the road cuts now. There is more hillslope
colluvium, landslides, fans coming off of Bonta Ridge on the right that bury the
Mohawk lake beds around here.
Turn to the right is the old HWY 70. There are good exposures here of faulted
tephra beds. This is also a place where you can see the MLB beds are
adjacent to (and may sit upon?) a very weathered landslide deposit.

6.1

6.2
6.4
7.3
9
11.5
11.7
11.8
11.9
12.2
11.5
12.6
12.9
13
13
13
13.1

13.5
13.7
13.8
14.2
14.7

15.3
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On the right is my site 133, also sites of Jonathan Davis and Jim Yount. There
are many tephra beds deposited within the Mohawk lake beds here - in
stratigraphic order they are: Lava Creek (740), Dibukelewe (639-570 ka),
Rockland (610-575 ka), and two younger tephras (RC5 and RC-6 - ~ ≤ 200180 ka). This is about the same amount of time represented by deposits at
Mohawk Cliff, but it is a thinner deposit. There may be more erosion here, with
more fluvial interbeds up higher topgraphically than found on the basin floor
where Mohawk Cliff is located. The Rockland is faulted, about 4 meters or so,
along a ..... fault, with the northwest side apparently down. This fault is a
small splay related to the nearby primary MVFZ to the northeast. In addition,
the base of the section, below the Thermal Canyon Ash, sits upon an
unconsolidated deposit. This deposit may be colluvium with a upper part
reworked by the MFFR, or it is possible this could be outwash or till from much
much older Jamison Creek ice. If the latter, it would have to be from ice older
than 740 ka. Regardless, the unconsolidated deposit shows the canyon ws
cut at least this deep, and a bit lower, prior to 740 ka.

15.7

You proceed around a corner and cross a big gully. There are large landslides
from here and all thw way down the canyon. They vary from severely
weathered (dark red) to weakly weathered. If you walk the railroad tracks
below, you can see that the toes of these landslides get re-worked by the
MFFR. The auriferous gravels are at and near the ridgeline along the right
(northeast) side of the canyon, and they are failing causing the large landslide
complexes into the canyon. Small hills to your left are landslide deposits also.
There are plenty of recent landslide scars on both sides of the river for your
enjoyment.

9

After you cross a small bridge, on the right is the farthest downstream
preserved deposit (found so far….) of the Mohawk lake beds. The position of
these deposits tells us that the lake was inset into a canyon that had already
been cut. JOD found the Lava Creek (740), Dibukelewe (639-570 ka), and
Rockland (610-575 ka) teprha beds here as well. The sediments are
deposited against Penman Ridge, the presumed eastern sill of Mohawk Lake.

16.5

Two Rivers to the left. Just beyond this is the old sill, Penman Ridge
Penman Ridge.
Road cuts through bedrock and colluvium. The main MVFZ is mapped on your
right above us. We can't see it, but we will go stand on it at Stop 2-1.

16.7
16.9

You may start to see some really weathered (red) gravel deposits perched up
on the canyon wall on the right. Some of this will look like colluvium, some will
look better sorted than that. I think these are remnants of old fans that were
deposited in the canyon and are related to an old fan that was deposited at the
mouth of this canyon, that Cromberg sits on. The soil in that fan is crazy old.
Camp Laymann Rd.
Large turnout on the left and bedrock outcrop on the right with very weathered,
fluvial gravels up high.

17.9
18.3

You round the corner to the right and at 11:00 you can see a brown house
sitting on a fan at the mouth of the canyon. The surface fan has a well
developed soil in it but it overlies a buried unit that may be related to the gravel
fan remnants I poitned out through the canyon. The soil is wowzers. Over 8
m of clay and silica accumulation.

18.5

Turn Right on to Mt. Tomba Rd.

18.9

FOP –Road Log

25

make the next immediate right onto a road that says towards Grizzly
Ridge and Happy Valley to the right.
Pit toilets to the left at Jackson Creek picnic area.

Either Park and walk or Turn right onto a well maintained dirt road
named Road 61. Or Park here and walk 0.5 miles. We'll let you know.
The road winds uphill and in and out of the MVFZ.
Penny Pines Laymann Fire Plantation sign. Pullouts for 7 cars or so for those
that needed to drive.
Active landslide across the river on the right. In the distance you can see Mills
Peak lookout, and the moraines coming out of Jamieson and Gray Eagle
creeks in the distance. The impressive trough we are in is the fault.
beheaded channel.

Turn right onto a small dirt road towards the power line. Park in this
fault trough. We will have a short walk. Follow the left branch of the power
lines to the edge of a gully and we will gather there.

19

19.5

19.7

20
20.3
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Stop 2-1
Logistics:
The logistics of this stop are in flux. They are logging near this area and we need to see what‟s going on
before we decide. We‟ll make an announcement at the end of the day one about anything you need to
know logistically here. It is either a carpool situation, or a short hike to this stop.

Summary
Rich Briggs is going to tell us about work he did with Ryan Gold and others mapping the Holocene-active
MVFZ. We will stand on potentially offset and deflected drainages along a prominent perched linear
valley along the MVFZ and discuss and debate their significance. We will hear about the results of their
trenching study, mapping using LiDAR data, and a few of the known knowns and known unknowns of
the MVFZ. Rich and Tom Sawyer will also summarize a trenching study on the southern part of the
MVFZ that they (along with Alan Ramelli) finished since the last FOP. Stop 2-1 is located near the north
end of the central section of the MVFZ near a restraining left stepover, across the Long Valley area
(vicinity of Stop 2-2), that connects to the northern section of the fault zone. The style of faulting along
the MVFZ changes from predominantly transtensional southeast of about Stop 2-1 to dominantly
transpressional to the northwest. This change in faulting styles marks the intersection and eastward
termination of the 130 km-long southern margin of the “Sierra Nevada-Cascade Range” boundary zone
(for description see Stop 2-2).

To Stop 2-2
These directions are from mapquest and fuzzy several year old memories….. be flexible
and follow the FOPtrain in case there is a mistake….
Directions / Notes

Total
miles

Head back down the hill the way we came

20.3

Turn left back towards the intersection with HWY 70

21.1

pass Jackson Creek pit toilets on the right
continue straight
Mt. Tomba Dinner House on the left- might have bathrooms

21.6
22

Turn left just past Mt. Tomba
Turn Right onto HWY 70 . Re-zero if you want.

Stop
to
Stop
Miles

22.1

- these mileages
are from google earth and we haven't been here in a while…. So watch for
flags and follow the group in case there are mistakes.

22.15

0

Turn Left on Sloat Rd.

23.95

1.8

Sloat

24.95

2.8

Turn RIGHT on Sloat -Poplar Valley Rd.

22.15

3.07
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Cross MFFR

22.15

3.1

Turn Left on Eureka Ridge Rd. (23N08)
Just past a large gravel pit, Turn left on a dirt Rd

22.15

3

22.15

3.25

Stop 2-2
Logistics:
We are going to gather and listen to folks for a while here. Mostly talking, listening, and maybe some
arm waving.

Summary
At this stop we will hear about geodetics and seismicity and what they tell us about the MVFZ and the
region tectonics. We will also hear about

To Stop 2-3
On the way to this stop – we are doing a ‘drive by stop’. Keep your eye out for the
Mohawk Cliff exposure as you cross the MFFR. It is in the road log.
Return to Hwy 70
Head back out the way we came on this dirt Rd

Turn Right onto Eureka Ridge Rd. (23N08)

22.6

3.65

Cross MFFR

22.7

3.3

Turn Right on Sloat -Poplar Valley Rd.
Turn Left on Sloat Rd

22.85

3.35

23.25

3.6

Sloat

23.55

Turn right on HWY 70 and Re-zero if you please
Turn Right on Mohawk Highway Rd

24.55

3.5
4.5 /

0

32.05

7.5

32.65

8.1

33.7

9.2

34.04

9.54

Pass the Beckwourth Ranger Station
Feather River Ranch is on the right. Start looking to the right, look for

the Mohawk Cliff exposure on the left bank of the MFFR
Cross MFFR.
of the river.

Mohawk cliff exposure to your right and on left bank

Turn left on Graeagle-Johnsville Rd.
Turn Right on HWY 89
As we drive through town, we will apprach the Knotty Pine tavern and the
Chevron station which will be on the left, we will turn right onto Iroquois Trail
across from, and just before, the Chevron Station.

Turn Right on Iroquois Trail.
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Stay on Iroquis Trail, drive around the soccer fields that should be on your left.
We climbed up onto young fans coming off the steep slopes to the south.

Stay left and do not go right on Chinook trail.
Left at the Y. Do not go right on Sioux trail.
We drove up what looks like a fan on LiDAR and at this point, the fan may be
beheaded. If so, is this tectonic?
Now you are looking down into a big hole that is Gray Eagle Creek. There are
big fan deposits that were deposited onto a wide floodplain.

Park on the side of the road.

Don't turn around, next stop is straight ahead.

34.54

10.04

34.74

10.24

34.8

10.3

Stop 2-3
Logistics:
Park alongside the road here. Don‟t turn around, the next stop is straight ahead. We are going to walk up
the logging road here about ½ mile and up 100 m. We‟ll gather on the top of an outwash terrace that is
graded to 1490 m and talk there for a short bit. Anyone who wants to can walk up another ¼ mile to an
older(?) and higher outwash terrace graded to ~1522 m. We will walk back down the road and look at the
stratigraphy exposed along the road cuts. I expect this will be about an hour or so long. When we get
back to the cars, we will drive on about ½ mile and park at the end of the road at Stop 1-4.

Summary:
At this stop we will introduce the characteristics expected in an ice contact delta, look at the
geomorphology of the outwash terraces at the mouth of Gray Eagle Creek, and the 100 m of intermittently
exposed sediments that are below those terraces and discuss if we are seeing evidence for a former ice
contact delta here. We will also crowd-source the possibility of faults through here.

To Stop 2-4

Stop 2-4

Keep driving the same direction to Stop 2-4
Park when you get to the end of the road. This has a loop we can drive around.

34.8

10.3

35.3

10.8

FOP –Road Log

29

Stop 2-4 Gray Eagle Creek
Logistics:
We will park around the little loop here and gather near the cars to talk for a little while and point at the
outcrop along the creek here. Then any who wants to can walk with me through the brush and down the
creek to look at more stratigraphy, tephras, and organic-rich deposits along the creek. The walk will be
about a mile round trip. Those who are over it for the day can get on back to camp. One safety item, the
boulder in the uppermost outwash deposit do tumble down these exposures and they could do serious
harm to anyone who gets hit by them. So consider that carefully when deciding how closely you would
like to look at the stratigraphy. There are a lot of pictures in this write-up…….

Summary:
At this stop we will look at the deposits exposed along Gray Eagle Creek and discuss whether we are
seeing stratigraphy indicative of an ice-delta setting, as discussed at Stop 2-3, lake level fluctuations or
both. We will see the dreaded organic-rich deposits that throw a monkey wrench into the lake
interpretation, and tephras. We will discuss possible explanations for the organic-rich beds. These
include lake level fluctuations and periodic meromictic conditions. What?! I know, we are Quaternary
geologists, not limnologists - that word is weird. I will do my best to explain. We will also get to peak
up at the soil site and location of the Summer Lake tephra bed E1 which provide the calibration for
younger soil development here and the data point that the lake was at 1388 m ~ 30ka. There are also
some possible faults through this section for those of you who just can‟t get enough of tectonics and are
bored to tears by stratigraphy and lake talk.

Return to camp
Total
miles

Stop
to
Stop
Miles

Stop 2-4
Return to camp heading towards Graeagle.
hit the pavement

35.3
36.05

10.8
10.08

Turn right onto HWY 89

36.55

10.58

Gray Eagle Creek

36.65

10.68

Turn Right onto GLH towards Lakes Basin and Gold Lake Campground
Turn Right into Gold Lake Campground

37.85

11.88

47.05

21.08

Directions / Notes

Day Three
RESET YOUR ODOMETER TO ZERO WHEN YOU TURN ONTO THE GOLD LAKE
HIGHWAY – Do this every morning.

Day Summary
We will load out about 8:45 today.
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To Stop 3-1
Total
miles

Directions / Notes

Stop to
Stop
Miles

ZERO ODOMETER
Leaving the campground, turn

Left onto Gold Lake Highway

0
9

Turn Left onto HWY 89.
Turn Left onto HWY 70

13.1

Turn Right on Chandler Rd.

31.5

Slight left to stay on Chandler Rd
Turn Right at the 2nd cross street onto Quincy Junction

33.3

Turn Right

34.5
420
feet
36.1

Park. 39.960002, -120.882809

37.1

Turn Left on Mt Hough Crystal Lake Rd

Stop 3-1
Logistics:
Another tricky turnaround. We will have everyone drive up to an intersection with another dirt road.
One by one we will turnaround and back up that dirt road far enough for everyone to fit. It‟ll be fun! We
will gather near the cars for this stop.

Summary:
For the vantage of Stop 3-1 we should be able to see transpressional and locally transtensional
deformation along the northern terminus of the Mohawk Valley fault zone, as well as, the intersection of
the fault zone with the southern margin of the Sierra Nevada-Cascade Range boundary zone.

To Stop 3-2
Directions / Notes

Total
miles

Stop to
Stop
Miles

Head Back down the hill. Don't go all the way back to 70 - we are going a different route.

Turn left on Mt. Hough Crystal Lake Rd
Turn Right onto Quincy Junction Rd
Turn Right on Chandler Rd.

38.2
39.8
420 ft
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Turn Right onto Hwy 70 and Re-ZERO!!!
Turn right on Caribou Junction Rd. 40.014248, -121.225084
Sharp left at Caribou Rd. and Gansner Campground

42.9

0

65.6

22.7

66.2

23.3

Caribou Rd Beldon Siphon
Caribou Rd. and 26N26
2.8 Ma Andesite 40.019971, -121.234311

66.9
67.6
71.55

24
24.7
28.65

Park 40.033069, -121. 234965

72.75

29.85

Stop 3-2
Logistics:
We will gather near the cars for this stop. It will be awesome.

Summary:
We will view large-scale features related to the tectonic and geomorphic evolution of the northernmost
Sierra. Our viewpoint, situated east of the physiographic crest of the range, shows volcanic-stratigraphic
relationships that bear on the incision history of the streams as well as vertical component of faulting in
this area and its history. We will also see the point of deepest incision (“sweet spot”) of the North Fork
Feather River and a good profile of the canyon that can be compared to other major canyons of the range.
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Stop 1-1 Mills Peak Overview –
Welcome to the first stop on the 2015 FOP!
We are at the Mills Peak lookout (2167 m), which is located on the crest of the northernmost part of the
Sierra Nevada mountains and in the Lakes Basin (Figure 2). To the northeast, you should be able to see
Sierra Valley, just beyond Beckwourth Peak, which is where the 2011 FOP ended (Figure 2). Sierra
Valley and its drainage basin are presently the headwaters of the Middle Fork of the Feather River
(MFFR). The MFFR flows to the southwest, through Humbug Valley where the city of Portola is, and
enters Mohawk Valley near the town of Clio (Figure 1). Near Clio, the MFFR has a steep gradient
change and makes a hard right (westward) turn and flows northwestward through Mohawk Valley. At
about this point, Sulphur Creek joins the MFFR. The headwaters of Sulphur Creek are to the southeast.
Sulphur Creek carries the drainage from Beckwourth Peak and the lower hills/mountains to the right
(east) of Beckwourth Peak which make up the northernmost margin of Mohawk Valley in that part of the
basin. The steep rangefront of the northernmost Sierra Nevada mountains also flow into Sulphur Creek.
The Mohawk Valley Fault Zone (MVFZ) enters Mohawk Valley to the southeast, at the headwaters of
Sulphur Creek and through the drainage divide between Mohawk Valley and Sierra Valley to the east
(Figure 3). The MVFZ continues through Mohawk Valley, with splays on the southern and northern
sides of the valley margin (the western and eastern strand) and up onto the steep rangefront on the south
side of the valley (Figure 3). The MVFZ crosses the valley right in front of us. The southern splay
begins to cross the valley about 5 km to the east of us and joins the northern splay roughly about where
the MFFR enters the valley near the town of Clio (Figure 1). Though there are other splays of the MVFZ
and lineaments mapped, what is presently considered the primary fault continues northwestward about at
the valley margin and some splays partially up the bedrock slope. The ridge to the north is Bonta Ridge,
and it is the northern margin of Mohawk Valley.
To the northwest you might be able to barely see a narrow canyon that leaves Mohawk Valley. We
informally refer to that as Layman Canyon (Figure 1). The northern strand of the MVFZ is mapped on
the northwest side of Layman Canyon. The MFFR now flows out of Mohawk Valley through this
canyon. The river makes a sharp westward bend as it enters Long Valley, just out of sight. The MFFR
exits Long Valley and flows westward, ultimately flowing into the reservoir, Lake Oroville, and
eventually is let through those gates to find its way into the Sacramento River and the San Francisco Bay
(Figure 2).
We are camped at Gold Lake. When we drove up and out of the campground, and turned left onto Gold
Lake Highway, we were less than 1.5 km from the drainage divide between the Yuba and Feather Rivers
(Figure 1). Where we are now is still only about 2 km from the divide to the southeast. Here, in the
Lakes Basin, we are at the northernmost end of the ice cap that covered the Sierra Nevada Mountains in
northeastern California (Wahrhaftig and Birman, 1965) (Stop 1-2). The Sierran ice cap transitioned to
outlet valley glaciers that repeatedly extended north into Mohawk Valley and, we will argue, into
Mohawk Lake. Ice also extended south, down the Yuba River. On the way down the hill you will be
able to see the Sierra Buttes, a dramatic glacially carved bedrock cirque where ice flowed down Sardine
Creek and into the Yuba River.
Gold Lake is the headwaters of Frazier Creek, one of several outlet valley glaciers that flowed to the north
and into Mohawk Valley. The primary ice streams in the Lakes Basin area flowed down Frazier, Gray
Eagle, Smith, Claim, and Jamison creeks. There were much smaller glaciers with much smaller cirques to
the east of us, including the small drainage we are standing above, of Mills Creek. Others are named
(from west to east) Mohawk Creek, Little and Big Boulder creeks, and larger glacial features and deposits
are present in Haskell Creek. There may be small glacial deposits in a no-named creek near Hayes mine
as well.
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Figure 1. View of stops and geographic features from Stop 1-1.
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Yuba-Lakes
Basin divide

Figure 2. Regional overview.
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Figure 3. Surficial geologic map of Mohawk Valley and location of FOP stops (green triangles).

Stop 1-1 Mills Peak Overlook

39

Prior work and prior FOP field trips to this area
By J. Redwine, T. Sawyer, J. Wakabayashi, and J. Humphrey

The Mohawk Valley area is the home of two Pleistocene problem children, the Mohawk lake beds (MLB)
and the Mohawk Valley fault zone (MVFZ) which is part of the northernmost Walker Lane. These are
two of a handful of topics we are going to discuss throughout this trip.
The MLB were first identified and named in 1891 by H.W. Turner who interpreted them as lake beds of
and initially interpreted them as deep water facies of a lake that existed within Mohawk Valley (Turner,
1891; Durrell, 1966, 1967, 1987; Mathieson, 1981). Most of the subsequent geologic mapping of this
area was focused on bedrock geology and only general observations of Quaternary units were made,
where glacial deposits were distinguished from the fine-grained sediments (MLB) that are located in the
center and along the margins of the valley (Turner, 1891; Durrell, 1966, 1967, 1987; Saucedo and
Wagner, 1992; Grose, et al., 2000).
However there was one master’s thesis that was focused on mapping Pleistocene glacial deposits in the
Lakes Basin that extend into Mohawk Valley (Mathieson, 1981) and completed a detailed map of the
glacial deposits. We will discuss the details of Mathieson’s mapping on Day one at Stop 1-2.
Mathieson’s mapping was a top-down approach, in the sense that he started mapping topographically
high, with the glacial deposits, and worked downhill towards the MLB. This approach, in part, led to the
interpretation that the MLB are indeed lacustrine in origin. Mathieson developed the history of Mohawk
Lake along with Correll Durrell, who primarily was mapping bedrock but did also present many
interpretations of the Quaternary history (Durrell, 1967; 1987; Mathieson, 1981). The general
interpretation, shared by Durrell and Mathieson, was that Mohawk Lake existed from ~ 1Ma to near 140
ka until catastrophic failure of the downstream sill about 125 ka (Durrell, 1967; 1987; Mathieson, 1981).
Their interpretations were that throughout this time, the lake rose and fell, but never dried up completely.
The age of the catastrophic failure was interpreted from the presumed age of the oldest moraine mapped
as extending into Mohawk Lake and the youngest moraine mapped as not extending into the lake
(Mathieson, 1981). Their interpretation was that at its highstand, at ~1540 meters, the lake extended
upstream into Humbug and Sierra Valleys and subsequently a younger and short-lived lake pinned behind
landslides in the downstream Layman Canyon extended up to 1340 m within Mohawk Valley (Durrell,
1966, 1967, 1987; Mathieson, 1981).
In the 1980’s Jonathan Davis became interested in the MLB because they host a myriad of tephra layers
that were deposited within them. Prominent among the tephra beds is the Rockland tephra that erupted
near, or at the location of, Brokeoff Volcano near Lassen Peak (Clynne and Muffler, 2010). Thick
deposits of this tephra have now been found in at least 15 locations in Mohawk Valley. At that time (the
early 1990’s) the Rockland was considered to be about 400 ka (Meyer et al., 1980, 1991), within oxygen
isotope stage 11, which was of interest to many from a climatic perspective at that time. The Rockland
tephra is now considered to be ROUGHLY about 600 ka (610-570 ka - Lanphere et al, 2004). Jonathan
was collaborating with Andrei Sarna-Wojcicki, Jim Yount, Dave Harwood, and others from the USGS on
this project before he passed away. The others continued on with the project and because they were
interested in the numerous tephra layers in the lake beds and the depositional environment of the Mohawk
‘lake’ beds themselves. Yount took what you might think of as a bottom up approach – mapping the
deposits from the basin bottom and up to their topographic limit. Through these studies, the MLB were
re-interpreted as representing a long lived, aggradational setting dominated by alternating shallow
lacustrine, marsh, and fluvial depositional environments (Yount et al., 1993; Yount, 1995). This
topographic bottom - up approach, in part, probably influenced the interpretation of a Mohawk meadow
rather than Mohawk Lake. This change in interpretation was based on sedimentology and stratigraphy
from several locations within Mohawk Valley, and from detailed sampling and analysis of organic matter
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content, sedimentology, and diatom assemblages from the Mohawk Cliffs locality (Fig. 2A) (Davis, J.O.,
unpublished data, 1990; Yount, personal communication, 2007; Sarna-Wojcicki, pers. comm., 2008).
Sadly, this project was a casualty of the USGS reorganization and was dropped by 1995, as some of you
heard about if you attended the Sunday stop on the 1995 Pacific Cell trip at the Mohawk Cliff site here in
Mohawk Valley. Their interpretations were never finalized or published.
In 2001, during the FOP trip through the Northern Walker Lane and Northeast Sierra Nevada, Ramelli
and Adams discussed observations of shorelines and drainage connections upstream in Sierra Valley
(Lake Beckwourth) (Ramelli et al., 1999, 2001). They speculated about hydrologic connections with
Mohawk Valley to the west and with the Great Basin to the east and wondered if the western sill of a
large lake in Sierra Valley may have been located downstream, in Mohawk Valley. Years later, in 2008,
Ken Adams took a vacation to the Mohawk area and, as most do during their Christmas vacations, he
cleaned off exposures that weren’t snow covered and became convinced he recognized sedimentologic
structures indicative of a lacustrine setting. He returned to his office to convince then graduate student,
Joanna Redwine, this was a great project that should be her dissertation. Soon after, Joanna began her
research with the goal of mapping the MLB, glacial, and alluvial deposits to try to pull together the
Quaternary history of the valley – focusing on the depositional environment of the MLB (Redwine,
2013). In ~ 2009, Andrei Sarna-Wojcicki and Jim Yount gave Joanna all of their unpublished data which
she has incorporated into her study. In fact, all are together finalizing a paper on the tephrostratigraphy of
Mohawk Valley along with Nick Foit of Washington State University who did the more recent tephra
analyses for this study area for Joanna’s dissertation work. In 2011, the FOP came as close as 20 km
from some of some of this year’s FOP stops and some of that conversation dipped into the subject of the
Mohawk Valley fault zone and ever so slightly into the possible hydrologic connections of former Lake
Beckwourth that occupied Sierra Valley with Mohawk Valley.
On this trip, we will discuss new observations and interpretations of the depositional environment of the
MLB. This will include discussions of the stratigraphy of the MLB themselves, stratigraphic and
geomorphic context of certain key tephra beds, geomorphic and stratigraphic evidence for a major change
in base level post ~200 ka, and the interaction of the glacial deposits with the MLB.
There have been several studies of the long-term deformation in the Mohawk Valley area and the entire
Feather River drainage that suggest that at one time there had been a significant vertical component to the
faulting (Durrell, 1966; Saucedo and Wagner, 1992; Page and Sawyer, 1992; Sawyer and Page, 1993;
Grose et al., 2000; Wakabayashi and Sawyer, 2000 and 2001). Page and Sawyer (1992) reported that
there has been 600 to 1,200 m of down-to-the-east vertical separation since deposition of the 16 Ma
Lovejoy basalt and the late Miocene to early Pliocene Mehrten Formation across the western traces of the
Mohawk Valley Fault zone. Wakabayashi and Sawyer (2000) report the long-term average vertical
separation rate using the displaced Mehrten Formation is about 0.1 to 0.24 mm/yr on the Mohawk Valley
faults, even though they interpret that this fault system probably has a dominant right-slip component.
Wakabayashi and Sawyer (2001) estimated that in the Feather River drainage there has been 950 m of
incision in the past 5 Ma from which they calculate incision rates that range from 0.17 to 0.19 mm/yr that
they suggest reflects uplift rates in the region. They report that the 16 Ma Lovejoy basalt and the 5 Ma
Mehrten Formation are offset vertically from 600 to 1000 m across Mohawk Valley faults in the Feather
River drainage and they are offset by the same amount, suggesting all this vertical displacement occurred
after deposition of the Mehrten Formation.
During this FOP, we will discuss late Cenozoic uplift and evidence for northward propagation of the
Sierra Nevada Frontal Fault System (SNFFS) (e.g. Wakabayashi and Sawyer, 2000, 2001; Wakabayashi,
2013), evidence for temporal variations in uplift-related incision rates over the past ~3 Ma (Kemp, 2012;
Wakabayashi, 2013), along with evidence for a transition of the SNFFS/western Walker Lane to the
Sierra Nevada-Cascade Range boundary zone (SNCRBZ)( Sawyer, this volume; Sawyer, 2009; 2010;
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2013). Some of these stops associated with the transition zone will include views of evidence for
transpressional deformation in what is generally viewed as a transtensional fault system (Sawyer et al.,
2013; Sawyer, this volume). In 2001, John Wakabayashi discussed changes in incision rates in the
North Fork of the Feather River based on inset basalt terraces, but this was before he had students at his
disposal to gather data. Since then, there have been updates to the timing of rock uplift and geomorphic
response, based on new rangewide geochronologic data, and hence rates were presented by Kemp (2012),
and Wakabayashi (2013), and some of this information will be presented on this trip.
The Mohawk Valley Fault Zone (MVFZ) is part of the northern Walker Lane (Wakabayashi and Sawyer,
2000, 2001; Faulds and Henry, 2008). This fault system extends through southern Sierra and Mohawk
valleys, displacing Quaternary deposits along multiple splays of the fault zone (Turner, 1891; Smith,
1983; Sawyer and Page, 1993, Sawyer et al., 1993 and 1995; Sawyer and Briggs, 2001; Sawyer et al.
2013; and Gold et al., 2014). Trenching studies of the active faults in Mohawk Valley have demonstrated
that the faults have been active in the Holocene and have had multiple surface-rupturing events since the
mid-to-late Pleistocene (Sawyer et al., 1993, 1995, 2013; Gold et al., 2014). During the 2001 FOP, Tom
Sawyer and Rich Briggs discussed the MVFZ and their ongoing work aimed at understanding the fault
system and slip rate. At that time, the interpretation was that strain was partitioned between a
predominantly normal range-front fault on the southwest margin of the valley and a strike slip fault zone
crossing the valley floor, and that the MFFR may have significant cumulative displacement along the
MVFZ . In addition, they presented results from a fault trench study (Sawyer et al., 1993; 1995) to the
southeast, near the town of Calpine.
During this trip, Rich Briggs and Ryan Gold are going to update us on their thoughts on the MVFZ based
on their (and others) recent mapping using LiDAR imagery and an additional fault trench study located
northwest of the Calpine trench, on the range-front strand of the fault system (Sulphur Creek bench site)
(Gold et al., 2014). In addition, we may hear their thoughts on what the likely slip rate of the MVFZ is
and how it does or does not match modeled slip rate estimates based on geodetic data. In addition, Tom
Sawyer, Rich Briggs and/or Alan Ramelli will discuss results from mapping and a fault trenching study
on the southeastern part of the MVFZ, near Turner Creek (Sawyer, et al., 2013), as well as, new
observations indicating transpressional deformation on the northern end of the MVFZ.
Several geodetic studies have examined the MVFZ and the northern Walker Lane to try to characterize
the rate of faulting in the region based on present day strain rates (Thatcher et al.; 1999; Dixon et al.,
2000; and Kreemer et al., 2009). Geodetic model results from a transect across the MVFZ suggest the
dextral slip rates are 2.3± 0.3 mm/yr and the extensional rates are not significantly different than zero
(Hammond and Thatcher, 2007), suggesting no vertical separation may be occurring across the MVFZ.
Similar results were found by a campaign style geodetic study by Kreemer and Hammond (2008) across
the MVFZ who estimated a strike-slip rate of 2.7± 0.2 mm/yr and a normal slip rate of zero, or within the
margin of error. Kreemer et al. (2009) show that faults in the Mohawk Valley vicinity are optimally
oriented to accommodate right lateral motion, and not extension. Continuing geodetic studies in the
region suggest that there is ~ 3 to 5 mm/yr of dextral motion within the region including the Mohawk,
Grizzly, and Honey Lake fault systems. At the 2011 FOP, Jayne Bormann presented part of her Ph.D.
research where she worked with Bill Hammond and Corne Kreemer (NBMG) to develop geodetic block
models of the MVFZ. During the 2011 FOP, Bormann told us that those models permit interpretations
ranging from 2.2 ± 0.2 to 1.6 ± 0.2 mm/yr may be accommodated on the MVFZ (Bormann et al., 2012;
Bormann, 2013). Since that time, she has graduated! We have asked Jayne to re-visit this topic on this
2015 trip since we will be discussing and looking at the MVFZ and because not everybody on this trip
was necessarily on the 2011 FOP as well. We will see if she has changed her story in the intervening 4
years…. During this year’s FOP, we will also discuss recent mapping and correlation of the shoreline
features in Mohawk Valley that may have implications regarding whether or not there has been a
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significant vertical component to the faulting across the majority of MVFZ since ~200 ka (Redwine,
2013).
The Mohawk Valley fault zone, along with the Sierran Foothills fault system, SNFFS and arguably the
Sierran-Central Valley microplate and Sierran batholith, all terminate northward against the newly
recognized Sierra Nevada-Cascade Range boundary zone (SC-CRBZ). In addition, the ~1,100 km-long
Cascade Range (i.e., Cascadia magmatic arc) and associated backarc rift terminate southward against this
~25 km wide zone of generally parallel and linear fault traces (Sawyer, 2010; 2013). The distributed SCCRBZ is confined to the N-S extent of the ancestral (3.5-1.1 Ma) Cascade Range.
The remarkably linear ~130 km-long southern margin of the SN-CRBZ extends ~N70W from Cromberg
to east of Red Bluff, where the boundary zone abruptly terminates against the Inks Creek fold belt in the
northern Central Valley. Four significant drainages incised into or locally through the 3.5-1.1 Ma Tuscan
Formation, sourced by the ancestral Cascade Range, all show from 2-3 km of right-lateral deflection
(offset?) along the southern margin of the boundary zone. These observations suggest that as much as 2-3
mm/yr of Walker Lane dextral shear transfers westward along just the southern margin of the boundary
zone. Further, these relationships indicate that dextral shear along the SN-CRBZ drives ~N-S
contractional deformation of the Quaternary fold belt (Figure X).
The position of the SC-CRBZ appears to be fundamentally controlled by the abrupt rheologic contrast
between the rigid Sierran-Central Valley microplate and the thermally weakened and extended ancestral
Cascade Range to the north. It is unlikely that the inferred 2-3 km of right-lateral shear adequately
accounts for the linearity and apparently continuity of the southern margin, suggesting that reactivation of
basement structures imparts a secondary control on the position and orientation of SC-CRBZ, or at least
its southern margin. In addition, one of the most prominent faults within the boundary zone, the postglacial (Holocene-active?) Colby Mountain fault, exhibits an arcuate fault trace where it boarders the
western flank of the 3.4-2.5 Ma (Clynne et al., 2012) Mt. Yana volcanic center. These observations
suggest that in part the Colby Mountain fault has reactivated structure associated with collapse of this
volcanic edifice. Furthermore, changes in volcanic chemistry of ancestral and active Cascade vents
(Clynne et al., 2012) indicate that the northward migrating southern margin of the subducted Gorda plate
arrived beneath the southern margin of the boundary zone at 3 Ma and is currently positioned beneath its
northern margin. Although poorly understood, the position and N-S extent of the SN-CRBZ also may be
genetically related to the position and orientation of southern edge of the subducted Gorda plate.
On this trip, Sawyer and Ramelli will present evidence for transpressional deformation along the northern
MVFZ, which apparently signifies a westward restraining transfer of WL dextral shear onto the SNCRBZ. We will look at a doubly plunging anticline extending W-NW from Cromberg to Sloat that
occupies a restraining left-step between the central and northern sections of the MVFZ, as well as,
defeated former channels of Long Valley Creek that appear to be windgaps crossing the eastern nose of
this Quaternary fold. In the vicinity of Quincy we will review evidence for a ‘flower structure’ along the
northernmost MVFZ as well as a reverse-fault escarpment bounding American Valley that appears to
represent the abrupt northern edge of the Sierran-Central Valley microplate in this region.
Jeff Unruh and Jim Humphrey will provide some background information on the current style of
deformation in the northern Walker Lane belt from kinematic inversions of earthquake focal mechanisms.
Jeff and Jim have been collaborating in this region for over twenty years, having first presented some
early results at the 1995 FOP. Their most significant work on the Walker Lane (Unruh, Humphrey and
Barron, 2003) described a transtensional model for the Sierra Nevada frontal fault system in which the
active strike-slip and normal faults along the eastern margin of the Sierra Nevada primarily accommodate
northwestward translation of the Sierran microplate with respect to North America. Northwest-striking
strike-slip faults such as the Mohawk Valley fault are subparallel to small circles about the Sierra Nevada
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– North America Euler pole and normal faults are rotated ~45° clockwise of these small circle trajectories
and exhibit left-stepping en echelon patterns consistent with formation in the larger dextral transcurrent
system.
In our 2003 paper we showed that seismogenic deformation in the region from Mohawk Valley to Lake
Almanor is characterized by transtension and oblique crustal thinning (extension in two horizontal
directions) with the maximum resolved dextral shear occurring as oblique slip on planes striking from
N38°W (Mohawk Valley) to N68°W (Almanor basin). In our most recent work (Unruh and Humphrey,
2013) we discuss the seismogenic deformation between the Sierran microplate and the Oregon Coast
Block and the implications for the northern termination of the Walker Lane belt. A summary of this oral
presentation at the 2013 GSA Cordilleran meeting is included in this volume (a manuscript is in
preparation). The one of the results of this study indicates that the SN – CR boundary zone, which
extends WNW from the WLB between Quincy and Lake Almanor to the northern Sacramento Valley
(Sawyer, 2013? – Tom needs to confirm this ref), is undergoing dextral shearing and is driving shortening
in the Inks Creek fold belt. We speculate that the shortening deformation in the northern Sacramento
Valley may represent a restraining stepover between the SN-CR boundary zone and NW-striking dextral
faults in the southern Cascades forearc such as the Grogan fault, which terminate northward at the Blanco
Fracture Zone and the southern Juan de Fuca plate.
Another conclusion reached in Unruh and Humphrey (2013) is that both GPS geodesy (McCaffrey, 2003;
Hammond and Thatcher, 2005, 2007) and patterns of seismogenic deformation indicate that the transition
from rigid WNW motion of the Sierran microplate to the rigid NW motion of the OCB occurs in a NESW-trending zone between Lassen Peak and Mt. Shasta. Deformation between the two crustal blocks is
characterized by distributed E-W dextral shear, which represents the difference between SN and OCB
motion south and north, respectively, of the transition zone. The northern Walker Lane belt terminates in
this transition zone with some of the NW-directed dextral shear stepping west along the boundary of the
Klamath Mountains driving shortening between the Sierran microplate and the Klamath Mountains.
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Stop 1-2: Young moraine on Frazier Falls Road
J.Redwine
We have driven downhill from the overlook ~143 m (from about 2167 m to 1730 m). From here you can
look up canyon and see the overlook where we started (Stop 1-1). We are standing on a left lateral
moraine, you can look across the canyon and see the right lateral across the canyon (Qmy1, Figure 1).
Both the left and right are covered by manzanita. Just below the road, on our side of the canyon, there is
another similar looking manzanita covered moraine. This and its right lateral pair across the canyon are
also both young moraines. This is the farthest down valley extent of the moraines mapped as young,
which are characterized by a lack of deep weathering and a white or gray color.
On the east side (right bank) of the canyon, follow the lower, manzanita covered moraine downstream
(downhill) and note that at that downstream end, there is an uphill-facing topographic ‘scarp’ or hill. This
hill is the inside of a left lateral moraine that actually bends sharply to the east at this location rather than
following the modern stream course or the course that that the intermediate or young moraines follow.
The equivalent upstream end of the right lateral moraine is upslope and we cannot see it from here
because it is buried beneath a young moraine. There are lineaments that may or may not be faults that cut
through that moraine. If the lineaments(s) are faults, perhaps they affected the topography in a way that
influenced the change in direction of ice flow from the time the older moraines were deposited and the
intermediate aged moraines. I will explain Scott Mathieson’s (1981) interpretation of multiple breaches
in lateral moraines causing the ice to switch directions two times here as well.

Figure 1. Photograph of Stop1-2. Looking to the northeast, across Frazier Creek. The Qmy1 moraine to the right is
the pair to the one we are standing on. If you look to the north, on our (left) side of the canyon, there is another
manzanita-covered moraine that is the left lateral to the right lateral inset Qmy1 in the photo. Just downslope is the
left-lateral of an older Qmi moraine that extended to the east, ~ 90◦ from the direction of the creek.
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Introduction
We are at Stop 1-2, in the Lakes Basin area in the northern Sierra Nevada Mountains (Figure 2 and Figure
3) and we are at the north end of the Sierra Nevada ice cap (Wahrhaftig and Birman, 1965; Raub et al.,
2006) (Figure 4). Here, in the Lakes Basin, the Sierran ice cap transitioned to outlet valley glaciers that
extended north into Mohawk Valley. We have mapped and characterized these glacial deposits using
cross-cutting relations, geomorphology, soil development and weathering, and stratigraphy. We can
provide some limiting age control of the glacial deposits based on relations with tephra beds deposited
within Mohawk Lake sediments. At least five, and up to nine, different generations of glacial deposits are
found here in the Lakes Basin (Redwine, 2013).

Figure 2. General location of study area in northwestern California and area shown in Figure 3 (black box).
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Figure 3. Map showing location of the Lakes Basin, Yuba rivers, Sierra Valley and the western limit of the 2011
FOP, Mohawk Valley, the MFFR, and the Sierra Nevada mountains. Purple line in Mohawk and Sierra valleys is the
high shoreline from Mohawk Lake 1525 m. White outline is the extent of LiDAR coverage in Mohawk Valley.
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Figure 4. Extent of the Sierra Nevada ice cap. Yellow highlighted area is the Lakes Basin. Modified from Raub et
al., 2006.

Prior Work
There have been relatively few glacial studies in the Lakes Basin. Turner (1897) first identified the
glacial deposits in Mohawk Valley and Durrell (1967) provided some initial observations of them. A
master’s thesis provided the lone detailed glacial study in the Lakes Basin (Mathieson, 1981). Based on
relative dating parameters, Mathieson delineated two general age groups of glacial deposits and up to six
glacial advances (Mathieson ,1981, 1984, and Mathieson and Sarna-Wojcicki, 1994). Mathieson (1981)
compared the soil development in Lakes Basin to a study on the east side of the Sierra Nevada Mountains
(Burke and Birkeland, 1979) to apply the Sierra Nevada glacial stratigraphic nomenclature of that time
(Blackwelder, 1931; Sharp and Birman, 1963; Burke and Birkeland, 1979). He tentatively correlated the
youngest two ice advances to Tioga and Tenaya, at that time considered as marine oxygen isotope stages
(MIS) 2 and MIS 4 in age (Figure 5) (Mathieson, 1981). The older glacial deposits were estimated to be
MIS 6 and possibly older and were tentatively correlated to four Tahoe advances or Tahoe and older
glacial advances possibly correlative to those identified in the eastern Sierra Nevada at that time
(Mathieson, 1981; Burke and Birkeland, 1979). His interpretation of ages was also based on his inference
that differences in oxidation were related to increased rates of weathering during MIS 5 (the Sangamon ~125 ka), a period of time that was warm and wet and likely did accelerate weathering processes. The
two younger ages of moraines and till are substantially less weathered than those he mapped as Tahoe –
age and older.
While our basic interpretations are similar to those of Mathieson (1981), because of the improved imagery
and topographic data now available, our mapping is substantially different. Mathieson did a great job
with the 15 minute topographic map he had at his disposal and in general terms, the mapping of glacial
deposits is similar between studies. Both studies delineated the two primary groups of deposits. In our
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current study we refer to them as younger and intermediate and Mathieson (1981) referred to them as preand post-Sangamon. Both studies further subdivided those primary age groups, but the two studies made
assumptions of the ages of the glacial deposits based on different logic. Our current study relies on the
interaction of glacial deposits with lacustrine deposits and has the advantage of more tephra beds than had
been located previously.

Methods and Results
We used field mapping and interpretations of a combination of LiDAR imagery (U.S. Geological Survey;
Vendor: Airborne Solutions, Inc.), 30- and 10-m DEMs and derivatives, color aerial photographs
(1:24,000-scale), 7.5 minute USGS quadrangles, and Google Earth to distinguish landforms and relative
ages of Quaternary deposits within Mohawk Valley. Relative ages were based on stratigraphic and
geomorphic position, cross-cutting relations, degree of preservation, relative weathering (soil
development and depth and degree of oxidation), and relation to numerically dated deposits.
We have divided the glacial deposits into three primary age groups (old, intermediate, and young).
Further subdivisions were identified within the young and intermediate age groups and are distinguished
by a number where 1 is relatively older and 2, relatively younger (e.g. Qmy1 and Qmy2). We primarily
based our geomorphic mapping on relative degrees of weathering and cross cutting relations of moraines
to each other and to Mohawk Lake deposits. Each subsequently younger generation of moraines cuts,
buries, and/or is inset within relatively older deposits (Figure 6). In addition, the differences in
topographic profiles across the different relative ages of moraines also reflect differences in age. Figure 7
shows topographic profiles constructed from 10 m DEM data. In general, the youngest moraines have the
steepest and the narrowest crests and with time, older deposits have more gentle side slopes and wider
crests.
The young moraines, till, and outwash are only oxidized in the upper 2 meters or less and overlie, bury, or
are inset into intermediate and old glacial deposits. The moraines have more narrow crests and steeper
side slopes than relatively older deposits and the landforms are dominated by talus slopes (patterned
ground?) with very few fines incorporated into the side slopes. Here, at Stop 1-2, we are standing on a
young moraine, mapped as Qmy1 (a unit intended to be the older of the relatively younger, relatively
unoxidized moraines) (Figure 8 and Figure 9).
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Figure 5. Marine oxygen-isotope stages and curve from Bassinot et al. (1994) with the range of possible correlations shown for the Lakes Basin glacial units
(this study) and four key tephra beds that help constrain those ages (highlighted in yellow). References for ages of tephras are listed in Stop 1-3.

STOP 1-2 Frazier Creek Qmy1 moraine.

53

Figure 6. Geologic map of the southwestern part of Mohawk Valley. See Appendix-JR2 for legend. Locations of topographic profiles are shown as are some stop locations (green
triangles) and sites mentioned in text. Yellow triangles are sites from this study.
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Figure 7. Topographic profiles across moraines mapped as different relative ages. Topographic profile locations are shown on
Figure 6. All profiles have the same scale and were extracted from a 10-m DEM. Note the younger moraine crests are, in
general, more narrow with steeper side slopes than relatively older moraines. Older moraine crests are progressively wider with
more gentle slopes. Relative ages within a stratigraphic unit are indicated by ‘a’ (younger) and ‘b’ (older).
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Figure 8. Geologic map showing locations of Stop1-2 and 1-3B-E (green triangles), four contour lines representing common lake level (Purple-1525 m, light blue 1510 m, dark
blue 1490 m, and green -1388 m). See Appendix JR2 for legend. Yellow triangles are sites from this study. There is a soil at site 22 that is very similar to the soil we will see at
Stop 1-2.
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Figure 9. Lidar image and topo map of the same area as Figure 8. Letters are locations mentioned in text. Arrows point to particular elevations. Yellow triangles are sites from
this study. There is a soil at site 22 that is very similar to the soil we will see at Stop 1-2.
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The age of the Qmy1 deposits:
Here, Stop 1-2, we can look at the soil developed into what I’ve mapped as a Qmy1 deposit (Figure 10and
Figure 11). I did not describe in detail the soil here at Stop 1-2, but did look at the soil to compare it to
detailed descriptions of soils on Qmy1. This is a very similar soil to that developed into the Qmy1
terminal and recessional moraines in Gray Eagle and Jamison creeks (sites 296 and 301 Figure 6; Table 1).
Along Jamison Creek, the soil profile at site 296 has a A/Bw/Bt/Btqm/Cq soil profile, a 140 cm thick
argillic horizon, ~160 cm of silica horizons, and matrix colors of 2.5Y with maximum oxidation of 2.5Y
or 10YR. The Gray Eagle moraine at site 301 (Figure 8) is similar, with 50 cms of B horizons overlying
>100 cm of silica horizons and hues of 2.5Y and 10YR. We drive past this soil on Gold Lake Highway
and the site is in the Road Log. There is a pull out across the highway from the exposure that is not big
enough for an FOP, but those interested can look at this exposure themselves for comparison.
So, how old are these Qmy1-aged moraines? I’ll start with what we know. These moraines are older than
~30 ka. How do we know this – other than the soil is well developed and it ‘seems’ the soil ‘should’ be
old? A series of inset outwash fans was deposited along the right bank of Gray Eagle Creek, which is ~2
km to the north, near Stop 2-4 (Figure 6). This flight of outwash fans all have similar soil development
in terms of color, depth of oxidation, and thickness of overlying eolian and/or fine-grained overbank
deposits (Redwine, 2013). At sites 284 and 65, the terrace (mapped as Qowy2) overlies and cuts into
well sorted, loose, diatom-rich, silt and sand that we interpret as lacustrine deposits which are
unconformable above the very indurated Mohawk lake beds (MLB) (Figure 12 and Figure 13). A tephra
bed was found within those looser and younger lacustrine sediments (Figure 13) that has been correlated
by Nick Foit to the Tulelake T 2438 and Summer Lake E1 tephra beds. The details of the age estimate of
this tephra are in Appendix JR-2. To summarize, the E1 tephra was found in the Summer Lake basin in
southwestern Oregon (Figure 15), where the age of the tephra bed is constrained by the underlying Wono
tephra bed and overlying Trego Hot Springs (THS) tephra bed (Kuehn and Negrini, 2010). The age of
those tephras has most recently been estimated by Benson et al. (2013) as 33.7 and 29.9 ka cal yr B.P.,
respectively.
The soil at site 284 has a A/Bw/Cox soil profile, does not have silica horizons, cemented horizons, or clay
films, is only slightly oxidized (10YR colors), and has a weak, ~50 cm thick, cambic horizon (site 284;
Figure 14;Error! Reference source not found.). This soil is much less developed than the soil
developed into the young moraines (Qmy1) and is more developed than even younger alluvial fans that
have 14C ages of about 4 ka (Redwine, 2013). On Day 2, those who want to can walk to site 284, at Stop
2-4. However, although we will be able to look up at the very deposit and soil that I described at this site,
we won’t be able to poke at or get close to the soil itself, unless you are an exceptional outcrop scrambler
without fear of boulders possibly tumbling onto your head.
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Figure 10. Upper part of soil on Qmy2 from Stop 1-2 (left). Black bar is ROUGHLY 1 meter. Lower part of soil on Qmy2 (right) from Stop 1-2. Black bar is
ROUGHLY 1 meter.
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Figure 11. Photographs of the soil developed into a recessional Qmy1 moraine along Jamison Creek. White box on left photo shows the area of right photo.
Site 296 (Figure 6). Soil description is on Table 1.
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Table 1. Soil description of a Qmy1 recessional moraine exposed along the right bank of Jamison Creek.
Site
Location
GPS

296
Along Jamison Creek
4408279
698735

Elevation

1397 m

Date

8/25/2010

depth

horizon

structure

Vegetation
Parent Materials
Geomorphic
Surface
Age Constraints
gravel
%

consistence

matrix colors

wet

moist

dry

wet
2.5Y
3/2

dry
2.5Y
4/3

Logged pine forest
eolian (?) / till
Moraine - Qmy1
> ~30 ka and may be ≤ ~200 ka
clay film colors

clay
%

clay
films

L

10

none

N/A

N/A

N/A

texture

wet

dry

Silica
Stage

0-5

O

3fpl

0

sopo

vfr

so

5-13

A

1vfgr / sg

10

sopo

vfr

sh

2.5Y
3/2

2.5Y
4/2

L

10

none

N/A

N/A

N/A

13-22

Bw1

2fsbk

10-25

sopo

vfr

sh

2.5Y
3/2

2.5Y
4/2

SL

10

none

N/A

N/A

N/A

22-42

Bw2

2m to f
sbk

25-50

sopo

vfr

sh

10YR
3/2

10YR
4/3

SL

12

none

N/A

N/A

N/A

42-57

Bt?

2msbk

25-50

sspo

fr

sh

10YR
3/3

2.5Y
4/4

L

15

none

N/A

N/A

N/A

57-81

Bt

2msbk

25-50

sspo

vfr

sh

2.5Y
3/3

2.5Y
6/3

L

18

none

N/A

N/A

N/A

81-140

2Bqmt1

2msbk

>75%

sspo

efi

eh

2.5Y
6/3

SCL

22

1fpf

140-165

2Bqmt2

2msbk

>75%

sspo

efi

vh

2.5Y
5/3
2.5Y
5/3

2.5Y7/2

SL

10

2ppf

2.5Y
6/3
2.5Y
5/4

2.5Y
7/3
2.5Y
7/4

165-205

2Bqmt3

2msbk

>75%

sspo

efi

vh

2.5Y
5/3

2.5Y
8/2

SL

19

2fpf

2.5Y
5/3

2.5Y
7/2

2.5Y
4/4
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outwash
gravels

MLB –
indurated
lacustrine
sediments

Figure 12. Photograph of site 65 along Gray Eagle Creek (Stop 2-4C) (Figure 6). Outwash gravels (Qowy2)cut into and overlie lacustrine deposits. Site 284 is
about 30m upstream and the same upper gravel unit as shown here.
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Summer Lake E1 tephra deposited within lacustrine sediments
below outwash gravels. Site MV-284.

Site 284 - weak soil developed
into Qowy2 outwash

A

Bw1
Bw2
outwash gravels

lacustrine sediments

SL E1

lacustrine sediments

Bw3

Bw4

Cox1

Cox2
Figure 13. Photographs of (left) the coarse-grained outwash gravels in relation to
the underlying lacustrine sediments and (right) a close up of the lacustrine
sediments and the SL E1 tephra bed (~30 ka).
Figure 14. Photograph of the soil developed into the outwash gravels at site 284.
This soil and deposit overlie and are younger than the ~30 ka Summer Lake E1 tephra
bed.
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Table 2. Soil description for site 284 - outwash gravels (Qowy2) along the right bank of Gray Eagle Creek that overlie the Summer Lake E1 tephra bed deposited into lacustrine sediments.

Site
Location

284
Outwash on right bank of
Gray Eagle Creek

Elevation 1389 m
Date

8/17/2010

depth

Horizon

structure

gravel
%

consistence

Vegetation
Parent
Materials
Geomorphic
Surface
Age
Constraints

logging slash/grass
fluvial
(outwash)
outwash
terrace
< 33.7-29.9 ka (overlies Summer Lake tephra bed E1 and
Tulelake 2438)

matrix colors

texture

clay clay
%
films

roots

pores boundaries

LS

NR

none

NR

none

cs

none

cs

1vf,
1f

cw

none

cw

none

cw

none

gs

none

n/a

wet

moist dry wet
dry
NR - darker
sopo lo
lo
than Bw1

0-5

A

sg

<10

5-15

Bw1

1fgr

50-75

sspo

so

so

10YR 10YR
SL
3/3
5/3

13

none

15-36

Bw2

2msbk

>75

sspo

vfr

sh

10YR 10YR
SL
3/4
5/4

15

none

36-50

Bw3

1msbk

>75

sspo

vfr

so

10YR 10YR
SL
3/4
5/4

13

none

50-75

Bw4

sg

>75

sopo lo

lo

10YR 10YR
SL
3/4
6/4

10

none

75-100

Cox1

sg

>75

sopo lo

lo

2

none

100+

Cox2

sg

75

sopo lo

lo

4

none
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Figure 15. Locations of other study areas mentioned in the text. M- Mohawk, BL- Buck Lake, CL- Clear Lake, NV- Newberry
Volcano, TL- Tule Lake, MLV- Medicine Lake Volcano, SL- Summer Lake, CrL- Crater Lake (Mount Mazama), CaL- Carp Lake,
PS- Puget Sound (Keton Island), PF- Palouse Formation, LP- Lassen Peak, MH- Mecca Hills (Thermal Canyon ash locality), OLOwens Lake, Y- Yellowstone (Lava Creek B tephra locality), DV- Death Valley, P-Pyramid Lake, W-Wadsworth.

How OLD could the Qmy1-aged moraines be? This is a more difficult question to answer. I hate to be greedy, but
although we have 46 tephra beds analyzed in this basin and four 14C ages, more numerical ages would really help answer
some important questions, and this is one of them. To estimate the maximum age of this moraine / ice advance we rely of
what we think we know about the Mohawk Lake record. If you all could presume for the time being that we understand
the lake record as follows, we can poke holes in the assumptions and interpretations as we move on through the day.
We think we know that after Mohawk Lake reached its highstand elevation, at ~1525 meters sometime after ~200 ka, the
lake began to spill westward, downcut and the lake level then incrementally lowered and emptied before 7 ka (Redwine,
2013). The age control of ~ 200 ka comes from the Summer Lake tephra bed LL, which we will see and discuss at Stop
1-4. Based on my mapping, outwash terraces (Qowy1) associated with the Qmy1 moraines may be adjacent to the
moraines, but primarily are thought to be inset into the canyons downstream of the moraines. This is a different
geomorphic position than the intermediate-aged outwash terraces, which are preserved high above the canyons and are
graded to a base level up to 200 m above the modern Mohawk Valley floor. We infer that while Mohawk Lake was high,
outwash terraces graded to that lake level. When Mohawk Lake began to lower, outwash terraces could then be inset into
canyons and graded to progressively lower base levels. Based on those inferences, we suggest the Qmy1 moraines are
likely younger than ~ 200 ka, and could be MIS 4 or 6 in age. The truth is that the Qowy1 terraces are not well delineated
and we suspect the lake level history could be more complex than we presently understand. Thus, the caveat is that this is
just a best estimate at this time and more work needs to be done to pin these elements of the story down better. What
about those moraines that extended east instead of down the Frazier Creek proper?
STOP 1-2 Frazier Creek Qmy1 moraine.
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What about those moraines that extended east instead of down the Frazier Creek proper?
Mathieson (1981) had a complicated interpretation here where he thought the ice first extended northward, down the
Frazier Valley. He then interpreted that as the ice retreated, the right lateral moraine was breached, probably by overflow
of a pro-glacial lake, and the ice re-advanced to the east, then retreated again. Mathieson proposed that during the next
glacial advance, the ice extended both to the east and the north. Then, as it receded, a proglacial lake formed again
impounded by the terminal moraine. Eventually there was a catastrophic failure to the north, and then the final glacial
advance proceeded to the north without incident.
I can’t present a step by step tight story here, but I do suspect there may be a simpler history. I don’t see that there is
clearly a first, definitely older advance that followed Frazier Creek canyon to the north. However, I don’t have enough
data, in terms of soil development into the moraines, to rule that out and that part of the story may very well be as
Mathieson interpreted it. Conversely, because of the soils developed into the Frazier Fan (my Qowy2), my interpretation
is that: 1) they are < 30 ka, therefore related to the last glacial period, and 2) I don’t think the Frazier Fan was deposited
catastrophically. Fan remnants higher up, both topographically and higher in the drainage, have better developed soils
than fan remnants that are inset and that grade to the modern MFFR floodplain (Redwine, 2013). This demonstrates that
there was some amount of time as the fan complex was being deposited and suggests they were not deposited
catastrophically. I think it is more likely that the Frazier Fan complex is composed of both outwash fans associated with
the youngest, MIS 2, glaciation, and even younger alluvial fans that re-worked the glacial material, depositing it
downslope. The fans were deposited progressively inset to each other as the base level continued to lower - related to the
emptying of Mohawk Lake (Redwine, 2013).

Qmy2 – the youngest, MIS 2 advance? Where are the deposits?
Based on our reconnaissance efforts, the youngest moraines (Qmy2) are much less extensive and stayed much higher in
the basin than did the young glacial deposits (Qmy1) (Figure 6). However, we do not know for sure where the Qmy2
moraines are. Our best guess is shown on the geologic map. For example, in Frazier Creek, there are some subtle
benches inset into the canyon that we suspect could be younger moraines and if so, they could be MIS 2 in age. They
could also be recessional Qmy1 moraines. We have yet to put a soil pit on those features to evaluate the age. There are
small moraines at the downstream edge of cirque lakes from a relatively very small ice advance that are preserved in
Eureka, Smith, Howard (above Gold Lake), and maybe Jamison creeks (Figure 6). Again, we have not looked at the soils
developed into these moraines and do not know if they are MIS 2-aged or if they are older or younger. Mathieson (1981)
mapped similar features, and he interpreted these deposits as neoglacial in age based primarily on their limited extent.
Another possibility is that because Mohawk Lake was mostly gone by the time of the MIS 2 ice advance, the ice and
deposits were all inset into the canyons cut by the subsequent incision since the lake lowered, and therefore the deposits
were not well preserved, possibly even eroded from the channels since their deposition and re-deposited as fans.

Some preliminary thoughts on why the MIS 2 advance may have been smaller in the Lakes Basin then
elsewhere.
We are camped only 1 km away from the draining divide between the Lakes Basin and Yuba River.
I have wondered if it is possible that the ice cap in MIS 2 time did not reach as far north as it did during previous
glaciations and therefore the ice all went down the Yuba River and did not extend into the Lakes Basin area. The crest of
the mountains and cirques of the Lakes Basin hover around 7000 ft (2133 m) with peaks ranging between that and 8000 ft
(2438 m). This is lower than Sierran Crest in the Tahoe area. Is it low enough that large glaciers are not generated from
the moisture collected at the crest of these mountains alone, without the input from the larger ice sheet?
Another idea – How much could the feedback from lake effect moisture have contributed to the amount of moisture and
ice in the Lakes Basin area? I will show you evidence that there was a large lake in Mohawk Valley at least during glacial
times, and probably persisting at some level during interglacials also. However, by ~ 30 ka, the lake had mostly drained
and was a fraction of the size it had been. Could this have such an impact on the water balance here that the MIS 2 ice
was substantially smaller? These are just some ideas: where oh where the MIS 2 ice deposits are is a definite known
unknown in the Mohawk Valley geologic story.
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Stop 1-3
J.Redwine
At this stop we will discuss some of the evidence we observe for a lake in Mohawk Valley and will look
at two or three different types of lake-related deposits. We will also discuss the characteristics of the
intermediate-aged moraines, the age control we have for those deposits, and compare the Lakes Basin
glacial deposits to those in the Truckee-Tahoe area mapped by Birkeland (1963, 1964) and in the Bear
River – South Yuba River area (James and Davis, 1994, James, et al., 2002, and James, 2003).
I introduced the different interpretations of the depositional environment of the Mohawk lake beds (MLB)
at Stop 1-1. We are now going to discuss the observations that convinced us there has been a deep lake in
Mohawk Valley repeatedly over the last several hundred-thousand years. The three primary lines of
evidence are the character and distribution of the MLB themselves, the relation of glacial deposits with
the MLB, and geomorphic evidence for a major base level change.

The Mohawk Lake Beds
The MLB fringe the valley margins and are up to 190 m-thick. They were deposited on bedrock, against
steep bedrock slopes, within paleo-valleys, and, in Layman Canyon, on valley fill (See geologic map in
Appendix JR-1 and Figure 1). From the one hundred nine stratigraphic descriptions, we know that the
sedimentary characteristics of the MLB vary by position within the basin and depositional setting. In
general, the MLB are composed of interbedded, well- to moderately well sorted sand, silt, silty clay,
organic-rich silty clay, and lesser pebble and cobble beds. Some common sedimentologic features
include tabular and trough cross beds, symmetrical and asymmetrical ripples, dish and pillar structures,
wavy and lenticular beds, horizontal and gently dipping parallel and sub-parallel laminations and thin
plane beds, massive silty clay, massive, fissile, and wavy-laminated organic-rich silty to sandy clay,
shallow channels, foreset beds, and mud-draped ripples. Tephra beds within these deposits allow some of
these isolated outcrops to be correlated to one another.
The upward extents of these deposits are all less than 1525 m, and most extend up to about 1490-1500 m.
They are thick aggradational packages of material that represent deposition for several 100 ky. For
example, in Jamison Creek, to the west of our location (Figure 1 – Site 45), there are about 45 m of
sediment that underlie a tephra that is about 500 ka (discussed below). Just upstream from that location,
there is an additional 65 m of deposits that overlie that tephra, and extend up to about 1500 m. To the east
of our location, there is a thick stack of MLB that is exposed along HWY 89 for 2.5 km. The Rockland
tephra (~600 ka - Lanphere et al., 2004) is at the base of the Sulphur Creek terrace (site 139 – See
geologic map in Appendix JR-1). There, the overlying MLB are ~110 m-thick, extending up to 1507 m.
At Stop 1-4, we will look at a stack of fluvial (fluvial-deltaic?) deposits that is at least 85 m thick and has
the Rockland tephra near the base and the Summer Lake tephra bed LL (~200 ka - Donnelly-Nolan, 2010;
Kuehn and Negrini, 2010) near the middle of this section. In the valley floor, at the Mohawk Cliff site,
(Figure 1) there is a 42 m-thick section that contains 15 different tephra beds. The oldest tephra bed is
the Lava Creek B (640 ka-Lanphere et al., 2002). The Rockland Ash is deposited about midway within
the section, and the Summer Lake tephra bed LL is deposited near the top of the section (Appendix JR-2).
All of these sections have changes in clast size and sedimentary structures that indicate changes in
depositional environment through time. For example, the Sulphur Creek terrace has interbedded sand and
silt beds with cobble and boulder sized outwash deposits, showing changes in depositional environment
that we interpret reflect lake level changes. Together, the many deposits of the MLB show there is an
incredibly thick package of Quaternary sediments that were deposited in Mohawk Valley. This thickness
of deposits reflects a change in base level that could be controlled by basin subsidence and/or a rising
(and fluctuating) lake.
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Figure 1. Geologic map of the southwestern part of Mohawk Valley showing the glaciated valleys. See Appendix JR-1. Contour lines are elevations of distinct
former shorelines. Purple -1525 m, dark blue-1500 m, light blue-1490 m, and green-1388 m. Note the multiple ages of Qmi moraines distinguished by crosscutting relations in the Eureka, Claim, and Frazier creeks.
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It’s all about the base……. level.
There are multiple indicators that base level has drastically changed in the past several 100 ky. As
discussed above, there is evidence that base level rose overall from prior to ~ 600 ka to after ~ 200 ka.
There are also indications that the base level subsequently decreased substantially, by up to ~200 m. At
Stop 1-3 we will discuss long profiles in stream channels that have steep knick zones where they enter
Mohawk Valley. These knick zones coincide with thick deposits of fluvial (deltaic?) sediments that we
interpret represent low gradient fluvial systems that grade to formerly high base levels (Figure 2). In
addition, on the southwestern side of the valley, where we are camped and have been so far today, welldefined, low gradient (0.02 to 0.03), outwash terraces that originate from terminal and lateral moraines
and extend towards Mohawk Valley. These terraces grade to former base levels that are from ~190 to
140 m higher than the modern base level Middle Fork of the Feather River (MFFR) (now at 1310 m to
1335 m) and overlie packages of MLB as thick as 190 m. We will look at an example of this at Stop 2-3.
Another example is adjacent to where we will be at Stop 1-3B, shown in Figure 3 and Figure 4. There are
no mapped faults or lineaments that delineate the basinward edge of these terraces. The terraces grade to
common elevations in all of the major drainages on the southwestern side of Mohawk Valley. These are
the same elevations as other types of ‘shore features’ found basin-wide, which we will describe below.
The common elevations of this former base level suggests a basin wide control, which we argue is most
simply explained by a former lake rather than basin subsidence that left shore features preserved at the
same elevations around the basin. Although we argue a lake must have been present, we don’t rule out
that basin subsidence may have also been ongoing.

Figure 2. Stream and topographic profiles and cross-sections of deposits along the MFFR.. Location of profiles shown in Stop 14 write-up. Upstream, (east) there are low gradient streams that grade to a much higher base level than the modern MFFR.
Below that higher base level, the channels are deeply incised with much steeper gradients and thick sections of relatively coarsegrained fluvial to fluvial-deltaic material (sand to cobbles) were deposited at this change.

Stop 1-3 Mohawk Lake and Qmi

70

Figure 3. Geologic map of area near Stops 1-3, 2-4, and 2-5.
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Outwash terrace
grades to ~1490
m. Valley floor
now near 1380 m.

Figure 4. LiDAR imagery showing the same area and features as seen in Figure 3. Topographic profile G-G’ is in Figure 7.
Letters are locations of shore features mentioned in text. Arrows are pointed at elevations of shorelines (numbers).
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Figure 5. LiDAR imagery and relief map of the mouth of Frazier Creek and to the east. Letters are locations of shore features mentioned in text. Arrows are pointed at
elevations of shorelines (numbers).
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Ice and the MLB
And finally, there is the relation between the glacial deposits with the MLB. Mathieson (1981) noticed
that many of the intermediate-aged glacial advances did not deposit, or did not have preserved, terminal
moraines (Figure 3). In place of the terminal moraines, we find one of two settings in the Lakes Basin.
The first is where the lateral moraine ends, a low gradient outwash terrace begins (discussed above). We
will visit an example of this setting along Gray Eagle Creek at Stop 2-3. The second setting is a drastic
change in particle size where the moraine reaches an elevation of adjacent shore features. We are sitting
on a fine example of the second type of setting that nicely illustrates the geomorphic and sedimentologic
changes that occur at the downstream end of the outwash terraces. The details of this site are discussed
below.

Types of shore features.
Because we have gone ahead and spilled the beans that we have interpreted a large lake existed in
Mohawk Valley, this is a good time to discuss the types of shore features that we observe here. We refer
to them as shore features, because not all indications of former lake levels here are the more common
shorelines found in many lake basins. These shore features are expressed differently along the same
elevations around the margins of Mohawk Valley. In many lake basins this is common. Often the
changes are dependent on the pre-existing slope on which they are deposited and vary as erosional vs
constructional shorelines (Adams and Wesnousky, 1998). Because Mohawk Valley is narrow and
protected by surrounding mountainous topography, there was probably very little fetch available to create
the wave energy needed to form well-developed shorelines. Consequently, there are very few welldeveloped shorelines preserved. Instead, there are some less common types of constructional shore
features that grade to former lake levels at common elevations all around the valley.
As discussed above, the basinward edges of low gradient, outwash terraces are presumed to reflect the
former lake level. These features are found and described in modern and former ice marginal deltas,
described by Lønne (1995) and Lønne et al. (2001). In those systems, outwash terraces are interpreted as
the topsets of a delta system and are referred to as a delta plain that documents a former water level
(discussed more at Stop 2-3). Along the northern margin of Mohawk Valley, fine-grained, fluvial-deltaic
sediments were deposited against a relatively steep bedrock slope, at the base of the bedrock margin along
the valley floor, or where moderate sized streams were entering the basin (Figure 1). In general, the
sediments deposited against bedrock are discontinuous and are most often thin or just gravel lags; thick
deposits are rare. In this setting there are small, ephemeral streams with relatively small drainage areas
that cut through bedrock. A change in the relative amount of incision by these streams and a change in
their gradients can be observed in this area. These gradient changes occur at common elevations that are
laterally traceable for a km or more (Redwine, 2013). In general, this gradient change also occurs at the
upper limit of the draped, fine-grained deposits, where the small ephemeral streams are incised more
deeply through the draped, fine-grained sediments than above this elevation through the bedrock. In the
Lahontan basin, Morrison (1964) referred to similar distinctively eroded features as high-level gravel
embankments. In addition, there are some relatively large deposits of fluvial-deltaic sediments that are
sourced from moderate-sized streams and are traceable upstream, also to common elevations of shorelines
elsewhere.
These variable types of shorelines are best illustrated along the 1490 m contour, which is one of the two
most distinct shorelines in Mohawk Valley. At this location shore features are expressed as delta plain or
outwash terraces that grade to formerly high base levels, curvilinear constructional (?) features, to the
highest extent of fine-grained deposits, and as erosional shorelines that cut moraines, outwash terraces,
and bedrock. Examples of all of these types of shore features are described below.
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Left-lateral moraines from both Gray Eagle and Frazier creeks transition to low-gradient outwash terraces
that grade to 1490 m (Site A Figure 4 and Site B Figure 5). This same terrace continues along contour to
the southeast and intersects a moraine at site 8 (Figure 5). At site 8n, the shoreline is erosional, cut into
the Qmi moraine – we will look at this contact at Stop 1-3B. To the east, at Site 9, a shore feature at the
same elevation is expressed as the basinward extent of a delta plain or outwash terrace where moderately
well to well sorted sands and silts have been deposited (Figure 5). Cobbles, pebbles, sands and silts
extend from site 9 down to the valley floor below. Continuing south, a curvilinear feature along the 1490
m- contour is visible on an outwash terrace (Site C; Figure 5). To the south this curvilinear feature
becomes the back-edge of a slightly lower delta plain or outwash terrace (Site D; Figure 5) that grades to
a lower elevation (Site E; Figure 5). Farther south and just north of Mohawk Creek there are pediments at
1490 m (Site F, Figure 5) and numerous erosional benches cut into bedrock with the downhill edge at
1490 m. Finally, to the north and on the northeastern part of Mohawk Valley, the fine-grained deposits
from Willow Creek extend up to 1490 m (See Figures from Stop 1-4). There are similar shore features
found along the 1510, 1505, and 1500 m-contours (Redwine, 2013). Less distinct shorelines represented
by similar shore features, which are not as well-preserved or common at 1475 m and 1465 m.

Stop 1-3A
We drove down valley from Stop 1-2 (1730 m). On the way downhill, we drove through about 2 km of
what I have mapped as intermediate-aged moraines. We are now about 8.8 km from our camp at Gold
Lake and at the farthest down-valley extent of the moraines in the Frazier Creek drainage. The younger
moraines extended ~ 7.4 km down this valley. At the intersection of Frazier Falls Rd. and the Gold Lake
HWY (GLH) we were at about 1490 m. We drove down to the basin floor, turned left (west) on HWY 89
at about 1346 m, turned to the south (left) onto Yonkalla Trail where we climbed back up the Frazier Fan
complex and parked at about 1412 m. We then left the cars and walked uphill, passing mostly pebbles
and sands with some cobble – sized material until we reached the water tanks where there are a couple of
large boulders that are clearly out of place. We are now at some gravel pits where beautiful cross bedded
sands are exposed. The exposures of sand extend from about 1450 m to 1440 m.

The purpose of this stop is to show the evidence that the Qmi moraine extended into a lake and to discuss
the age of that Qmi moraine. The observations supporting the interpretation that this Qmi moraine
extended into a lake include: 1) the lack of an end moraine; 2) the drastic change in particle size from the
coarse-grained till exposed at site 8, to the well sorted and bedded sand exposed at site 7; 3) large clasts
within the bedded sands at site 7 that are interpreted as ice-rafted debris; 4) the silty clay deposits
stratigraphically below the Qmi moraine; and, 5) the sorting and stratification of the outside of the
moraine.
The coarse-grained moraines that we saw at Stop 1-2 and that we drove through from Stop 1-2 until we
came to the intersection of Frazier Falls Rd with GLH are gone. In their place are the well sorted, bedded
sands you see in the gravel pit here (Stop 1-3A – site 7). This >10 m thick section is composed of wellto moderately well sorted, fine to coarse, tabular and trough crossbedded sand and lesser silt and pebble
beds (Figure 6). These cross bedded sands show changing directions of flow and are interpreted as sands
deposited in a fluvial-deltaic setting. There are occasional cobbles and boulders deposited within
otherwise well sorted sands that we interpret are most likely ice-rafted debris. After we take a look at
those sands, we will walk up to the intersection of GLH and Frazier Falls Rd. You will see that there is
very little coarse material all the way up to that intersection, at ~1490 m.
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Figure 6. Photograph of site 7, which is basin-ward (north) of site 8 (Figure 4). Photograph shows a small part of the thick
section of cross-bedded sand

Stop 1-3B – Site 8.
We will now walk uphill about 0.25 miles and ~40 m, where we will find ourselves looking at an
erosional cut into the outside of the left lateral, intermediate-aged moraine at about 1490 m (Figure 4;
Figure 9 and Figure 10). This is a common and well developed shoreline elevation in Mohawk Valley.
To the west, there are outwash terraces that are graded to that same elevation (Figure 4 and Figure 5). On
this walk, take a look here and there at the size of material exposed along the road cuts. When you walk
back down to the cars you might want to walk on the crest of the moraine – just to mix it up.
Figure 7 shows a topographic profile and schematic cross-section along the crest of this moraine. There is
a break-in-slope at about 1500 m and another at roughly 1490 m. The base of the moraine sits on
interbedded till, outwash, and massive silty clay deposits interpreted as lacustrine, that are exposed under
the moraine and along Gold Lake Highway, at site 286, from 1485 m to about 1460 m (Figure 7 and
Figure 8). Those underlying outwash and deltaic sediments dip basinward, from 4º to 7ºN and overlie
massive silty clay).
At site 8, where Frazier Falls Rd joins the GLH, an erosional shoreline cuts into this same moraine at
~1490 m (Figure 9 and Figure 10). The moraine is very weathered with a thick and dark orange soil
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developed into it (we will discuss the soil next). The exposure at site 8 shows that the outermost bedset of
the weathered, left lateral moraine (Unit E) is better sorted and stratified than the till (Units F and G)
(Figure 9). We interpret that better sorting is likely a result of wave action of a former shoreline.
Younger, well sorted and stratified sediment overlies an erosional cut into the moraine (Units A-D Figure 9). We have interpreted these as beach deposits. It is hard to get a good look at the stratigraphy on
this roadcut but there are close-ups of the deposits shown on Figure 10 if you don’t want to scramble up
there. There is a much more weakly developed soil in these younger beach deposits. I did not describe
the soil in this deposit. It is hard to balance and not kick cobbles down on the highway. I have had a
fear of knocking rocks on the road, causing someone to crash, and being responsible for someone losing
their spouse or loved one in many description locations around here. Until I get some help in the form of
cobble catchers, or a ladder, I can provide only a very general soil description. The soil has moderate
medium subangularstructure, clay films are common, prominent clay films on ped faces2, and the deposit
is oxidized. In addition, there are no cemented horizons, the soil as a whole is probably over 3 - 4 mdeep, and we do get to a C horizon by Unit D. There could be buried soils within this deposit – I was
unsure of that the last time I took a look.
This short, sad, and unsatisfying soil description is actually enough to give us some information about the
age of the deposit. The soil here is different enough from other soils that we have described in detail that
we can make some general comparisons. The soil at site 8 is clearly far less developed than the soil
developed into the Qmi moraine it is deposited onto. The soil is also less developed than the Qmy1
moraine we saw at Stop 1-2, and therefore is younger than MIS 4 or 6 (dependent upon the age of Qmy1).
In addition, this soil is more developed than the soil in the young outwash along Gray Eagle Creek that
we know is <30 ka. Therefore, we interpret this lake deposit is older than 30 ka.
These stratigraphic and soils-geomorphic relations lead us to interpret that there was a lake near the
elevation of about 1490 m, maybe as low as 1475 m, when the Qmi moraine extended down valley and
entered the lake. The lake must have lowered in elevation enough to leave the Qmi deposit subaerial for a
substantial amount of time, allowing the soil to develop. Sometime after the Qmy1 glacial advance, and
before 30 ka, the lake level rose to 1490 m (again?) and cut into the Qmi moraine and leaving beautiful
nearshore lake deposits.
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Figure 7. Topographic profile G-G’ (Figure 4) and schematic cross section of deposits west of Frazier Creek. Topographic profiles extracted from LiDAR
imagery and 30-m-DEM. Black circles and numbers are sites and arrows point to key elevations discussed in text. The left lateral, Qmi moraine extends over
outwash and fluvial-deltaic sediments exposed at site 286, and is cut into by the 1490 m shoreline at site 8.

Stop 1-3 Mohawk Lake and Qmi

78

Figure 8. Photograph of site 286 showing the deposits that underlie the Qmi moraine. Note the arrow that points to site 8, above this location and to the right
(north). Stop 1-3B (Site 8 – erosional shoreline).
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Figure 9. Photograph of the stratigraphy exposed at Site 8 along GLH. Units A-D are interpreted as nearshore lacustrine sediments that cut into and overlie Units
E-G, which are lake-modified till overlying Qmi till. There is a buried soil developed into the till therefore the lake must have been at or near this elevation
(1490m) at least twice. See below for stratigraphic descriptions.
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Figure 10. Photographs of the stratigraphy exposed at site 8. See stratigraphic descriptions below.
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Site 8 – General unit descriptions and some comments.
Unit A
Beach gravels. The unit is up to 2 m-thick, sub- to well-rounded, well sorted, stratified, gravels. The unit
is oxidized with clay films throughout.
Unit B
Beach sand and gravel. Unit is up to ~1.5 m-thick of oxidized, interbedded bedsets of sands and gravels.
Sand bedsets are rounded, well sorted, stratified, medium to coarse sands interbedded with fine pebbles in
places. Gravel bedsets are well rounded to rounded, moderately well to well-sorted, 2-10 cm pebbles
with fewer up to 20 cm, interbedded with coarse sand beds.
Unit C
Beach sands. > 2 meters of slightly oxidized, well sorted, rounded, stratified sands in 2 mm to 1 cm-thick
beds of coarse sands interbedded with fine sand and silt beds. The beds dip to the west ~15º. At the base
there is a cobble line.
Unit D
Beach gravels. Up to 80 cm-thick unit of loose beach gravels. Well sorted, rounded to subrounded
(angular rocks are broken I think) ≤ 2 cm, with lesser amount of coarser material up to fine cobble (~ 1015 cm) in ~8-10 cm-thick beds interbedded with medium, well-sorted sands, in 1-2 cm thick beds. At the
base there is a boulder line. This is the C horizon of the upper soil developed into the lacustrine deposits.
Admittedly far less exciting.
Unit E
Wave re-worked, till. Stratified and moderately sorted sands and gravels. There is a cobble or bolder line
at the base of this unit. The soil we see across the street, at soil pits 8-upper and 8-lower, has been largely
eroded here.
Unit F
Weakly stratified till. Subangular to rounded, moderately sorted sands and gravels.
This stratification may be original from the colluvial slope of the outside of the left lateral moraine, or
does this stratification also suggest re-working by the lake?
Unit G
Till. Non-sorted, non-stratified, sub- to well-rounded sands to boulder-sized material. We can see down
into the non-oxidized C horizon of the soil developed into this moraine here. This is exciting! In most
exposures of these intermediate-aged moraines there is no sign of the C. Go on. Show your emotions.
You know the thickness of the soil here!
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Stop 1-3C-E – Lakes Basin Glacial history – continued
The intermediate aged moraines – their characteristics and how many advances are lumped
into this unit?
The soil developed into this Qmi moraine at Stop 1-3C, D, and E is clearly very different from the soil we
saw in Qmy1 at Stop 1-2. The entire deposit has an oxidized orange-yellow color throughout, rather than
the white to gray color of the younger moraine e.g. (Figure 11). The unit presently lumped and mapped
as Qmi is actually a combination of deposits from several different glacial advances. These have been
lumped as one intermediate unit, for now, as we wait to either gather more data or think through how best
to delineate and correlate units among the five major drainages in the Lakes Basin.
Within each drainage there are cross cutting relations that enable different ages of units to be
distinguished as relatively older vs younger. Although the units are all mapped as Qmi, they have been
delineated as Qmia-Qmid, from older to younger, within each drainage (Figure 1). However, there are
not the same numbers of units identified from drainage to drainage and thus correlations are not simple.
Some drainages have complicated histories that include stream capture and changes in direction of
successive ice streams, as discussed at Stop 1-2. The stream capture of Claim Creek by Little Jamison
Creek complicates the geomorphic record because the capture re-directed the Claim Creek Qmy1 deposits
into Jamison Creek (Figure 1) (Mathieson, 1981; Redwine, 2013). In addition, exposures along GLH and
noted in the road log show there are signficant differences in the degree and depth of oxidation and
weathering amongst deposits that are now mapped as the Qmi unit. Some of these differences are due to
slope or topographic position. But some of the more drastic weathering differences, I think, must be
related to age.

Figure 11. Photograph of 3 ages of till exposed along Jamison Creek at Site 53 (Figure 1). The younger glacial
deposits are gray (top of section), very different from the orange, intermediate-aged deposits.
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What is (are) the Age(s) of the intermediate moraines?
Although the Lakes Basin-wide correlation of the different intermediate-aged units remains unfinished –
for the time being, we can say something about the age of these deposits. In Jamison and Gray Eagle
creeks, the base of Qmi moraines is stratigraphically above the MLB and the uppermost tephra bed found
so far within those MLB deposits has been correlated by Nick Foit to the East McKay Butte tephra
(Redwine, 2013, Appendix JR-2). The East McKay Butte (EMB) tephra and the correlative East McKay
Butte Obsidian erupted from a rhyolitic dome in the Newberry Volcano (Appendix JR-2) named the East
McKay Butte Dome (McKee et al., 1976). K-AR analysis on the obsidian provides an age of 580 ka ±
100 ka for this eruption (McKee et al., 1976). This age is within the margin of error forthe age range of
the underlying and stratigraphically older tephra bed MV-65-F, within the Gray Eagle Creek MLB, that
has been correlated to the Rockland tephra (610-570 ka). The age of East McKay Butte Obsidian is thus
now revised to 610 to 480 ka. Many Ar-Ar ages have been revised with the newer K-Ar dating technique,
which yields younger ages than the former method (Donnelly-Nolan and Lanphere, 2005; DonnellyNolan, 2010). There are no updated K-Ar analyses for this East McKay Butte Dome, but we consider the
age range that exists as a minimum age for this reason. Therefore, the maximum limiting age for the
older Qmi units is about 610-480 ka.
In Gray Eagle Creek, the base of the right lateral Qmi(2?) moraine is at ~1445 m and overlies finegrained lacustrine-deltaic deposits that are well exposed at site 67. We will go to this site at Stop 2-4.
The EMB tephra (610-480 ka), is exposed downstream about 50 m or more below, at about 1393 m.
Therefore those Qmi moraines at Gray Eagle are younger than 480-610 ka and, considering the elevation
difference, probably substantially younger.
In Jamison Creek, just downstream of Johnsville cemetery (Figure 1), there is a great exposure of a
northwest striking fault, where bedrock on the southwest is faulted against till on the northeast (sites 5658; Figure 1 and Figure 12). This till, in turn, is overlain by a rhyolite-rich fluvial deposit which is
subsequently buried by pro-glacial lake deposits (Figure 12). Downstream, at site 53, there is great
exposure where Qti1 is on the bottom, overlain by Qti2 and then by Qmy1 and Qowy1 (Figure 11). Here,
the differences in the amount of oxidation among the three ages of deposits are clear. The uppermost
moraine (Qmy1) and outwash (Qowy1) deposits are white to gray and the Qti2 deposits are oxidized
throughout their entire thickness (here ~15 m) and are tan to orange. The underlying Qti1 deposits are a
dark tan to orange color and are oxidized throughout their entire thickness, here ~30 m (Figure 11). Qti2
has matrix colors of 7.5YR with clay films and redoximorphic features having colors of 7.5YR and
sometimes 5YR. The color difference between the two intermediate-aged tills is subtle. At this location,
there is a large channel cut into the lower, Qti1 deposit that is filled with finely laminated, pro-glacial lake
sediments (Figure 11). This channel is buried by the Qti2 deposits. This relation shows two
intermediate-aged tills that are separated by at least enough time for the glacier to retreat upstream of this
point and a lake to form downstream of that glacier, or the tills could represent two different glacial
advances.
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Figure 12. Photographs of the older tills in the fault zone near Johnsville Cemetery on Jamison Creek (Site 56-58 –
Figure 1). Unit 3 (upper left) is the stratigraphically lowest (oldest) till and is in fault contact with bedrock. Units 4
and 5A-C overlie this till. Unit 5C is distinct because of the large amount of rhyolite clasts within it. Unit Qti1is
stratigraphically above Unit 5C and mappable (intermittent exposures) all the way downstream to within 0.16 km of
the EMB tephra.

Downstream of site 53, the two ages of intermediate deposits continue and are intermittently exposed
along Jamison Creek. As the till extends downstream, the deposits become better sorted and moderately
stratified, interbedded with mudflows, and ultimately change facies to outwash that grades to Mohawk
Lake deposits (Redwine, 2013). The relative ages of outwash have the same differences in weathering as
observed in the stacked tills. The stacked outwash shows there was aggradation throughout the time they
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were deposited, at least locally. At site 116 (Figure 1), Jamison Creek cuts through the base of all
intermediate-aged outwash and exposes an older unit. This unit is significantly more weathered. It is red
and dominated by rhyolitic lithologies that are not nearly as common as within the overlying,
intermediate-aged outwash deposits. This unit is also exposed downstream at sites 73 and 74 (Figure 1
and Figure 13). Unit Qowi1 overlies the oldest, red outwash (Qowo) and is exposed as far downstream as
site 71 (Figure 1 and Figure 13) from 1421 to 1426 meters. This exposure at site 71 is within 0.16 km of
the upstream limit of exposures of the MLB (site 70 - Figure 13). Unfortunately the contact between the
outwash and MLB is not exposed so we have to just assume that the outwash continues downstream and
grades to the MLB, which are near horizontal and are exposed for about 2 km downstream of site 70
(Figure 1). Tephra beds within the MLB are exposed at sites 70 and 45 were both deposited between
~1422-1424 meters, within the elevation range of the exposure of Qowo at site 71 ( Figure 13). We think
that it is very likely that the old outwash grades to, or below, the elevation of those tephra beds in the
MLB at sites 70 and 45. Because that contact is not exposed, we can only infer that it is likely the Qowo
unit is ≥ and the overlying Qowi is less than or equivalent to the age of those tephras. Both tephra beds
are about 610-480 ka (Redwine, 2013, Appendix JR-2). Although it is not totally clear how the outwash
relates to the tephra beds within exposures in Jamison Creek, it is clear that the Qmi2 moraine and Qowi2
outwash both overlie those tephra beds (Figure 13). Therefore we know that those deposits are younger
than 610-480 ka. Because the base of those Qmi2 and Qowi2 deposits are about 20 m higher than those
tephra beds, it is likely they are significantly younger than 610-480 ka.
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Figure 13. Topographic profile and schematic cross section along Jamison Creek showing the relation of tephra beds (blue) in
the MLB and the overlying outwash and till. Also showing that at sites 74 there is an exposure of Qowo, that is overlain by
Qowi1 and Qowi2 at site 73. The Qowi units continue downstream and grade to, or above, the tephra beds in the MLB at sites 70
and 45. Stream and topographic profiles extracted from 10-m-DEM. Topographic profile location shown on Figure 1.
.

Qmi2 deposits are < or close to ~200 ka in age.
The Jamison Creek Qmi2 moraine and outwash terrace are graded to the 1490 m Mohawk Lake level. If
we knew the age of the lake at that time, we would know the age of the Qmi2 glaciation. Based on the
chronology we will see and discuss at Stop 1-4, we think that Mohawk Lake was at, or lower than 1436
m, ~200 ka. After ~200 ka, the lake rose to ~1525 m, overtopped its western sill, incrementally incised
through the sill and lowered the lake level, and by ~30 ka, the lake was very low, ~1388 m (Redwine,
2013). It is possible that Mohawk Lake may have reached the 1490 m elevation more than one time, so it
is possible the Jamison Creek Qmi2 moraine could be graded to Mohawk Lake prior to 200 ka, but we
don’t think that the 1500 m lake level is likely to be much younger than 200 ka. Therefore, our best guess
at this time is that the Qmi2 moraines are probably as young as MIS 6, but could easily be older than that
(Figure 14).
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Figure 14. Glacial Marine Oxygen Isotope (MIS) Curve from Bassinot et al., 1994 showing possible
correlations of the Lakes Basin glacial deposits with glacial stages (even numbered). White circles are
preferred interpretations and lines represent the age range possibilities. Four important tephra beds are
highlighted in yellow along with their age ranges. Ages and references for these are listed in Stop 1-4.

The age of the older moraines in the Lakes Basin
We do not know the age of the older moraines preserved in Smith Creek and between Gray Eagle and
Frazier creeks. In both locations, intermediate-aged moraines overlie and/or cut the older moraines
(Figure 1). The older moraines are less preserved, have gentler side slopes, and have wider crests than
intermediate-aged moraines (See topographic profiles from Stop 1-2). If the Qmo moraines correlate to
the buried old outwash (Qowo) in Jamison Creek, they could be older than 610-480 ka. However, we
have no good way to make that correlation. The moraines are relatively well-preserved, which may
indicate they are younger than we initially thought. If we compare preservation of geomorphology to
better studied locations, like the eastern Sierra Nevada, where weathering rates and annual rainfall are
much lower, tills older than several hundred thousand years (Sherwin and older - >760 ka and >MIS18)
are commonly found in buried positions without preserved geomorphology (Birkeland et al., 1980).
Several glacial advances have been proposed and documented on the east side of the Sierra Nevada that
most likely occurred before Tahoe (MIS 3-6) and after Sherwin, and these deposits (Mono Basin, Casa
Diablo) mostly retain moraine morphology (Sharp and Birman 1963; Curry, 1971; Berry, 1994; Clark et
al., 2003). Of course the ages of those advances are not necessarily well constrained either. For now, our
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best guess is that these Qmo moraines are either older than the Qmi, or they may actually be locations
where the geomorphology of moraines of the older Qmi advances were preserved. As this is written, the
latter is the preferred interpretation.

Summary of ages of glacial deposits in the Lakes Basin
 Qmy2 – moraines are ‘missing’. However there are coarse grained fans we assume are outwash
that are < 30 ka. We presume we will one day (soon?) find the Qmy2 moraines and they will also
be < 30ka.


Qmy1 - >30ka, and < 200 ka. May be MIS 4 or 6.



Qmi. There are from two to three advances, for the moment, lumped as Qmi. We think these are
≥200 ka and ≤ 610-480 ka, and may be MIS 6, 8, 10, and if the older of that 610-480 ka age range
for the EMB tephra is correct, possibly as old as MIS 12.



Qmo. In Smith and Claim creeks, we think it is possible those moraines may correlate with some
of the older and buried Qmi units because the moraines retain their morphology. MIS 8, 10, or
12?



Qowo. In Jamison Creek, we think the Qowo unit is ≥ 610-480 ka.

Correlation to other northern Sierra glacial studies

Bear and South Yuba Rivers
The glacial deposits in the Lakes Basin are close to two other study areas in the Sierra Nevada Mountains
and presumably should have a similar record with the deposits having similar amounts of weathering and
geomorphic expression. The closest study area is on the western slope of the Sierra Nevada along the
Yuba and Bear rivers (See Figure 1 from Stop 1-2) (James and Davis, 1994; James, 2003, James et al.,
2002.). Those studies identified four or more generations of glacial deposits and provide some general
characterization of weathering coupled with cosmogenic radionuclide surface exposure ages (CRSE),
using 10Be on boulders (James and Davis, 1994; James, 2003, James et al., 2002.). Young moraines,
(Jolly Boy) are described as sharp-crested and bouldery (James and Davis, 1994; James, 2003) have a
10
Be CRSE age of 18.6 ± 1.18 ka (James and others, 2002). They describe a soil profile with clay values
from 3 to 7 % (James and Davis, 1994) that lack B horizons (James et al., 2002). This soil description is
much less developed than Lakes Basin Qy1 deposits, but may be similar to the younger, and less wellmapped, Qy2 deposits that we infer are mostly high up in the drainages in the Lakes Basin. The Yuba
and Bear River studies also documented sharp crested, bouldery deposits high within the watersheds that
appear younger and could be either re-advances or recessional moraines associated with the Jolly Boy
(James and Davis, 1994; James, 1995). 10Be CRSE ages from ten samples of striated bedrock high within
the watershed in Bear Valley range from 16.8 ± 1.6 ka to 8.4 ± 1.6 ka (James et al., 2002) These ages
suggest retreat of the ice occurred by this time and may provide a minimum age for these high moraines.
It also suggests our high Qmy2 moraines may be of similar age.
In the Bear and South Yuba rivers, an older and more extensive generation of glacial deposits, named the
Washington till, is described as moraines that are rounded and moderately bouldery (James, 1995). A
10
Be CRSE age on a single boulder of 48.8 ± 3.2 ka agrees with a 14C analysis of charcoal within the
deposit of 47,510 14C yr B.P. (James and others, 2002). These deposits possess thick, rubified soils (5YR
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5/6) that may not have Bt horizons (James et al., 2002). Clay content throughout the upper 150 cm of the
soil profile was measured to be about 3-8% (James and Davis, 1994). Based on these descriptions, there
is no clear correlation to Lakes Basin deposits which are thick and rubified, as well as being high in clay
(est. percents) with thick horizons containing illuvial clay and diagnostic argillic horizons.
An older till, referred to as pre-Washington or the Steephollow till in the Bear River valley, is the most
extensive till mapped in the Yuba and Bear River area and is represented by glacial erratics (James and
Davis, 1994; James, 1995) with 10Be CRSE ages of 76.4 ± 3.2 ka (James and others, 2002). We cannot
clearly correlate either of these older two generations of glacial deposits from the western slope of the
Sierra Nevada to this study’s Lakes Basin deposits, just 45 km to the north. However, these studies
demonstrate times when there was ice in the Sierra Nevada to the south and presumably, there would also
have been ice in the Lakes Basin at the same time.

Truckee-Tahoe Area – add in the more recent Tahoe dates?
In the Truckee-Tahoe region, about 55 km to the southeast of Lakes Basin (See Figure 1 from Stop 1-2)
five generations of glacial advances were identified (Birkeland, 1964). The deposits were easily
distinguished by weathering characteristics and, similar to the Lakes Basin, they fall into two clear
groups; the younger three with thin, weakly developed ? soils and generally un-oxidized deposits, and the
older group with deep oxidation. The youngest, Frog Lake, deposits are mapped high up in the drainages
and were interpreted as recessional or re-advances of the next older generation, Tioga moraines
(Birkeland, 1964). Tioga and Tahoe moraines are distinguished from each other by boulder freshness and
differences in geomorphology (Birkeland, 1964). The soil profiles in both deposits are weakly developed
and similar to one another, with the older, Tahoe soil profiles generally deeper. Neither deposit has a
textural B horizon, but both have sandy loam textures and 10YR colors (Birkeland, 1964). The Tioga
was interpreted to be late Wisconsin and the Tahoe early Wisconsin in age (Birkeland, 1964). The soils
developed into the Qmy1 moraines in Lakes Basin are significantly more developed than either of these
deposits.
The older two glacial advances, the Donner Lake and Hobart tills, are significantly more weathered than
the Tioga and Tahoe deposits and were interpreted to be pre-Wisconsin in age (Birkeland, 1964). The
Donner Lake outwash terrace and till has an A/B/C soil profile with a strong textural B horizon, 10YR to
7.5YR hues, some groundwater staining (manganese?), clay films, sandy clay loam textures, and soil
profile depths of 1.3 to 2.5 meters. The Donner Lake outwash overlies, and is considered to be a good
deal younger than, a volcanic flow with a K-Ar date of 1.3 ± 0.1 Ma (Birkeland, 1964). In a different
location, the Donner Lake till overlies the Prosser Creek alluvium, which is considered to have been
deposited coevally with that same volcanic flow (Birkeland, 1964). The soils developed into the Donner
Lake outwash and Prosser Creek alluvium are similar to each other and together should represent about
1.3 Ma of subaerial weathering, each weathering for roughly 650 ky. Based on that similarity, the Donner
Lake outwash is interpreted to most likely be from 400-600 ka (Birkeland, 1964). Correlating by age
estimate, this unit could be equivalent to the oldest of the Lakes Basin Qmi units. However, the
weathering in the Lakes Basin Qmi units is greater (deeper) than the 1.3-2.5 m deep soil profiles
Birkeland observed in the Truckee-Tahoe area. The description of weathering in the Donner Lake
deposits is in between the weathering observed in the Qmy and Qmi units in the Lakes Basin. There are
some Lakes Basin buried glacial units that I didn’t go into detail about here that might correlate to the
Donner Lake units described by Birkeland (1964). These are exposed along GLH and have a couple of
meters of oxidation.
In the Truckee-Tahoe area, the relatively older, Hobart till is buried in all locations where it was
identified, has no clear soil horizonation, but has 7.5YR to 5YR hues, evidence of groundwater staining
(redoximorphic features and manganese), clay films, soil structure and is oxidized up to 6 m deep
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(Birkeland, 1964). This till is older than the Donner Lake till, therefore older than 600-400 ka. The
extent of the ice is not clear because of poor preservation, but was interpreted to be similar to the Donner
Lake advance. The Hobart till has a similar description to the Qi deposits mapped in the Lakes Basin,
but the oxidation is not as deep in the Truckee-Tahoe area (6 m vs >15 m).
Why is there such an apparent discrepancy of weathering / soil development rates with nearby
glacial studies?
Obviously, the correlations of units at least between the Birkeland Tahoe-Truckee study and the Lakes
Basin, is not clear. So what is going on here and why do the units not correlate? Are the age estimates of
the units in error in one of the studies or are the weathering rates very different even though the study
areas are not significantly far apart? Well, we are not sure. But rather than infer that all the Lakes Basin
glacial deposits are substantially older than all the Truckee-Tahoe deposits, we prefer the explanation that
there may be a much greater rate of weathering in the Lakes Basin. This seems odd because the two
study areas are not far away from one another (~55 km). There are some minor differences in terms of
MAP and some larger differences in MAT amongst the three study areas (Table 1). The Lakes Basin is
warmer and wetter, but is that enough to make such a huge difference in weathering?
Table 1. MAT and MAP of the Lakes Basin, Truckee-Tahoe, and Bear River-South Yuba rivers study areas. Data is from Prism,
University of Oregon, 2015.

MAT
(◦C)
Crest
5.3
Valley
14.5
Crest
7.1
Midway
8.7
Valley
9.5
Crest
5.5
Midway
Valley
6.8

MAP
(mm)
1724
1087
1954
1245
772
1763
970
532

Study area
Bear and South Yuba rivers
Lakes Basin
Truckee River and
tributaries

Another possibility is that although both study areas have a combination of granitic and volcanic rock
types within the glacial deposits, there is relatively less granitic and more volcanic tuffs and lahars in the
Mohawk Valley region. These types of volcanic deposits would result in a relatively higher degree of
oxidation and clay accumulation. However, this difference in the proportion of bedrock types doesn’t
appear to be so great that the weathering would be dramatically different. Another factor may be the
input of tephra into the soils on the moraines. We know there have been 26 tephras deposited in Mohawk
Valley over the past 740 ka. We do not know that the same tephras did not also make it as far as either
other study area, but there is not the same record documented in those study areas. In addition, we
observed silica horizons in the moraines in Mohawk Valley that were not reported in those other two
studies. We suggest that the lack of duripans/silica horizons may mean that there was not the same input
of silica via tephras into the soils in the Truckee-Tahoe and Bear-South Yuba rivers and that the easily
and rapidly weatherable ash may have resulted in the observed weathering differences.

Tephra as an influence on soil development in the Lakes Basin?
Soil development may be affected by the volcanic history of the region. A study of soil development in
moraines in Yosemite National Park in the southern Sierra Nevada Mountains suggests that volcanic ash
deposited onto moraines, infiltrates into the soil profile and weathers to clay (Burkins, et al. 1999). The
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following paragraph is summarized from Burkins, et al. 1999. In their study, they sampled soils
developed into 3 different ages of moraines on the south side of the Hetch-Hetchy Valley. These
moraines had been mapped as Tioga (MIS 2 ~20 ka), Tahoe (~130 ka), and pre-Tahoe (> 130 ka) in age.
The soil samples were examined for mineralogic content and estimates of the amount of volcanic glass
were made using point counts. The amount of glass shard increase up-section in each soil pit and by
analyzing the glass chemistry of the shards, they concluded that most of the shards were most likely from
Pleistocene and Holocene eruptions of the Mono Craters. They looked at the clay mineralogy and found
changes in the proportions of clay species with time. The Tioga moraines had the most illite and
vermiculite, and the percentage of both types of clay decreased with increasing age in the older moraines.
Gibbsite was the most abundant clay in the Tahoe moraines and kaolinite in the pre-Tahoe moraines. The
presence of gibbsite is considered unusual because it is generally considered to form in lateritc soils in
humid and tropical areas (Hsu, 1989 in Burkins et al, 1999). Others have suggested that gibbsite forms in
acidic soils when Si is leached from allophane, which is a common weathering product of volcanic ash
(Kano, 1961 and Miyawaza, 1966 in Burkins, 1999). Thus, the progression is thought to be deposition of
volcanic glass that weathers to amorphous clays (allophane), then to gibbsite, and given enough time, the
gibbsite to kaolinite (Burkins, 1999). Another study by Stan Soles (1993) found Holocene tephra
throughout the upper 2.5 meters in the Bloody Canyon moraines on the east side of the Sierra Nevada.
Perhaps in the Lakes Basin area, where we know there have been at least 26 different tephras deposited
within the area in the past 740 ka, this is a mechanism where clay may be formed more quickly than in
places with less volcanic glass input into the soil profile.
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STOP 1-3 C-D
The soils exposed along Frazier Falls Rd. are very well developed. They are clearly better developed
than the soil we saw at Stop 1-2 in the Qmy1 deposit. As discussed above, we suspect that what we have
mapped at this time as Qmi is actually a compilation of probably up to 3 different ages of deposits
(representing that many glacial advances). We have a lot of questions about this location.
Figure 15 shows a topographic profile along a left-lateral, Frazier Creek, Qmi moraine (Figure 4) and the
locations of four soil description sites, presumably all in the same moraine. These soil description sites
are sites 300, 8-upper, -middle, and -lower. The location of the erosional shoreline we see exposed along
the GLH is shown as Site 8 (Figure 4). That shoreline is at ~1490 m and seems to correlate with a nice
break-in-slope (BIS) in the moraine, although modification by the roads may make that assessment
equivocal. There are additional BIS visible on this topographic profile. Those at 1500 m and likely at
1520 m are probably erosional shorelines. We think this because these are common elevations where we
find shorelines around Mohawk Valley and because we see geomorphic changes that indicate a former
shoreline both to the west and the east of Site 8 at 1500 m.
The Site 8-upper soil is on a moraine crest, but below the 1500 m BIS (Figure 4 and Figure 15). The Site
8-middle soil, is exposed for us to look at, but was not described yet. That soil exposure does not reach
the surface but may be the lower part of the soil that is exposed in the Site 8-upper soil exposure, and the
Site 8-lower soil may be the base of one very deep soil profile, the base of which you can actually see as a
Cox horizon at Site 8 (Figure 15). Some of the questions we have about this area are: if the BIS at 1500
m and 1490 m are both shorelines, how are the soils affected by the erosion or are they? Was there a very
well developed soil in the Qmi moraine before the lake reached this elevation and some of the soil was
eroded or were those lake levels reached soon after, or at a similar time that the moraine was deposited?
We are still thinking this through.
The soil description Site 300 ()is located along the same (?) moraine ~0.9 km uphill and at 1580 m
elevation (Figure 3, Figure 15. Figure 17, and Table 4). This soil was only exposed and described in the
upper ~230 cm, but the description is pretty similar to that in Site8-upper (Figure 16, Figure 17, Table 3
and Table 4). Perhaps this indicates those shorelines were cut similar in time to when the Qmi moraine
was deposited. On the other hand, these soils are so well-developed, it may be hard to discern that
detailed of a history here.
Another question we have here is about the BIS at ~1545 m (Figure 15). We don’t know if that BIS is
just some kind of depositional topography along the left lateral moraine, a contact with another moraine,
or if it too could be an erosional shoreline. This is only one of two places where there might be evidence
for a shoreline above 1525 m. Mathieson (1981) and Durrell (1967, 1983) both report shorelines up to
1550 m, but most of the locations they cite for those shorelines are really at lower elevations. I have
thought this difference in elevations of recognized shorelines was a function of the elevation data
available. Our study uses LiDAR data and those previous studies were much smaller scale maps.
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Figure 15. Topographic profile along a left-lateral, Frazier Creek, Qmi moraine showing the locations of soil descriptions at site 300, 8-upper and 8-lower, the
location of the erosional shoreline at Site 8 and several breaks in slopes in the moraine. The BIS at 1490 and 1500 m and likely at 1520 m are probably erosional
shorelines. The upper BIS, at ~1548 m, could be an erosional shoreline, but there are not many other locations (any) that we have found solid evidence for a
shoreline at this elevation elsewhere. We have also wondered if this a contact between moraines or just topography along the left lateral moraine.
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Stop 1-3D, E, and F (Site 8 – lower, middle, and upper soils)
The soils exposed at Stop 1-3 are different from one another. The upper soil has redder clay films than
the lower soil. I think it is possible that the lower soil has been stripped, either by the lake when it cut
the 1490 m bench, or from modification from construction of the road. The upper soil is above and the
lower soil is at or below the 1490 m contour. It is possible that the entire soil is represented by the
combination of exposures from the upper, middle, lower soils and into the C horizon finally at site 8.
Alternatively, the differences in soil development may represent two ages of deposits or differences in the
amount of time that were forming subaerially.

Figure 16. Photograph of soils at lower site 8 (left) and upper site 8 (right). Soil descriptions are below in Table 2 and Table 3.
The apparent large difference in color in these photographs is more a function of the light when the photo was taken, then the
different colors of the soils.
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Table 2. Soil description of Site 8 - lower soil.
Site
MV-08 - lower soil
Location Frazier Falls Rd near intersection
with Gold Lake Highway
Elevation 1489 m
Date
8/10/2015

Unit
Vegetation
Parent Materials
Geomorphic Surface
Age Constraints
consistence

gravel %

matrix colors

depth

Horizon

structure

dry

wet

dry

0-22

Bt1

sopo sh

fr

10YR 3/3

10YR 6/4

22-60

Bt2

ssps sh

vfr

10YR 5/4

10YR 7/6

60-105

Bt3

2fsbk
20
nor
30
recorded
2fsbk
30-50

sps

sh

vfr

10YR 4/4

2msbk

sps

sh

fr

10YR 5/4

wet

105-197 Bt4

30-50

moist

Qmi
Pine forest
till
Moraine crestlette
< (610-480) ka
texture

clay film colors

clay films
wet

10YR 7/6

SL 2fpf
SCL
3fpf
(SL?)
SCL 3fpf

10YR 7/6

SCL

3dpf

dry

Silica
Stage

boundaries

same

cs

same

cs

10YR 4/4 10YR 6/6

cs

7.5YR 4/4 7.5YR 5/6

gs

notes

gs

Does not slake in water.
Infer presence of silica.
Mn throughout and
gleyed in part. Structure
almost prismatic.

7.5YR 5/4 7.5YR 4/4 5Y 4/4 5Y 6/4

gs

Mn throughout.

3ppf

7.5YR 3/4 7.5YR 4/4

gs

Mn throughout.

3ppf

10YR 3/4 10YR 4/4

197-272 Btqm

2msbk

30-50

sps

h

h

10YR 5/3

10YR 6/4

SCL

3ppf

7.5YR 5/3 7.5YR 4/6

272-342 Bt5

2csbk

30-50

NR

NR

NR

10YR 5/5

10YR 7/4

NR

3ppf

342-400 Bt6

2csbk

30-50

sps

sh

fr

10YR 6/4

10YR 7/4

SCL

400-427 Bt7

2msbk

30-50

sps

sh

sr

10YR 4/4

10YR 7/4

SCL
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Table 3. Soil description of Site 8 - upper soil.

Site
MV-08 - upper soil
Location Frazier Falls Rd near intersection
with Gold Lake Highway
Elevation 1498 m
Date
8/10/2015
depth

Horizon

structure

0-20

Bw

2fsbk 2fgr

20-46

Bt1

46-71

Bt2

Unit
Vegetation
Parent Materials
Geomorphic Surface
Age Constraints
consistence

gravel %

matrix colors

Qmi
Pine forest
till
Moraine crestlette
< (610-480) ka
texture

wet

moist

dry

wet

dry

20

sps

sh

vfr

10YR 3/3

10YR 6/3

SCL

2m-fsbk

30

ssp

sh

vfr

10YR 4/4

10YR 7/4

SCL

2m-fsbk

30

ssp

sh

vfr

10YR 5/4

10YR 7/4

clay
films

clay film colors

boundaries

wet

dry

NR

NA

NA

2dpf

7.5YR 4/4 7.5YR 7/4 cs

cs

71-96

Bt3

2m-fsbk

30

sp

h

vfr

NR

10YR 6/4

SCL
3dpf
(CL?)
1ppf
SCL 3ppf

96-131

Bt4

2m-fsbk

30

ssp

sh

vfr

10YR 5/4

10YR 7/4

SCL

3ppf

5YR 5/6

131171+

Bt5

2msbk

30

ssp

sh

vfr

10YR 6/4

10YR 7/4

CL

3dpf

7.5YR 5/8 7.5YR 5/6 -
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NR
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Site 300 - Qmi
A
Bt1
Bt2
2Bt1
2Bt2

2Bt3

2Bqmt1

2Bqmt2

Figure 17. Photograph of soil developed into Qmi at site 300. Soil Description in Table 4.
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Table 4. Soil description of Site 300.
Site
Location
GPS
Elevation
Date

300
Frazier Falls Road
278
1584(L) m
9/14/2010

depth

Horizon

Unit
Qmi
Vegetation
Pine Trees
Parent Materials
till
Geomorphic Surface Moraine crest
Age Constraints
< (610-480) ka - probably.

consistence

structure gravel %

matrix colors

w et

moist dry w et

texture clay %

clay
films

field
estimate

dry

clay film colors

w et

Silica
Stage

roots

pores

boundaries

notes

dry

0-16

A

2fsbk

>75

ssps

vfr

so

10YR 2/2 10YR 4/2

SL

13

none

2vf, 1f,
1f, 1m, none
1c

cs

high clay may seem so
because of high OM

16-34

Bt1

2fsbk

25-50

sps

vfr

sh

10YR 4/4 10YR 5/4

SCL

25

none

2vf, 2f,
1vf, 1f
1m, 1c

cs

No good peds. Charcoal
and litter, skins look like
silica, not w axy, but dirty

34-52

Bt2

2msbk

25-50

sp

fr

sh

10YR 4/4 10YR 5/4

SCL

29

3dpf,
2ppf

52-69

2Bt3

2msbk

>75

vsvp

fr

h

10YR 4/4 10YR 5/4

SCL

32

3ppf,
2dpf

69-122

2Bt4

2msbk

>75

vsp

fr

h

10YR 4/4 10YR 5/4

SCL

27

3ppf,
3dpf

122-152 2Bt5

2fabk2msbk

>75

sps

fr

h

2.5Y 6/6

2.5Y 7/6

SCL

25

3ppf,
3dpf

152-195 2Btqm1

2msbk

>75

sspo

vfi

h

2.5Y 5/4

2.5Y 6/6

SL

18

3ppf,
3dpf

16

2dpf,
1ppf

195231+

2Btqm2

2msbk

>75

sopo

efi

vh

2.5Y 6/4

2.5Y 7/3

SL

red colors but
cf didn’t
survive trip
home

1vf, 1f, 2vf, 1f,
as
1m, 1c 1m, 1c

3ppf 3ppf - 7.5YR
7.5YR 5/6,
4/6, 2dpf 2dpf 7.5YR 4/4
7.5YR 5/4
3ppf 3ppf - 5YR
7.5YR 4/6,
5/6,
3dpf 3dpf 7.5YR 3/4
7.5YR 4/4
3ppf - 5YR
3ppf - 5YR
4/6, 3dpf 5/8, 3dpf 7.5YR 4/6
7.5YR 5/4
3ppf - 5YR
3ppf - 5YR
5/8,
4/6,
3dpf yes?
3dpf 5YR 4/6
5YR 4/4
2dpf 10YR 5/4,
1ppf - 5YR
5/6

2dpf 10YR 6/4,
yes?
1ppf - 5YR
6/8

2vf, 2f,
1vf, 1f,
2m, 1c,
cs
1m
1vc
1vf, 1f,
2vf, 1f,
1m, 1c,
cs
1m
1vc
1vf, 1f,
1vf, 1f
1m

gs

2vf, 2f,
1vf, 1f,
1m,
cw
1m
1c,1vc

2vf, 1f,
1f, 1m
1m

manganese nodules, more
clay films, and more
orange, possibly top of
Silica duripan
Probably silica here and
that doesn't allow me to
break it up so there is
more clay here than it
feels like

General Notes:
Weathering Rinds, Top 0-16cm - basalt 2mm, 1.8mm, 1.8mm - 34-122 cm completely w eathered through aphanitic basalt that have no plagioclase - 2.0 mm.
152-231 cm - aphanitic basalt w ith plagioclase, 1.8-1.5 mm, w ith no plagioclase, 3.0 mm. All clasts throughout profile are very w eathered except for the top tw o horizons, w hich are looser and lighter.
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Stop 1-4
J. Redwine
We are stopped in about the middle of a 90 m-thick section of fluvial (fluvial-deltaic?) deposits (Figure 4
and Figure 5). The section is exposed from its basal contact with bedrock (at ~1380 meters and site 254)
and on up to ~1470 m meters. Two different tephras have been found and identified within this section.
Jim Yount and Scott Mathieson both found the Rockland tephra along the base of the sediments exposed
along the Railroad tracks (Figure 4). I could not re-locate that tephra. I suspect the tephra is covered by
slope colluvium now and 20-30 years ago it was not. However, based on their mapped locations, that
tephra was found at about 1416 m. The Railroad tracks themselves are at 1410 m, so that is a minimum
elevation of the Rockland at this location. Both myself and Jim Yount found the Summer Lake tephra
bed LL where we are now, at my site 5, 1436 m, (Figure 4).
There is a lot of information we can garner from this stop. The short version is summarized here and
most of the details are in the following sections. Based on the tephras, stratigraphy, and stream profiles of
the adjacent Willow and Betterton creeks and the Middle Fork of the Feather River (MFFR), we interpret
that there was a rise in base level of about 90 m from before 600 ka to after 200 ka. Based on the stream
profiles, it appears there may have been a relatively stable base level to which Willow and Betterton
creeks graded for some substantial period of time. The buried soils, unconformities, and sedimentologic
changes within this section demonstrate there have been fluctuations in base level throughout this time
period, but overall there was aggradation. The base level rose from at least 1410 m to ~1436 m from
~600 ka to ~200 ka. After that time, base level rose to at least 1490 m and maybe up to 1525 m. Because
the low gradient fluvial deposits grade far above the modern base level, there was a marked decrease in
base level after 200 ka. We argue that because of the common elevations found around the valley and
across the Mohawk Valley Fault Zone (MVFZ), the base level is most simply explained if controlled by a
large and fluctuating lake. We do not rule out there may have also been subsidence ongoing, but think it
is unlikely, at least after 200 ka.

Stream Profiles demonstrate a period of stability followed by a drastically lowered base level.
Streams flowing from Sierra and Humbug Valleys have low gradients and broad, flat floodplains or
meadows (Figure 1and Figure 2). These floodplains and the portion of the channel upstream of Mohawk
Valley both grade to a base level that is much higher than the Mohawk Valley floor (Figure 3). As the
streams enter Mohawk Valley they change in character and become deeply incised with much steeper
gradients. At the abrupt change in gradient, thick sections of indurated, moderately to well sorted tabular,
trough cross bedded silts, sands, pebbles, and cobbles were deposited. This pattern of thick fluvial
sediments deposited at knickpoints is repeated along Willow, Betterton, and Calfpasture creeks, the
MFFR (Figure 3), and Sulphur Creek.
Upper Willow Creek grades to 1490 m, 150 m-above the modern base level at this location (~1340 m)
(Figure 3). At this knickpoint, 90 m of now indurated sediments were deposited within a paleovalley cut
into bedrock (Figure 6 and Figure 7). Two tephra beds were deposited within this section. Mathieson
(1981) and Jim Yount found the Rockland Ash (~600 ka) about midway in the section, 1416 to 1410 m
(Figure 3A). The younger Summer Lake tephra bed LL (~200 ka) is about 20 m higher in the section at
site 5. Based on the tephra beds and stratigraphy (described below), we interpret that deposition was
ongoing from before ~600 ka and continued after ~200 ka. The top of the indurated section is ~9 m
higher than the Summer Lake LL tephra bed, at ~1445 m (Figure 3A), above which loose and younger
fluvial sands were deposited up to ~1490 m.
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Figure 1. Location of Mohawk Valley, Sierra Valley, the headwaters of the MFFR, Lake Davis, and Honey Lake, a
northwestern sub-basin of pluvial Lake Lahontan and Grizzly Creek (GC). Generalized fault traces (thin red lines) of the MVFZ
(Mohawk Valley Fault Zone), HLFZ (Honey Lake Fault Zone), LCFZ (Last Chance Fault Zone) are from the USGS Fault and
Fold Database. Generalized preliminary fault traces of the Grizzly Fault system (GVFZ) are from Gold et al. (2012). Box is area
of Figure 2. Blue line is the 1525 m contour.

The upper section of Betterton Creek grades to about 1430 m, below which there is a knickpoint cut
through 55 m of indurated, fine-grained material (Figure 3B). The low gradient MFFR meanders through
a broad floodplain as it exits the upstream Sierra Valley, flows through Portola and Humbug Valley, and
towards Mohawk Valley (Figure 2). A sand-covered surface between Calfpasture Creek and the MFFR
extends up to ~1475 m and a nearby beveled bedrock terrace is at ~1500 m. These are all common
shoreline elevations in Mohawk Valley. Along the MFFR, there is a knickpoint at about 1460 m, below
which fine-grained sediments were deposited (Figure 3C). This change in slope is both within the stream
channel and at the downstream end of the adjacent low-gradient terrace.
A thick package of sand and gravels was deposited adjacent to the Calfpasture Creek (Figure 3D). These
indurated deposits extend up to 1447 m at the base of a break in slope of a bedrock hill. There is an
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inflection in the stream profile at about 1445 m where the stream gradient increases below that elevation
(Figure 3D). The Rockland Ash is deposited in two locations within the Calfpasture Creek sand and
gravels. These two exposures of the ash are separated vertically by about 26 meters and the lower tephra
bed is faulted. It is unclear how much of this 26 m of apparent vertical offset is a result of faulting vs
primary deposition of tephra draped onto the pre-existing slope.
Our interpretation is that the well-developed, low-gradient streams and floodplains above knickpoints at
the location where thick sections of fluvial sediments were deposited is evidence for the existence of
Mohawk Lake. The upstream reaches of these streams were graded to a long-lived stable base level, most
likely controlled by Mohawk Lake. Knickpoints in the streams are now migrating upstream since the
lowering and draining of Mohawk Lake.
Based on mapping of remnant fluvial gravels, there is evidence that the mouth of the paleo MFFR
migrated in the past. We think it is likely that the different elevations of to which the upper part of the
streams had been graded along Willow and Betterton creeks and the MFFR probably reflect the elevation
of Mohawk Lake when the paleo MFFR was entering Mohawk Lake through each channel. If this is true,
these elevations likely reflect some of the longer lived lakestands. Based on the tephra beds found at the
‘paleo mouth’ of Willow Creek, this location was likely the mouth of the MFFR until after ~200 ka and
probably until Mohawk Lake reached ~ 1490 m.
The modern day MFFR river channel has a thinner package of sediments deposited or preserved adjacent
to it and is at a lower elevation. This may reflect a lakestand at 1465 m, which is probably the elevation
of the lake when the Qmi moraine from Stop 1-3 entered the lake. The Betterton Creek stream profile
grades to an even lower level, 1430 m. There are no fluvial deltaic deposits well-preserved above this
elevation. It may be that the former mouth of the MFFR, or a separate smaller stream, subsequently
entered Mohawk Lake though Betterton Creek and may have eroded any fluvial deltaic deposits that may
have been higher in the channel. There is thick, fluvial gravel exposed along HWY 70 and deposited onto
a strath terrace cut into bedrock just northeast of Betterton Creek (site 189- Figure 2) that may have been
deposited by the MFFR at one time as well.
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Figure 2. Map showing locations of the MFFR and its major tributaries and sills related to Mohawk Lake. Streams that are shown in Figure are green. Contour lines are
elevations of common shore features at 1525 m (purple), 1500 m (light blue), and 1490 m (dark blue). Small white circles with black outline are towns. Images are a
combination of LiDAR imagery (outlined in white) and 30-m-DEM hillshades. MC-Mohawk Cliff and 189 is a site of fluvial gravels discussed in text.
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Figure 3. Stream and topographic profiles and cross-sections of deposits along (A) Willow Creek, (B) Betterton Creek, (C) the MFFR, and (D) Calfpasture Creek (Figure 2).
Notice the scale changes among stream profiles. These low gradient streams have well-developed floodplains that grade to a much higher base level than the modern MFFR.
Below those levels, the channels are deeply incised with much steeper gradients and thick sections of relatively coarse-grained fluvial to fluvial-deltaic material (sand to cobbles)
were deposited at this change in slope.
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Figure 4. Map of area around Stop 1-4. Yellow triangles are sites that go with the stratigraphic column and descriptions. Black
circles are locations where others found tephras. Those near the RR are the Rockland tephra. The white circle is my site 5, the
Summer Lake tephra bed LL, as is JY91-7&8. (JY – Jim Yount). Topographic cross sections A-A’ and B-B’ are shown in
Figure 6 and Figure 7. Red fault is from Gold et al., 2014. Note the contours of common shorelines are different colors in this
stop write-up than in the previous stops. Qld – lacustrine-deltaic, Qfd – fluvial deltaic, Qfty-fluvial terrace, young, Qfp,
floodprone, aa, active alluvium, Qdr-delta rim 1(older), 2(younger), Qp – pediment, Qay – alluvium young..
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4C

Figure 5. LiDAR and aerial photo imagery (draped over a 10-m-DEM) of the same area as shown
on Figure 4.
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Figure 6. Schematic cross section A-A’ (Figure 4) along Clio Road across Willow Creek showing the
relation of the upper Summer Lake LL within the entire stratigraphic package at site 5 and the estimated
location of the Rockland Ash (SAM 25A, Mathieson, 1981).

Figure 7. Schematic cross section B-B’ (Figure 4) across Willow Creek showing the fine-grained sediments deposited onto
bedrock within a large swale, more recently incised by Willow Creek. Topographic profiles were extracted from LiDAR
topography.

Thick section of sediments as evidence for rising base level and aggradation from ~600 ka to
after 200 ka.
An approximately 90 m thick section of indurated sands, pebbles, and cobbles along Willow Creek is
exposed along Clio Road and Willow Creek (Figure 4 and Figure 9). The lower ~65 meters of this
section are indurated and relatively coarser grained than the upper ~25 meters. These lower, indurated
deposits are interbedded silt, silty clay, fine sand, and pebble beds with most coarse-grained facies
composed of cobbles to pebbles. The basal part of the section is in general more coarse-grained with
channels that are wide, up to 6 m and commonly 2 to 3 m wide, and shallow (0.5 to 2 m deep). Jim
Yount and Scott Mathieson (1981) both found the Rockland Ash near the middle of this section and,
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based on that location, and using the LiDAR data, we estimate the elevation of this tephra bed to be about
1416 - 1410 m. Higher in this section the channels and trough cross beds become smaller and the section
finer-grained, composed of interbedded trough and tabular cross bedded sands; sand, pebble, and cobblefilled channels; massive diatomaceous silty beds; and few organic-rich, fine-grained beds up to 20 cmthick (Figure 8). Just above this section and about 20 m higher than the Rockland Ash, the younger
Summer Lake LL tephra bed (~200 ka) was deposited at site 5 (1436 m).
At this location, the Summer Lake LL tephra bed is thin, laterally continuous, and was deposited within
sands and in part within a silty sand-filled channel that is cut ~1.5 to 2.5 m into the underlying pebbly
sand (Figure 8). This tephra bed also underlies a distinct unconformity that is at the same elevation as
another distinct unconformity at site 4C along Portola Road in the Calfpasture Creek section (Figure 5)
near Stop 1-5. Kuehn and Negrini (2010) identified a single major unconformity in the Summer Lake
record that is in a similar stratigraphic position. They interpret it as representing a lake level low and
correlate that unconformity with MIS 5e (~125 ka) (Kuehn and Negrini, 2010). Perhaps this was a
regional event. More indurated sand and pebbles were deposited above this unconformity and the top of
the indurated section is 9 m higher at ~1445 m (Figure 9).
The uppermost 25 meters of sediments have a much different character above ~1445 m and are associated
with two moderately preserved fluvial terraces at 1456 m and 1463 m (Figure 4 – Units Qdr1 and Qdr2).
Smaller fluvial terrace remnants are also preserved at about 1466 m, 1475 m, and ~1490 m. These
deposits are composed of loose, mica-rich, tangential and tabular cross bedded sands and lesser fine
pebbles. We interpret a change in depositional setting and relative age where these deposits are younger
the fluvial system smaller based on this change in character of sediment in terms of sediment size, degree
of induration, predominance of tangential and tabular cross beds over broad channels present in the
underlying indurated deposits, and the association with inset terraces.
Based on the ages of the two tephra beds and the stratigraphy, we interpret that this was a fluvial and
fluvial-deltaic depositional setting that graded to elevations above the present day base level, and
represent an overall aggradation (base level increase) from before ~600 ka and continuing after ~200 ka.
The buried soils, unconformities, and channels show that there were base level changes throughout this
time, but overall, this was an aggrading system. The upper 25 meters were deposited later and were
probably associated with a 1490 m-shoreline because that is the elevation to which they grade (Figure
3C).
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Figure 8. Photographs of the Summer Lake tephra bed LL (F) deposited in Unit E.
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Figure 9. General composite stratigraphic column of the Willow Creek Section. Letters are unit names, numbers are site
numbers from unit descriptions. Sites are shown on Figure 4 and descriptions are in Table 3. Stars indicate tephra beds. Note
the buried soils are not shown on this stratigraphic column.
.
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Base level change – tectonic vs lacustrine
This may seem to be a relatively simple story. We’ve shown you evidence of a former lake in this valley
in the form of shorelines, relation of ice with water, streams that graded to the same elevations as outwash
terraces on opposite sides of the valley, and thick aggradational sections. You might even be thinking,
why is she going on and on trying to prove that there was a lake here when it is obvious – boring, let’s
move on. There are two aspects of this story that can argue convincingly against a lake being present in
Mohawk Valley, at least a deep lake. One is that on the valley floor, in some locations within the section
here at Stop 1-4, and within what we have mapped as lacustrine-deltaic sediments at the mouth of the
glaciated canyon to the southwest, there are organic-rich beds. These organic rich beds vary in character,
from deposits that look like peat/lignite to gyttja and there are even deposits with sticks and leaves. We
will look at some of these organic-rich beds at Stop 2-4, in Gray Eagle Creek. It is OK to have organicrich beds in a section of lacustrine sediments, but that usually indicates the lake dried up and became a
marsh.
The problem is that in the Mohawk Cliff exposure (Figure 2 and Appendix JR-2) which lies in the valley
floor at and above the MFFR level, there are 15 tephra beds that were deposited in organic-rich
sediments. Two of those tephras are the same as the two tephras here at Stop 1-4. This means that at
Stop 1-4, the Summer Lake tephra bed LL and the Rockland tephra were both deposited within lowgradient fluvial (fluvial-deltaic?) sediments ~93 meters above where they were deposited in fine grained
silty sand and sandy silt. In addition, those deposits have loss on ignition (LOI) values of 20-100% which
approximately equates to total organic carbon (TOC) of roughly 10-50% (unpublished data of Yount et al,
given to Redwine, 2013; Stop 2-4 and Appendix JR-3). In order to have both depositional environments
coeval, there would have to either have been 93 (or so) meters of subsidence after the river entered the
marshy valley, or there was a big waterfall at the valley margin that did not migrate upstream over 400
kyr. There may be other configurations that would accommodate the two coeval depositional settings, but
I have not dreamed any others up yet.
Is it plausible that the lake was large during glacial/pluvial periods and dried up to a marsh in between? I
think we’d probably all say yes. Except for the setting here at Stop 1-4 where tephras that would have
been deposited in the ‘marsh’ at Mohawk Cliff are also perched way up high on the valley wall. These
are not the only two tephras found both low and high in the valley, but they are good examples. There are
15 locations where the Rockland ash has been found in Mohawk Valley, several of those deposits have
been found relatively high along the valley margins (Redwine, 2013). In addition, based on the age range
allowable for these tephra beds, they were both probably deposited in an interglacial period (Figure 11).
The ages of both of these tephra beds are up for debate and those debates are outlined in Appendix JR-2.
If we are lucky, Rob Negrini may tell us what he now thinks of the age of the Summer Lake tephra bed
LL. Let’s keep our fingers crossed!
If both tephras were deposited in interglacial times, then we can’t blame these apparently high deposits on
climatically controlled lakes because they were deposited during interglacials. We looked at the age
ranges of the tephra beds deposited within the Mohawk Cliff section in relation to a MIS curve to see if
there is a pattern where the tephra beds and associated organic-rich deposits were only deposited in
interglacials (Figure 11). We don’t have tight enough age control on many of those tephras to draw any
conclusions from that. However, Andrei Sarna-Wojcicki is still working on some of these correlations of
Mohawk Valley tephras and age estimates, and perhaps this will be helpful once that effort is finished.
Our best age estimates using sedimentation rates from the Mohawk Cliff site are also shown on Figure 11
and if those estimates are valid, it looks like the tephras and organic-rich deposits are likely deposited
throughout both glacial and interglacial periods.
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.
Figure 10. Locations of tephra beds found in Mohawk Valley (white triangles). Red faults and black lineaments
are from Gold et al., 2014, contours are 1525 (purple), 1510 (dark blue), 1490 (light blue), and 1388 m (green), other
mapping from Redwine, 2013.
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Table 1. List of tephras found in multiple locations in Mohawk Valley, the site numbers, and elevations. Sites shown on
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Figure 11. Tephra beds found in Mohawk Valley and their age range estimates compared with the MIS curve of Bassinot et al.,
1994 and glacial periods (gray areas and even numbered periods). Tephras are listed from the youngest on top to the oldest on
bottom. List of age ranges and references are shown in Table 2. White circles are the reported average ages. Blue dots are the
ages estimated using sedimentation rates in the Mohawk Cliff exposure (Stop 2-4 and Appendix JR-2 and 3).

The other aspect of the story is the faulting along the MVFZ. As we have heard, there has been
considerable vertical displacement of Miocene bedrock across the MVFZ (Sawyer and Page, 1992;
Sawyer and Page, 1993; Wakabayashi and Sawyer, 2000, 2001). The proposed northern propagation of
the Walker Lane (Faulds and Henry, 2008) is alleged to have caused a change from normal faulting to
strike-slip faulting, and the precise timing of when the northern Walker Lane reached this far north is not
clear. Sawyer et al., (2013) and Gold et al., (2014) have mapped what they interpret as the active MVFZ
as a right-stepping, right lateral fault system that would suggest that Mohawk Valley is where you would
expect there to be basin subsidence related to that geometry. While we don’t have any evidence that there
HAS been ongoing subsidence, we don’t rule it out as one of the factors that allowed there to be so much
sediment accumulated here between 600 ka and 200 ka. However, we do see shorelines across the MVFZ
that are at the same elevations, suggesting the shorelines have not been deformed. ‘Same’ here has a
caveat. You may have picked up on the fact that there are a lot of places where you may not be able to
put your finger on the exact elevation of a shore feature (except at site 8, Stop 1-3). We will go look at a
wavecut bench at Stop 1-5 and it is so eroded that we can estimate the former shoreline angle, but that
estimate has a range of a few to many meters. So, we cannot correlate by precise elevation, only by
general elevation ranges. This allows for some vertical displacement, but not 90 m of displacement.
Another caveat is the ages of the shorelines. We do not have good age control on specific shorelines.
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Furthermore, some shoreline elevations seem to have been occupied more than one time (e.g. 1490 m at
Stop 1-3). Those are substantial caveats.
The difference in elevation between the Summer Lake tephra bed LL and the Rockland Ash at Stop 1-4
and the Mohawk Cliff is about the same. This would suggest that any vertical deformation occurred after
deposition of the younger tephra. This implies that all of the 93 m of vertical separation occurred AFTER
deposition of the younger tephra. Of course there is a caveat about that too; there has been erosion
within this package of sediments between the time the two tephras were deposited. It is possible that
there would actually be a greater vertical separation of the younger tephra without the unquantifiable
intervening erosion. Regardless, there would have to have been about 90 m of vertical separation post
~200 ka. One possibility is that all the subsidence is focused in the center of the basin, without clear
topographic expression, leaving the shorelines un-deformed. This seems unlikely, but possible?
And finally, the fourth (?) caveat. The Rockland tephra has clearly been faulted. I have seen this over
and over in this valley. The most extreme displacement is discussed above, where there is 24 m of
apparent vertical separation along one strand of the fault along Portola Rd / Calfpasture Creek (Figure
3D). Some of that vertical difference is due to the initial depositional slope, so 24 m is a maximum
apparent vertical displacement. So, we know the elevations of the Rockland tephra have been altered
since deposition, at least along strike slip faults, with relative elevations of the dipping tephra bed
changing across the faults, but there certainly could be a vertical component.
We presented an argument that the shorelines correlate across the MVFZ by elevation, with caveats. In
addition, there are inset terraces that we interpret as representing inset, lower, and younger lake levels,
which appear to correlate by elevation as well. We will pick up this discussion at Stop 1-5 and/or Stop 23.

Rough Mohawk Level History –A work in progress
This is a summary of the lake level information we have pulled together so far. The details are buried in
my dissertation, which anyone can look up and read if they want to do that to themselves. The gist is that
I used the elevations of the tephra beds where they were deposited in lacustrine or deltaic sediments to
provide a minimum elevation of the lake at that time. This is problematic because most of the older
tephras have been faulted and the elevations are clearly affected by that faulting. We will drive by an
example of that on the way to and from Stop 1-5. Regardless, that is the data we have for the older part of
the lake history. I also incorporated the geomorphic evidence and broad time estimates we have. The
result is the lake level curve below (Figure 11). Keep in mind that we know that the lake fluctuated in
depth / elevation, but we don’t know the magnitude of those fluctuations, so the curve lacks the lake level
low information elevation because we don’t know when or what elevation to include. Included in that
caveat, is that the lake may have dried up periodically. This is one of those known unknowns, or
limitations, of our dataset.
The Thermal Canyon Ash was deposited in fluvial deltaic deposits at site 133 at ~1357 m. This tephra is
~740 ka (Sarna-Wojcicki et al., 1997) and the lake at that time may have been about ~47 m-deep. The
Rockland tephra was found in 15 locations. Along Portola Road the upper deposit of the Rockland tephra
(~600 ka) is at about 1424 m. At that location, the tephra has been faulted and may have been deposited
in fluvial or fluvial-deltaic gravels. We use a range of 1424 m to the minimum elevation found at Stop 14 (1410 m) as a range of elevations that probably brackets the upper limit of the lake at that time.
Knowing the limitations of the elevation data and faulting complications, this is a very rough estimate of a
lake level that could have been ~ 93 m-deep. The EMB tephra (610-480 ka) was found underlying foreset
beds, therefore at about a shoreline elevation at site 70 along Jamison Creek between 1422 -1424 m
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(Redwine, 2013; Appendix 1). The Qmi moraine at Stop 1-3 is considered to have been deposited
between that age and 200 ka, closer to the older end of that age range. At that stop we saw that the
moraine entered a lake at roughly 1460 m and the lake may have risen after that. There is an
intermediate-aged outwash terrace at Gray eagle Creek that grades to ~1514 m that we will see and
maybe walk to at Stop 2-4. A lower outwash terrace likely of similar age also grades to 1490 m.
Therefore we suspect the lake got up to at least 1514 m, (possibly as high as 1525 m) then lowered to
1490 m and was stable for some period of time while the Qowi units were deposited. The lake then
lowered, allowing soils to form in the glacial deposits and within the package of sediments at this stop.
Purple monkey dishwasher. Just seeing if anyone is reading this. About 200 ka, the Summer Lake
tephra bed LL was deposited in fluvial (fluvial-deltaic?) sediments at 1436 m (this stop – site 5).
Therefore, by that time, the lake reached up towards, or to, 1436 m. Sometime after 200 ka, the lake
elevation increased dramatically, perhaps up to 1525 m, then incrementally lowered. We will discuss our
observations of the types of terraces we recognize that allow us to interpret this incremental lowering at
Stops 1-5, 2-3, and 2-4. For now, suffice it to say we observed common elevations in two or more
locations around the basin and those elevations are represented in the lake level curve as the lake lowered.
Summer Lake tephra bed E1 was deposited within lacustrine sediments at 1388 m; therefore the lake had
that minimum elevation by ~30 ka. By that time, the lake had lowered more than 137 m from its
highstand. The Tsoyawata tephra was found within fluvial terraces only 2 m above the modern MFFR (J.
Yount personal communication, 2009), showing the lake was gone and had reached the modern MFFR
level by ~7 ka. Notice that there are two times when we see what we think is significant base level (lake
level) rise: just before the Rockland tephra was deposited and after the Summer Lake tephra bed LL was
deposited.
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Figure 11. This lake-level curve for Mohawk Lake is based on a combination of elevations and ages of waterlain tephra beds (white circles) and shorelines (bars). We know there
were many more fluctuations in the lake level than are shown. We just don’t know the timing or magnitude of them at this time. On the x axis there are the names of the tephra
beds found in Mohawk Valley and their age ranges. Many of these tephras only have broad age ranges at this time. Though better age estimates may be coming….. Black circles
have good elevation control, open circles used 10 m-DEM for elevation estimates, and are less precise.
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Table 2 . List of tephras found in Mohawk Valley, their age estimates, and most recent references for those ages.
Complete list of all references that contributed to the ages of these tephras are in Appendix JR-2.
Possible favored
Reported age based on
Minimum
Maximum
Tephra Name
average
sedimentation
Reference
Age (ka)
Age (ka)
age (ka) rates at Mohawk
Cliff (ka)
Tsoyowata
7
Bacon and Lanphere, 2006
Summer Lake E1
29.9
33.7
Kuehn and Negrini, 2010; Benson et al., 2013
Carp Lake Ash bed 13
100
200
Whitlock et al., 2000
MC-GG-6
260
504
570
Rieck et al., 1992; Redwine, 2013; Appendix JR-2
Summer Lake KK
180
215
Donnelly-Nolan, 2010; Kuehn and Negrini, 2010
MC-GG-4
180
234
218
Donnelly-Nolan, 2010; Kuehn and Negrini, 2010; Redwine et al., App. 1
Summer Lake LL
180
218
Donnelly-Nolan, 2010; Kuehn and Negrini, 2010
MC-GG-2
180
273
325
Redwine, 2013; Appendix JR-2
MC-GG-1
260
287
325
Rieck et al., 1992; Redwine, 2013; Appendix JR-2
MC-CC-7
280
492
610
Redwine, 2013; Appendix JR-2
MC-CC-6
260
504
570
Rieck et al., 1992; Redwine, 2013; Appendix JR-2
MC-CC-5
280
546
610
Redwine, 2013; Appendix JR-2
MC-CC-4
280
548
610
Redwine, 2013; Appendix JR-2
MC-CC-3
260
551
610
Rieck et al., 1992; Redwine, 2013; Appendix JR-2
MC-CC-2
260
552
610
Rieck et al., 1992; Redwine, 2013; Appendix JR-2
MC-CC-1
280
553
610
Redwine, 2013; Appendix JR-2
East McKay Butte
480
610
McKee, 1976; Redwine, 2013; Appendix JR-2
MV-66-C13
480
610
Redwine, 2013; Appendix JR-2
MV-66-C11
480
610
Redwine, 2013; Appendix JR-2
Rockland Ash
570
610
Lanphere et al., 2004
Dibekulewe
570
639
Adams et al., 1989, 1994A, 1994B, and 1995; Rieck et al. 1992
Lava Creek B
637
639
641
Lanphere et al, 2002
MV-181D middle
610
Redwine, 2013; Appendix JR-2
MV-181D lower
610
Redwine, 2013; Appendix JR-2
MV-192-2D
610
Redwine, 2013; Appendix JR-2
Thermal Canyon Ash
740
Sarna-Wojcicki et al., 1997

Hydrologic Connection between Mohawk and Sierra Valleys
Sierra Valley is now the headwaters of the MFFR (Figure 1). At one time Sierra Valley contained Lake
Beckwourth which at times probably overflowed to the east, not west into Mohawk Valley, and therefore
was intermittently hydrologically connected with Lake Lahontan and the Great Basin (Ramelli et al.,
1999) (Figure 1). The timing and cause of the change from this eastward overflow of Lake Beckwourth
to the current configuration with the westward flowing MFFR is unclear. Connections between Mohawk
Lake and Lake Beckwourth have been proposed (Ramelli et al., 1999). The highest possible shoreline
features we have recognized as formed by Mohawk Lake are at 1525 m, lower than the highstand
shorelines identified from Lake Beckwourth. The highest lagged gravels in Sierra Valley (1585 m) are
interpreted as poorly preserved shoreline remnants. Younger (?) shorelines that still retain preserved
geomorphology have been recognized at 1550 m (Ramelli et al., 1999). We do not think the two valleys
were a continuous lake at the times when the high Lake Beckwourth shorelines were formed, although
there are two locations where there might be remnant shorelines that high. For now, that high of a
shoreline is equivocal, with limited evidence. We do think there is evidence for fluvial connections
between the two valleys and that the integration of Sierra Valley into the MFFR is responsible for one of
the two periods of increased filling of Mohawk Lake.
We infer there was a long-lived fluvial connection between Mohawk and Sierra valleys based on the
geomorphology of the streams and associated floodplains between the two valleys and the fluvial-deltaic
sediments deposited as they entered Mohawk Valley. The broad, low-gradient floodplain in Humbug
Valley (Figure 1) extends from the western edge of Sierra Valley, along the MFFR and part of Willow
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Creek, and is graded to former Mohawk Lake levels. Willow and Betterton Creeks and the MFFR
terraces are graded to different elevations and we suspect these levels all represent the primary river
channel from the MFFR entering into Mohawk Lake may have avulsed throughout its history. Tephra
beds within the fluvial-deltaic deposits where these streams entered Mohawk Lake show that the lake
fluctuated, but overall rose up to 26 m from ~600 ka through ~200 ka. As Mohawk Lake filled, there
were two time periods when the rate of filling greatly increased. One was just prior to deposition of the
Rockland Ash, ~ 600 ka, the other was after the deposition of the Summer Lake LL tephra bed, ~200 ka (
Figure 11). We suggest that integration of Sierra Valley with Mohawk Valley was the cause of one of
these two increases in the rate of lake level rise. Because the shorelines in Sierra Valley are still
preserved, we prefer the interpretation that this integration occurred after 200 ka, because good
preservation of shoreline barriers, such as those preserved in Sierra Valley at 1550 m, for an interval of
600 kyr is not likely. In the Great Basin, preservation of geomorphology of shorelines may persist for a
few hundreds of thousands of years at most (e.g. Reheis et al., 2002; Kurth et al., 2011).
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Table 3. Stratigraphic Descriptions of the Willow Creek Section.

Site(s)

124

125

126

127 to 128

Unit

General
Description

I

loose sand

H

loose,
interbedded
sandy pebbles,
fine pebbly sand,
and indurated
sandy clay loam.

H

loose,
tangentially,
cross-bedded,
loose, mica-rich,
coarse sands and
pebbles.

H

loose, crossbedded sands and
pebbles

G

indurated,
channels and
cross-bedded
pebbles, lesser
sands, and silts.

Thickness
(cm)
1200

elevation
(m)
1470

1458

1300
1456

1445

1000

1444 - 1436

Description

sand, no exposures
tan, well- to sub-rounded, well-sorted, fine pebbles up to 3 cm and
coarse sands, in ~2- to 4-cm-thick beds with irregular sand lenses up
to 10-cm-thick, interbedded with well sorted, coarse to medium
sands and fine pebbles, in tangential cross beds 1- to 10-cm-thick,
and indurated, well-sorted sands and silts, lithologies are primarily
rhyolite and granite.
tan, sub-rounded to sub-angular, well-sorted, pebbles up to 1 cm
and coarse sands in tabular and tangential cross beds that are 5- to
25-cm-thick, and well-rounded, very well-sorted fine to medium
pebbles, in 10 cm to 1-m-thick beds, and lesser well-sorted, wellrounded to sub-angular, fine and medium sands that are moderately
indurated and primarily composed of granitic fragments. Most of
the deposit is loose, groundwater stained, composed of rhyolites,
granites, and the bounding surfaces are N75W 9°S, N60W 15°S, and
cross-beds are all N60W to N75W and dip from 24°SW to 41°SW.
tan, well- to sub-rounded, well-sorted, fine to medium pebbles in ≤
5-cm-thick beds interbedded with well to moderately well-sorted
fine to medium sand in ~ 10-cm-thick beds.
Reddish-orange, groundwater-stained, indurated, trough crossbedded, very well-rounded, spherical, moderately well-sorted,
imbricated, pebbles 1 to 6 cm indicating flow to the south. Troughs
are 8 to 10-m-wide and up to 1-m-thick with 50 to 100-cm-thick
bedsets composed of 2 to 10-cm-thick beds, and cut into and re-work
the underlying units, lithologies are granitics, andesites, rhyolites.
Interbedded with sub-rounded to sub-angular, well to moderately
sorted, medium to coarse, mica-rich, trough cross-bedded sands with
troughs that are 1 to 1.5-m-wide and 20-cm-thick composed of 10 to
20-cm-thick bedsets of 0.5 to 1-cm-thick beds and tangential tabular

Notes
Not well
exposed, but
sand up to the
bedrock knob

top section

loose, mica-rich
section

loose, mica-rich
section
indurated and
slightly more
coarse, more
groundwater
stained

Planar contact,
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cross beds that show growth from the north to the southwest ( N38W
18°SW ) and exposures that show trough cross beds that roughly
suggest flow to the east or west sands and fewer beds composed of
10 to 20-cm-thick beds of medium to fine sand and lesser silt. This
is overall coarser than the overlying units. Laterally this unit has
more fine-grained, sandy units that are cut into by pebbles.

G

5

F

E

tephra

indurated,
channels and
cross bedded
sand with lesser
silt and pebbles

2

400

1436-1432

The tephra (Summer Lake LL) is below this upper contact. The
contact is planar and the tephra is moderately well to well sorted
coarse sand-sized tephra, quartz, and mica and is present in about 1
to 2-cm-thick beds and was interpreted to be somewhat re-worked
because of that. The tephra bed is near or about 30 cm below the
upper contact, the position changes laterally. The contact and tephra
are at 1436 m where the contact is planar and dips to ~ 1432 m
within the channel stratigraphically below the planar contact.

1436-1432

The unit that the tephra is within is at least 3-m-thick, light gray,
tightly packed, well- to sub-rounded, moderately sorted, silty fine
sand with scattered very coarse sand to fine pebble quartz and mica
and few coarse-sand and pebble-filled channels that are looser in 0.5
to 1-m-thick bedsets composed of interbedded well to moderately
well-sorted, well- to sub-rounded, silty clays, fine sands and silts in
2 to 5-cm-thick beds and medium to coarse sands and fine pebbles in
5 to 10-cm-thick beds with small channels cut into them. This is a
large channel that the exposure around the corner shows is cut into a
lower channel and both are cut by other channels to the east. There
are some wavy beds and wavy contacts within these beds also. The
channels are roughly 4 to 7-m-wide and 1 to 2-m thick.

becoming a
channel contact
with Unit C
cutting into D,
an overall finer
and more
indurated unit

.
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257

134

D

indurated,
channels and
cross bedded
sands, silty clay,
lesser pebbles

400

1432-1429

C

indurated,
channel and cross
bedded pebbles
and sands

2800

1410

C

indurated,
channels and
cross bedded
pebbles and
sands

C

~1411

Underlying are interbedded, irregular beds of dark (organic-rich?)
silty clay 10 to 30-cm-thick, well sorted, rounded to sub-rounded,
tangential tabular cross beds of fine to medium sand in 5 to 10-cmthick bedsets of 1 to 3-cm-thick beds, well sorted, rounded to subrounded, medium sand and silty clay in contorted, discontinuous,
lenticular beds 0.5 to 1-cm-thick with some planar and some wavy
contacts, and troughs that are cross bedded and rippled with
moderately well sorted, rounded to sub-angular, medium to coarse
sands in 5 to 10-cm-thick bedsets of 1 to 3-cm-thick beds, with
channels roughly 0.2 to 0.75-m-thick and 1 to 2-m-wide.
At site 257, at about 1410 m, and(?) within the section described at
256 but upstream and to the NW, the section is a little finer-grained
with smaller channels. Channels are 1.5 to 2-m-wide and 0.5 to
0.75-m-high filled with moderately sorted, well-rounded, spherical
pebbles 0.5 to 2 cm in size in 10 to 20-cm-thick beds that are
interbedded with well sorted, subangular to subrounded, coarse to
medium, and lesser fine sand in 5 to 25-cm-thick bedsets of 1 mm to
1 cm-thick beds.
This is the lateral equivalent of unit C at sites 255 to 257. This
location is ~0.2 km to the east and would be farther away from the
main channel of paleo-Willow Creek. This is a smaller exposure,
and large channels were not apparent. In general this looked like
horizontally bedded silts, sands, and gravels with some small
channels that did not cut very deep, these channels may be trough
cross beds. Well-sorted coarse sand and pebbles 1 to 3 cm in 1 to 2
m bedsets of 2 to 5-cm-thick beds of fine sand and silty clay draped
in channels, well sorted, medium to coarse sandy bedsets 0.2 to 0.7m-thick. Some beds are as coarse as cobbles, with diatom rich sand
and silt beds, moderately sorted, reddish-brown, fine to medium
sand with fewer well-rounded pebbles up to 2 cm in bedsets up to
0.2 m thick, some irregular muddy beds that may be burrowed or
convoluted beds.
Rockland tephra found by MathieGon(1981) and Yount may be
around 1416 m
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C

indurated,
channels and
cross bedded
pebbles and
sands

255

B

indurated,
channels and
cross bedded
sand and pebbles

1600

1398

254

A

indurated, wellrounded cobbles
and pebbles

400

1381

256

>1411

At site 256, extending up to ~ 1430 m, there are channels about 2 to
3-m-wide, but as wide as 6 m that are mostly 0.5 to 1-m-thick and up
to 2-m-thick. The bases of the channels are lined with well-sorted,
tightly packed, fine sand and silt. Overlying are moderately wellsorted, well rounded, spherical, pebbles 2 to 5 cm in size and coarse
sand. Some exposures show tangential tabular cross beds within the
troughs that show lateral migration to the west, which at this location
is more or less the flow direction of the modern Willow Creek.
There are also discontinuous, lenticular beds of finer-grained
material, well rounded to subangular, sands and silts, that might be
rip-ups or remnants of the fine-grained sediment that lines the base
of many of the troughs. There are 5 to 15 cm bedsets of well-sorted,
fine to coarse sands in 0.5 to 1-cm-thick beds. These bedsets
coarsen upwards to well rounded, moderately well-sorted, fine
pebbles 1 to 2 cm (up to 5 to 10 cm) in 10 to 12-cm-thick bedsets.
1398 m, the sediments are finer-grained. They are composed of
moderately sorted coarse sand in 10 to 15-cm-thick beds lining the
base of channels that are ~ 2-m-wide and up to 1-m-thick. Troughs
are filled with well sorted coarse sands and pebbles 1 to 3 cm in 2 to
10-cm-thick beds. The package as a whole fines upwards and the
troughs become larger
At site 254, at ~1381 m, there are well rounded, spherical, cobbles
mostly 10 to 15 cm, rhyolite with some fine-grained silicic, basalt,
and andesite. This is within the section and below site 134 (~1414
m) where a finer-grained part of this section sits on bedrock
upstream and to the east of Willow Creek. This relation is part of
the evidence that these deposits were thicker at(?) Willow Creek and
towards Mohawk valley suggesting a paleo-Willow Creek existed.
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Stop 1-5 (Optional)
J. Redwine with significant help and all figures but the location map one are from data collected,
processed, and figure made by the Humboldt State University Quaternary Field Methods Class and Mark
Hemphill-Haley.
I am sooooo gratelful!
The point of this stop is to put your feet on what is a definite shoreline on the northeast side of the valley
and across the MVFZ from those we saw earlier today. This is an erosional surface feature expressed as
curvilinear bench along contour and present between drainages on the concave hillslopes. There is not a
lithologic change in the bedrock at these locations nor is the bedrock horizontal or near horizontal.
Therefore I cannot think of another mechanism, other than wavecut features formed by nearshore
processes in a lake that could have formed these features.
Clearly there is no way easy to assess the age of these features, at least not directly. The deposits on them
that I have seen so far are gravel lags and colluvium. There are some rounded gravels on these surfaces,
but the bedrock is a conglomerate, a volcaniclastic unit with beds of more and less rounded gravels
incorporated into it. As of yet, I have not found foreign lithologies or other definitive evidence of fartraveled beach deposits preserved on these platforms. Anyone who does find this will get a prize, or at
least a big thank you........
T
I think an age of 200 ka or so is not unreasonable. I would guess that this bench probably wouldn’t be
preserved for much more than a few 100 ka, based on the longevity of shoreline features found in the
drier Great Basin (Reheis et al., 2002; Kurth et al., 2011).
The elevation of this bench is at about 1495 (Figure 2 -6). This is a bit higher than the 1487-1490 m
shoreline we have been looking at across the valley. Maybe they correlate and show 5 m of down-thesouth vertical separation - or, maybe they are different shorelines. We will discuss this and more with
those who made it to this last stop of the day.

As you drive back down Portola Rd., notice the inset terraces on the right side of the road. The closest
modern day stream to this flight of terraces is Calfpasture Creek that we crossed on the way to and from
the wavecut terraces. These terraces are found on interfluves and can be adjacent to streams or nowhere
near streams. They are found here, along Gray Eagle Creek and we will see these at Stop 2-3, and along
the Eureka Park Road as well as other places in this valley and the back edge of these terraces have
common elevations around the valley margins and across the valley, not perfectly correlated, but clustered
in groups of similar elevations. These features are subtle and not impressive at all. They are associated
with either gravel lags or a thin (< 1-2 m-thick) fluvial gravel deposit, so they are essentially these thin
strath terraces. The best explanation I could find or think of for these features, is that they are associated
with lake levels and record the last lake level decrease that I think eventually led to the final emptying of
the lake. Features similar to these have been found at sea level, where continental ice has retreated and
the ground is rebounding, resulting in a relative sea level lowering. The mechanism for those features is
an erosional, wavecut shoreline, cuts the benches while at shoreline level. When the ground rebounds, or
relative sea level lowers, if there are nearby streams they deposit fluvial gravels on these wavecut benches
as the streams reach down to the relatively lowered sea level. In this setting, the lake level is actually
lowering, rather than the land rising, but the mechanisms of how you form these features are the same. I
refer to them as delta rim terraces, as they are referred to in the setting where they were originally
described and defined.
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Figure 1. Location of Stops 1-5 and 1-4. Purple contour 1525, dark blue 1510, light blue 1490, yellow lines are faults and
white lines are lineaments from Redwine, 2013, Red faults are from Gold et al., 2014. The Rockland ash is located at
both sites MV-90 and MV-91. It is faulted at MV-91.
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Figure 2. LiDAR imagery and contour map showing location of erosional shorelines (yellow and green)
at Stop 1-5 and locations of profiles A, B, and C. Made by M. Hemphill-Haley and the HSU Quaternary
Field methods class. Stop 1-5 is the blue dot.
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Figure 3. Long profile along the erosional shoreline at Stop 1-5 showing the surface hovers around 1495 m. Made by M. Hemphill-Haley and the
HSU Quaternary Field methods class.
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Figure 4. Topographic profile A-A’ across the erosional shoreline. Made by M. Hemphill-Haley and the HSU Quaternary Field methods class.
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Figure 5. Topographic profile B-B’ across the erosional shoreline. Made by M. Hemphill-Haley and the HSU Quaternary Field methods class.
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Figure 6. Topographic profile C-C’ across the erosional shoreline. Made by M. Hemphill-Haley and the HSU Quaternary Field methods class.
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Stop	
  2-‐1:	
  Overview	
  of	
  recent	
  activity	
  on	
  the	
  Mohawk	
  Valley	
  fault	
  zone	
  
At	
  this	
  stop	
  we'll	
  discuss	
  the	
  surface	
  expression	
  and	
  Holocene	
  paleoseismic	
  history	
  
of	
  the	
  Mohawk	
  Valley	
  fault	
  zone	
  (MVFZ).	
  The	
  MVFZ	
  is	
  one	
  of	
  the	
  best-‐expressed	
  
strike-‐slip	
  faults	
  in	
  the	
  northern	
  Walker	
  Lane,	
  but	
  many	
  aspects	
  of	
  its	
  recent	
  history	
  
-‐-‐	
  particularly	
  the	
  fault	
  slip	
  rate,	
  the	
  partitioning	
  of	
  slip	
  among	
  strike-‐slip	
  and	
  
normal	
  strands,	
  and	
  the	
  significance	
  of	
  the	
  prominent	
  seismicity	
  lineament	
  
associated	
  with	
  the	
  fault	
  -‐-‐	
  remain	
  poorly	
  understood.	
  
Surface	
  expression	
  of	
  the	
  MVFZ	
  
The	
  MVFZ	
  extends	
  60+	
  km	
  from	
  south	
  of	
  Sierra	
  Valley	
  to	
  north	
  of	
  Quincy,	
  California	
  
(Fig.	
  1)	
  and	
  bounds	
  the	
  westernmost	
  tilt	
  block	
  of	
  the	
  Sierra	
  Nevada	
  at	
  the	
  latitude	
  of	
  
Portola.	
  To	
  the	
  south,	
  the	
  MVFZ	
  is	
  probably	
  linked	
  kinematically	
  with	
  the	
  Polaris	
  
fault	
  and	
  East	
  Truckee	
  fault	
  zone.	
  	
  It	
  is	
  one	
  of	
  several	
  subparallel	
  strike-‐slip	
  faults	
  
(including	
  the	
  Warm	
  Springs	
  Valley,	
  Honey	
  Lake,	
  and	
  Grizzly	
  Valley/Hot	
  Springs	
  
faults)	
  that	
  accommodate	
  shear	
  across	
  the	
  northern	
  Walker	
  Lane.	
  

	
  
Figure	
  1.	
  Map	
  of	
  the	
  northern	
  Walker	
  Lane	
  study	
  area	
  and	
  regional	
  strike-‐slip	
  and	
  normal	
  faults,	
  simplified	
  from	
  the	
  U.S.	
  
Geological	
  Survey,	
  Nevada	
  Bureau	
  of	
  Mines	
  and	
  Geology,	
  and	
  California	
  Geological	
  Survey	
  [2006],	
  Faulds	
  and	
  Henry	
  [2008],	
  
the	
  California	
  Department	
  of	
  Water	
  Resources	
  [1963],	
  Saucedo	
  and	
  Wagner	
  [1992],	
  Hunter	
  et	
  al.	
  [2011],	
  Gold	
  et	
  al.	
  [2013a,	
  
2013b],	
  Olig	
  et	
  al.	
  [2005],	
  and	
  our	
  mapping	
  using	
  lidar	
  data	
  and	
  field	
  observations.	
  Abbreviations:	
  CL,	
  Carson	
  Lineament;	
  DVF,	
  
Dog	
  Valley	
  fault;	
  ETFZ,	
  East	
  Truckee	
  fault	
  zone;	
  GVF,	
  Grizzly	
  Valley	
  fault;	
  HLF,	
  Honey	
  Lake	
  fault;	
  HSF,	
  Hot	
  Springs	
  fault;	
  IVF,	
  
Indian	
  Valley	
  fault;	
  MVFZ,	
  Mohawk	
  Valley	
  fault	
  zone;	
  OF,	
  Olinghouse	
  fault;	
  PF,	
  Polaris	
  fault;	
  PLF,	
  Pyramid	
  Lake	
  fault;	
  and	
  WSVF,	
  
Warm	
  Springs	
  Valley	
  fault.	
  Arrows	
  indicate	
  relative	
  direction	
  of	
  strike-‐slip	
  fault	
  movement.	
  Bar	
  and	
  ball	
  indicates	
  down-‐	
  
thrown	
  block	
  of	
  normal	
  faults.	
  Star	
  depicts	
  location	
  of	
  Sulphur	
  Creek	
  site.	
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Figure	
  2.	
  Overview	
  of	
  the	
  Mohawk	
  Valley	
  fault	
  zone	
  with	
  faults	
  and	
  lineaments	
  mapped	
  from	
  lidar	
  data	
  and	
  field	
  observations.	
  
Base	
  map	
  includes	
  hill	
  shade	
  image	
  derived	
  from	
  10	
  m	
  National	
  Elevation	
  Data	
  Set	
  (NED)	
  and	
  slope	
  shade	
  image	
  derived	
  from	
  
0.25	
  m	
  lidar	
  data	
  set	
  along	
  the	
  MVFZ	
  (yellow	
  outline).	
  Regional	
  road	
  network	
  indicated	
  with	
  white	
  lines.	
  Trace	
  of	
  MVFZ	
  in	
  
southwest	
  portion	
  of	
  map,	
  with	
  NED	
  coverage,	
  simplified	
  from	
  Olig	
  et	
  al.	
  [2005].	
  

Within	
  the	
  long	
  linear	
  trough	
  that	
  forms	
  Mohawk	
  Valley,	
  the	
  MVFZ	
  is	
  expressed	
  as	
  a	
  
discontinuous	
  series	
  of	
  scarps	
  and	
  linear	
  ridges,	
  sag	
  ponds,	
  laterally	
  deflected	
  and	
  
offset	
  channels,	
  and	
  sidehill	
  benches	
  (Fig.	
  2).	
  These	
  landforms	
  are	
  consistent	
  with	
  
recent	
  strike-‐slip	
  surface	
  displacement	
  and	
  the	
  longer-‐term	
  geologic	
  record	
  of	
  net	
  
dextral	
  offset	
  of	
  <1	
  km	
  constrained	
  by	
  a	
  contact	
  between	
  Cretaceous	
  granite	
  and	
  
Paleozoic	
  metamorphic	
  rock	
  [Faulds	
  et	
  al.,	
  2005].	
  
The	
  MVFZ	
  changes	
  character	
  dramatically	
  as	
  it	
  exits	
  Mohawk	
  Valley	
  and	
  enters	
  
Sierra	
  Valley	
  to	
  the	
  southeast.	
  Here	
  the	
  fault	
  breaks	
  into	
  two	
  strands	
  (Fig.	
  2)	
  with	
  
very	
  different	
  surface	
  expressions,	
  as	
  noted	
  by	
  Tom	
  Sawyer,	
  Bill	
  Page,	
  and	
  Mark	
  
Hemphill-‐Haley	
  back	
  in	
  the	
  20th	
  century	
  [Sawyer	
  et	
  al.,	
  1993].	
  The	
  rangefront	
  
normal	
  trace	
  is	
  scalloped	
  and	
  bounds	
  triangular	
  facets	
  along	
  the	
  rangefront,	
  and	
  it	
  
looks	
  very	
  much	
  like	
  a	
  typical	
  normal	
  fault	
  in	
  map	
  view	
  and	
  trench	
  exposure.	
  
Roughly	
  subparallel	
  and	
  four	
  kilometers	
  to	
  the	
  east,	
  the	
  linear	
  strike-‐slip	
  strand	
  
forms	
  an	
  uphill-‐facing	
  scarp	
  across	
  the	
  floor	
  of	
  Sierra	
  Valley	
  (Fig.	
  3),	
  with	
  
topographic	
  and	
  stratigraphic	
  evidence	
  of	
  lateral	
  offset.	
  Similar	
  to	
  other	
  closely	
  
spaced	
  normal/strike-‐slip	
  fault	
  pairs	
  in	
  the	
  Walker	
  Lane,	
  this	
  geometry	
  presents	
  a	
  
conundrum:	
  Which	
  fault	
  crosscuts	
  the	
  other	
  at	
  depth?	
  Does	
  deep	
  lateral	
  or	
  oblique	
  slip	
  
occur	
  beneath	
  the	
  MVFZ	
  on	
  a	
  near-‐vertical	
  plane,	
  or	
  does	
  it	
  occur	
  on	
  a	
  reactivated	
  
moderately-‐dipping	
  normal	
  fault	
  and	
  become	
  partitioned	
  only	
  in	
  the	
  uppermost	
  crust?	
  
Does	
  the	
  MVFZ	
  rupture	
  with	
  oblique	
  slip	
  to	
  the	
  surface	
  within	
  the	
  Mohawk	
  Valley?	
  
Beneath	
  Sierra	
  Valley,	
  is	
  deep	
  slip	
  oblique	
  but	
  shallow	
  slip	
  partitioned	
  onto	
  strike-‐slip	
  
and	
  normal	
  strands	
  only	
  in	
  the	
  upper	
  few	
  kilometers?	
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Figure	
  3.	
  Aerial	
  view	
  of	
  the	
  eastern	
  strand	
  of	
  the	
  Mohawk	
  Valley	
  fault	
  zone	
  in	
  Sierra	
  Valley	
  showing	
  the	
  Turner	
  Creek	
  trench	
  
site.	
  Fault	
  trace	
  trends	
  between	
  red	
  arrows.	
  The	
  uphill-‐facing	
  scarp	
  impounds	
  and	
  deflects	
  drainages	
  along	
  the	
  gently	
  sloping	
  
valley	
  floor.	
  Photo	
  by	
  Tom	
  Sawyer.	
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Figure	
  4.	
  Regional	
  geodetic	
  studies	
  (Thatcher	
  et	
  al.,	
  2003;	
  Hammond	
  and	
  Thatcher,	
  2007;	
  Hammond	
  et	
  al.,	
  2011)	
  suggest	
  that	
  
~7	
  mm/year	
  of	
  right-‐lateral	
  shear	
  and	
  very	
  little	
  extension	
  occurs	
  today	
  across	
  the	
  northern	
  Walker	
  Lane.	
  Of	
  this	
  overall	
  
budget,	
  2-‐5	
  mm/year	
  has	
  been	
  modeled	
  on	
  the	
  MVFZ.	
  Recent	
  geodetic	
  modeling	
  may	
  revise	
  these	
  estimates.	
  

	
  
The	
  rate	
  debate:	
  Geodesy	
  
Jayne	
  Bormann	
  will	
  present	
  the	
  latest	
  and	
  greatest	
  geodetic	
  findings	
  of	
  the	
  Nevada	
  
Geodetic	
  Laboratory	
  in	
  the	
  region,	
  so	
  details	
  of	
  the	
  following	
  discussion	
  will	
  
certainly	
  be	
  revised.	
  However,	
  the	
  general	
  framework	
  has	
  been	
  in	
  place	
  for	
  over	
  a	
  
decade	
  (Fig.	
  4):	
  6-‐7	
  mm/year	
  of	
  shear	
  and	
  very	
  little	
  extension	
  has	
  been	
  measured	
  
by	
  clever	
  geodesists	
  across	
  the	
  northern	
  Walker	
  Lane.	
  Of	
  this	
  overall	
  budget,	
  
anywhere	
  from	
  2-‐5	
  mm/year	
  has	
  been	
  modeled	
  on	
  the	
  Mohawk	
  Valley	
  fault	
  zone	
  
[Dixon	
  et	
  al.,	
  2000;	
  Hammond	
  and	
  Thatcher,	
  2007;	
  Hammond	
  et	
  al.,	
  2011].	
  The	
  
models	
  are	
  reasonable,	
  and	
  the	
  geodesists	
  have	
  soundly	
  put	
  the	
  ball	
  in	
  the	
  
geologists'	
  court:	
  What	
  is	
  the	
  geologic	
  slip	
  rate	
  of	
  the	
  MVFZ?	
  
The	
  rate	
  debate:	
  Geology	
  
So	
  far,	
  available	
  evidence	
  suggests	
  that	
  the	
  Holocene	
  slip	
  rate	
  of	
  the	
  MVFZ	
  is	
  <1	
  
mm/year,	
  much	
  lower	
  than	
  rates	
  inferred	
  from	
  geodetic	
  data.	
  	
  
Geologic	
  slip	
  rate	
  data	
  aren't	
  great	
  for	
  the	
  MVFZ.	
  A	
  minimum	
  Holocene	
  rate	
  was	
  
obtained	
  at	
  the	
  Turner	
  Creek	
  paleoseismic	
  site,	
  where	
  a	
  right-‐laterally	
  offset	
  buried	
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channel	
  placed	
  a	
  minimum	
  bound	
  on	
  the	
  slip	
  rate	
  of	
  0.4	
  ±	
  0.1	
  mm/year	
  [Sawyer	
  et	
  
al.,	
  2013].	
  A	
  convincing	
  slip	
  rate	
  based	
  on	
  offset	
  of	
  well-‐defined	
  and	
  confidently	
  
dated	
  geomorphic	
  features	
  hasn't	
  yet	
  been	
  obtained.	
  There	
  are	
  surprisingly	
  few	
  
young,	
  clear	
  laterally	
  displaced	
  landforms	
  along	
  the	
  MVFZ.	
  We	
  urge	
  FOPers	
  to	
  check	
  
for	
  themselves:	
  visit	
  opentopography.org	
  to	
  access	
  the	
  publically-‐available	
  lidar	
  
USGS	
  flew	
  over	
  the	
  southeast	
  portion	
  of	
  the	
  fault	
  in	
  2012.	
  	
  
	
  

	
  
Figure	
  5.	
  Comparison	
  of	
  geologic	
  (blue)	
  and	
  geodetic	
  modeled	
  (red)	
  slip	
  rates	
  across	
  the	
  northern	
  Walker	
  Lane.	
  	
  	
  

Indirect	
  support	
  for	
  a	
  relatively	
  low	
  (<1	
  mm/year)	
  slip	
  rate	
  on	
  the	
  MVFZ	
  is	
  obtained	
  
from	
  paleoseismic	
  trenching	
  records:	
  Four	
  surface	
  ruptures	
  since	
  ~14ka	
  (discussed	
  
in	
  more	
  detail	
  below)	
  are	
  too	
  few	
  to	
  account	
  for	
  much	
  slip	
  on	
  the	
  MVFZ	
  during	
  the	
  
Holocene.	
  Empirical	
  relationships	
  between	
  fault	
  length	
  and	
  maximum	
  slip	
  predict	
  
that	
  for	
  a	
  60	
  km	
  long,	
  strike-‐slip	
  fault	
  with	
  a	
  rupture	
  depth	
  of	
  15	
  km,	
  typical	
  
maximum	
  slip	
  values	
  are	
  2.4–	
  2.7	
  m	
  and	
  average	
  slip	
  values	
  are	
  1.4	
  ±	
  0.2	
  m	
  [Wells	
  
and	
  Coppersmith,	
  1994].	
  	
  This	
  average	
  slip	
  value,	
  if	
  it	
  applies	
  to	
  the	
  MVFZ,	
  implies	
  a	
  
post	
  14	
  ka	
  slip	
  rate	
  of	
  0.4	
  mm/year	
  for	
  the	
  MVFZ.	
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It	
  is	
  interesting	
  to	
  consider	
  implications	
  of	
  a	
  higher	
  slip	
  rate	
  along	
  the	
  MVFZ	
  as	
  
derived	
  from	
  early	
  geodetic	
  models.	
  For	
  example,	
  2.9	
  ±	
  0.1	
  mm/yr	
  (Hammond	
  et	
  al.,	
  
2011)	
  would	
  result	
  in	
  displacements	
  of	
  41	
  m	
  since	
  ~14	
  ka	
  (oldest	
  deposit	
  exposed	
  
at	
  Sulphur	
  Creek	
  site).	
  Approximately	
  16	
  surface	
  ruptures	
  of	
  ~2.55	
  m,	
  the	
  typical	
  
maximum	
  surface	
  rupture	
  associated	
  with	
  a	
  60	
  km	
  fault	
  [Wells	
  and	
  Coppersmith,	
  
1994],	
  would	
  be	
  required	
  to	
  relieve	
  41	
  m	
  of	
  strain	
  accumulation;	
  this	
  decreases	
  to	
  
eight	
  events	
  if	
  an	
  outsized	
  average	
  surface	
  rupture	
  of	
  5	
  m	
  is	
  considered.	
  While	
  it's	
  
always	
  possible	
  and	
  even	
  likely	
  that	
  paleoseismic	
  records	
  are	
  incomplete,	
  this	
  
would	
  require	
  that	
  Gold	
  et	
  al.	
  [2014]	
  missed	
  4–12	
  surface	
  rupture	
  events	
  in	
  the	
  
exposures	
  at	
  the	
  Sulphur	
  Creek	
  site.	
  
If	
  taken	
  at	
  face	
  value,	
  available	
  geologic	
  observations	
  suggest	
  there	
  is	
  no	
  basis	
  for	
  a	
  
slip	
  rate	
  on	
  the	
  MVFZ	
  higher	
  than	
  ~0.5	
  mm/year.	
  This	
  is	
  consistent	
  with	
  the	
  
geomorphic	
  and	
  stratigraphic	
  records	
  of	
  the	
  MVFZ.	
  So	
  if	
  the	
  MVFZ	
  doesn't	
  take	
  up	
  a	
  
large	
  portion	
  of	
  geodetically-‐measure	
  shear	
  across	
  the	
  northern	
  Walker	
  Lake,	
  how	
  
else	
  is	
  it	
  accommodated?	
  
Potential	
  explanations	
  for	
  the	
  rate	
  discrepancy	
  (Fig.	
  5)	
  include:	
  
1. Geologists	
  are	
  wrong	
  and	
  the	
  MVFZ	
  slip	
  rate	
  is	
  much	
  higher.	
  We're	
  not	
  too	
  
fond	
  of	
  this	
  explanation.	
  
2. Shear	
  is	
  distributed	
  across	
  the	
  northern	
  Sierra	
  Nevada	
  and	
  Sierra	
  Valley	
  
region	
  on	
  a	
  network	
  of	
  closely	
  spaced,	
  low-‐rate	
  faults	
  not	
  yet	
  fully	
  mapped	
  or	
  
characterized.	
  For	
  example,	
  the	
  Grizzly	
  Valley	
  fault	
  zone	
  in	
  Sierra	
  Valley	
  
shows	
  evidence	
  of	
  Holocene	
  offset	
  (Figs.	
  5,6)	
  [Gold	
  et	
  al.,	
  2013].	
  How	
  many	
  
Grizzly	
  Valley-‐type	
  faults	
  are	
  out	
  there?	
  
3. Aseismic	
  processes	
  take	
  up	
  considerable	
  shear.	
  Why	
  is	
  there	
  so	
  much	
  
microseismicity	
  concentrated	
  roughly	
  along	
  the	
  MVFZ	
  (Fig.	
  6)?	
  
4. Geologic	
  slip	
  rate	
  measurements	
  miss	
  a	
  lot	
  (50%	
  or	
  more)	
  of	
  off-‐fault	
  
coseismic	
  deformation	
  -‐	
  another	
  version	
  of	
  #1	
  above	
  which,	
  if	
  true,	
  is	
  an	
  
extremely	
  difficult	
  problem	
  to	
  get	
  around.	
  
5. Contemporary	
  deformation	
  measured	
  by	
  GPS	
  is	
  not	
  representative	
  of	
  the	
  
long-‐term	
  deformation	
  rate.	
  The	
  geodesists	
  are	
  not	
  too	
  fond	
  of	
  this	
  
explanation.	
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Figure	
  6.	
  Northeast	
  trending	
  profile	
  from	
  the	
  Sierra	
  Nevada	
  across	
  Sierra	
  Valley	
  which	
  crosses	
  the	
  mapped	
  Mohawk	
  Valley	
  
fault	
  zone	
  (MVFZ),	
  Grizzly	
  Valley	
  fault	
  (GVF),	
  and	
  Hot	
  Springs	
  fault	
  (HSF).	
  (a)	
  Topography	
  (National	
  Elevation	
  Data	
  Set	
  10	
  m	
  
DEM).	
  (b)	
  Geodetic	
  data	
  from	
  Hammond	
  et	
  al.	
  [2011]	
  in	
  a	
  Great	
  Basin	
  reference	
  frame	
  (GB09,	
  uncorrected	
  for	
  postseismic	
  
relaxation),	
  which	
  show	
  northwest-‐directed	
  motion	
  relative	
  to	
  the	
  Great	
  Basin	
  to	
  the	
  east.	
  The	
  geodetic	
  data	
  show	
  a	
  gradual	
  
eastward	
  decrease	
  in	
  velocities	
  from	
  the	
  Sierra	
  Nevada	
  to	
  the	
  Diamond	
  Mountains.	
  (c)	
  Historical	
  seismicity	
  from	
  1910	
  to	
  2013,	
  
M	
  0–5.3,	
  showing	
  a	
  concentration	
  of	
  earthquakes	
  along	
  the	
  mapped	
  trace	
  of	
  MVFZ	
  and	
  other	
  mapped	
  faults	
  in	
  Sierra	
  Valley	
  
(Advanced	
  National	
  Seismic	
  System	
  composite	
  catalogue,	
  http://www.quake.geo.berkeley.edu/anss/catalog-‐search.html,	
  
accessed	
  9	
  September	
  2013).	
  The	
  horizontal	
  alignment	
  of	
  earthquakes	
  at	
  5	
  km	
  depth	
  results	
  from	
  a	
  default	
  setting	
  in	
  the	
  
hypocentral	
  location	
  for	
  earthquake	
  with	
  limited	
  instrumental	
  constraints.	
  (d)	
  Location	
  map	
  showing	
  location	
  of	
  profile	
  line	
  
A–A′	
  and	
  the	
  corresponding	
  swathes	
  from	
  which	
  the	
  geodetic	
  (blue)	
  and	
  seismic	
  data	
  (green)	
  were	
  sampled.	
  Red	
  star	
  
indicates	
  location	
  of	
  27	
  October	
  2011,	
  M	
  4.7	
  earthquake	
  near	
  the	
  MVFZ.	
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Figure	
  7.	
  Location	
  of	
  the	
  Sulphur	
  Creek	
  and	
  Turner	
  Creek	
  paleoseismic	
  trench	
  sites	
  on	
  the	
  MVFZ.	
  

	
  
Paleoseismic	
  record	
  of	
  the	
  MVFZ	
  	
  
Trenches	
  have	
  been	
  excavated	
  at	
  two	
  main	
  sites	
  on	
  the	
  MVFZ	
  (Fig.	
  7).	
  The	
  Turner	
  
Creek	
  site	
  in	
  Sierra	
  Valley	
  was	
  opened	
  in	
  the	
  early	
  2000s	
  by	
  Sawyer,	
  Ramelli	
  and	
  
Briggs	
  and	
  will	
  be	
  described	
  by	
  Tom	
  at	
  this	
  stop.	
  The	
  Sulphur	
  Creek	
  trenches	
  were	
  
excavated	
  by	
  USGS	
  in	
  2012	
  in	
  a	
  sag	
  pond	
  perched	
  high	
  on	
  the	
  southwestern	
  flank	
  of	
  
Mohawk	
  Valley	
  (Figs.	
  8-‐10).	
  Unfortunately,	
  bad	
  roads	
  and	
  private	
  land	
  prevent	
  
ready	
  access	
  to	
  this	
  remote	
  site.	
  Both	
  the	
  Sulphur	
  Creek	
  and	
  Turner	
  Creek	
  sites	
  yield	
  
similar	
  paleoseismic	
  histories.	
  
In	
  a	
  nutshell,	
  the	
  Sulphur	
  Creek	
  trenches	
  revealed	
  structural	
  and	
  stratigraphic	
  
evidence	
  for	
  four	
  surface	
  ruptures	
  in	
  the	
  last	
  15	
  ka	
  (Fig.	
  11).	
  Paleoearthquake	
  times	
  
(Fig.	
  12)	
  for	
  four	
  events	
  were	
  determined	
  from	
  radiocarbon	
  and	
  optically-‐
stimulated	
  luminescence	
  (OSL)	
  ages:	
  E4,	
  14.0	
  ±	
  1.0	
  ka;	
  E3,	
  12.8	
  ±	
  1.4	
  ka;	
  E2,	
  5.7	
  ±	
  3.0	
  
ka;	
  and	
  E1,	
  1.9	
  ±	
  0.1	
  ka.	
  This	
  translates	
  to	
  interearthquake	
  recurrence	
  times	
  of	
  1.2	
  ±	
  
0.9	
  kyr	
  between	
  E4	
  and	
  E3,	
  7.1	
  ±	
  1.6	
  kyr	
  between	
  E3	
  and	
  E2,	
  and	
  3.9	
  ±	
  1.5	
  kyr	
  
between	
  E2	
  and	
  E1.	
  To	
  read	
  about	
  the	
  trenches	
  in	
  detail,	
  please	
  see	
  the	
  Gold	
  et	
  al.	
  
2014	
  study	
  in	
  the	
  guidebook	
  Appendix.	
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Figure	
  8.	
  The	
  Sulphur	
  Creek	
  paleoseismic	
  trench	
  site	
  (white	
  box).	
  The	
  map	
  base	
  is	
  a	
  bare-‐earth	
  slopeshade	
  terrain	
  model	
  
derived	
  from	
  lidar	
  flown	
  in	
  2011.	
  

	
  
Figure	
  9.	
  Oblique	
  view	
  of	
  the	
  Sulphur	
  Creek	
  paleoseismic	
  trench	
  site.	
  In	
  right	
  panel,	
  red	
  lines	
  correspond	
  to	
  faults	
  and	
  blue	
  
lines	
  to	
  lineaments.	
  

145

	
  
Figure	
  10.	
  Site	
  map	
  and	
  photos	
  of	
  the	
  Sulphur	
  Creek	
  paleoseismic	
  trench	
  site.	
  In	
  left	
  panel,	
  black	
  lines	
  in	
  trench	
  polygons	
  
correspond	
  to	
  faults	
  observed	
  in	
  exposure.	
  

	
  
Figure	
  11.	
  Trench	
  log	
  from	
  one	
  of	
  the	
  Sulphur	
  Creek	
  paleoseismic	
  trench	
  exposures	
  on	
  the	
  MVFZ.	
  Four	
  surface	
  rupture	
  
earthquakes	
  are	
  interpreted	
  on	
  the	
  basis	
  of	
  stacked	
  colluvial	
  packages	
  C1-‐C4	
  and	
  fault	
  terminations.	
  For	
  more	
  detail	
  see	
  Gold	
  
et	
  al.,	
  2014	
  in	
  Appendix.	
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Figure	
  12.	
  OxCal	
  age	
  model	
  for	
  paleoearthquakes	
  E1-‐E4	
  at	
  the	
  Sulphur	
  Creek	
  site	
  on	
  the	
  MVFZ.	
  MSCB-‐LX	
  are	
  luminescence	
  
ages	
  and	
  MSCB-‐RX	
  are	
  radiocarbon	
  ages.	
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Geomorphology	
  of	
  stop	
  2-‐1	
  
The	
  stop	
  focuses	
  on	
  a	
  series	
  of	
  offset,	
  deflected,	
  and	
  beheaded	
  channels	
  on	
  a	
  steep	
  
slope	
  above	
  the	
  middle	
  fork	
  of	
  the	
  Feather	
  River,	
  2.5	
  km	
  southeast	
  of	
  Cromberg	
  
(Figs.	
  13,	
  14).	
  In	
  true	
  FOP	
  fashion,	
  we've	
  done	
  very	
  little	
  work	
  at	
  this	
  site,	
  so	
  we	
  
thought	
  it	
  was	
  ideal	
  to	
  bring	
  you	
  all	
  here	
  to	
  talk	
  about	
  it.	
  
The	
  fault	
  forms	
  a	
  sidehill	
  bench	
  and	
  perched	
  linear	
  trough	
  here	
  in	
  rocks	
  of	
  the	
  Sierra	
  
Buttes	
  Formation,	
  which	
  is	
  made	
  up	
  of	
  late	
  Devonian	
  (~380	
  Ma)	
  tuff	
  breccia	
  and	
  
intrusive	
  rhyolite	
  originally	
  deposited	
  in	
  a	
  submarine	
  island	
  arc	
  setting	
  before	
  
accretion	
  as	
  a	
  terrane	
  [Harwood,	
  USGS	
  Bulletin	
  1957,	
  1992].	
  
The	
  age	
  of	
  the	
  faulted	
  surface	
  at	
  ~1410	
  m	
  is	
  clearly	
  much	
  younger	
  -‐	
  late	
  
Quaternary?	
  -‐	
  but	
  the	
  age	
  of	
  the	
  offset	
  and	
  deflected	
  channels	
  is	
  not	
  yet	
  known.	
  Is	
  
the	
  bench	
  in	
  part	
  an	
  abandoned	
  terrace	
  of	
  the	
  Feather	
  River	
  ~130	
  m	
  below?	
  If	
  so,	
  
where	
  are	
  fluvial	
  deposits	
  associated	
  with	
  river	
  occupation?	
  An	
  abandoned	
  channel	
  
of	
  the	
  Feather	
  River	
  cuts	
  through	
  Big	
  Hill	
  opposite	
  the	
  stop	
  at	
  ~1365	
  m	
  elevation,	
  
recording	
  younger	
  incision	
  and	
  abandonment	
  of	
  fluvial	
  surfaces	
  in	
  this	
  constricted	
  
section	
  of	
  Mohawk	
  Valley.	
  	
  
Several	
  channels	
  are	
  clearly	
  deflected	
  along	
  the	
  fault	
  zone	
  within	
  the	
  perched	
  axial	
  
valley	
  at	
  the	
  site.	
  One	
  channel	
  appears	
  to	
  be	
  offset	
  by	
  the	
  fault	
  rather	
  than	
  deflected:	
  
the	
  downslope	
  thalweg	
  is	
  abruptly	
  beheaded	
  at	
  the	
  fault,	
  and	
  the	
  nearest	
  upslope	
  
match	
  is	
  reasonable	
  in	
  terms	
  of	
  size	
  and	
  geometry	
  (Figs.	
  13-‐14).	
  If	
  this	
  channel	
  is	
  
indeed	
  offset	
  it	
  appears	
  to	
  record	
  ~100-‐130	
  m	
  of	
  right-‐lateral	
  displacement.	
  We'll	
  
welcome	
  discussion	
  and	
  debate	
  about	
  this	
  possible	
  correlation,	
  as	
  well	
  as	
  the	
  origin	
  
and	
  age	
  of	
  the	
  faulted	
  surface	
  into	
  which	
  the	
  channel	
  is	
  incised.	
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Figure	
  13.	
  Perspective	
  view	
  of	
  potentially	
  laterally	
  offset	
  (pink	
  arrows)	
  and	
  deflected	
  (blue	
  arrows)	
  
drainages	
  along	
  trace	
  of	
  the	
  MVFZ	
  near	
  Cromberg.	
  The	
  distance	
  between	
  the	
  pink	
  arrows	
  depicting	
  
the	
  potentially	
  offset	
  channel	
  is	
  100-‐130	
  m	
  depending	
  on	
  how	
  the	
  channel	
  is	
  projected	
  into	
  the	
  fault.	
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Figure	
  13.	
  Bare	
  earth	
  perspective	
  view	
  of	
  potentially	
  laterally	
  offset	
  (pink	
  arrows)	
  and	
  deflected	
  
(blue	
  arrows)	
  drainages	
  at	
  Stop	
  2-‐1	
  along	
  trace	
  of	
  the	
  MVFZ.	
  Arrows	
  same	
  as	
  Figure	
  12.	
  	
  Image	
  is	
  
derived	
  from	
  0.25	
  m	
  lidar	
  data.	
  Gridline	
  spacing	
  in	
  image	
  is	
  500	
  m.	
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Stop 2-1.5:
GPS Constraints on the Northern Walker Lane deformation budget, strain
within the Sierra Nevada microplate, and the Mohawk Valley fault slip rate

Summary of key results:
1) Faults in the northernmost NWL collectively accumulate PA/NA plate boundary deformation at a rate
of 4-5 mm/yr.
2) GPS velocity profiles show that the highest rates of NWL strain accumulation occur across the
Mohawk Valley and Grizzly Valley faults, to the west of the Honey Lake fault.
3) Our preferred block model estimates the right-lateral slip rate on the Mohawk Valley fault (MVF) slip
rate to 2.2 mm/yr ± 0.2 mm/yr. Including the Grizzly Valley fault (GVF) in the model distributes shear
strain between the two sub-parallel faults, resulting in a MVF slip rate estimates of 1.6 mm/yr and GVF
slip rate estimate of 1.4 mm/yr. These two models provide end-member constraints for the MVF slip rate
between 1.6-2.2 mm/yr.
4) Deformation occurs within the Sierra Nevada/Great Valley (SNGV) microplate. Rigid-body rotation
model residuals indicate SNGV long-axis parallel contraction and long-axis perpendicular extension. The
contractional deformation results in a velocity decrease of 2-3 mm/yr from the GPS sites in the southern
SNGV to sites in the north.

151

Western Basin and Range GPS Velocities in NA12 North America reference frame

Walker Lane/ESCZ velocity profiles
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annotated with the deformation “budget” across the Walker Lane.

• The velocity data establish that the GPS observed relative right-lateral deformation is greatest across the zone of active
faulting that defines the Walker Lane.
• The deformation “budget” across the Walker Lane faults decreases northward, from 10-12 mm/yr in the Eastern California
Shear Zone to 4-5 mm/yr in the northernmost Walker Lane.
• The contour map and velocity profiles show that width of the geodetically observed shear zone increases to >200 km at its
northernmost extent. The shear zone extends into the western Basin and Range, which is typically considered to be an
extensional domain and is characterized by normal faulting.
Figures from: Bormann, J.M., W.C. Hammond, C. Kreemer, G. Blewitt, and S. Jha, 2013, A Synoptic Model of Fault Slip Rates in the Eastern California
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Shear Zone and Walker Lane from GPS Velocities for Seismic Hazard Studies, 2013 SSA Meeting, Salt Lake City, UT, April 17-19, 84(2), p. 323.

Sierra Nevada Mircoplate Deformation
Principal strain rates determined from
rigid body rotation residuals
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supports the hypothesis of internal SNGV block deformation.
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Figures from:
Bormann, J.M., W.C Hammond, and C. Kreemer, and G. Blewitt, 2011, GPS
constraints on crustal deformation in the Central Walker Lane and Sierra
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Earthquake Center Annual Meeting, Palm Springs, CA, September 11-14.
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(Above) Vector distance between GPS site pairs as a function of time.

GPS constraints on the present-day slip rates of the Honey Lake and
Mohawk Valley Faults, Northern Walker Lane
Jayne M. Bormann1 , William C. Hammond2 , Corné Kreemer2 , and Geoffrey Blewitt2
1 Nevada

Seismological Laboratory
University of Nevada, Reno

2 Nevada

Geodetic Laboratory
Nevada Bureau of Mines and Geology
University of Nevada, Reno

From: Bormann, J.M., 2013, New Insights into Strain Accumulation and Release in the Central and Northern
Walker Lane, Pacific-North American Plate Boundary, California and Nevada, USA [Ph.D. dissertation]: Reno,
University of Nevada, Reno, 134 p.

Abstract
We infer present-day slip rates on the Honey Lake and Mohawk Valley faults in the Northern
Walker Lane (NWL) from continuous GPS and semi-continuous Mobile Array of GPS for Nevada
Transtension (MAGNET) data. We present 111 new GPS velocities that span the Sierra Nevada/
Walker Lane/Basin and Range transition, and use these velocities to constrain an elastic block model
that estimates slip rates on the Mohawk Valley and Honey Lake faults. The velocity data show that
the amount of northwest directed dextral shear accommodated in the NWL decreases northward from
~7 mm/yr in the southern part of the NWL to ~4-5 mm/yr across the Honey Lake and Mohawk Valley
faults. Our block model predicts dextral slip rates of 2.2 ± 0.2 mm/yr for the Mohawk Valley fault and
1.1 ± 0.4 mm/yr for the Honey Lake fault. The GPS data and minimum geologic slip rate constraints
for the Honey Lake fault limit the range of allowable slip
rates on the subparallel Grizzly Valley fault to be
between 0.0-1.2 mm/yr, although neither dataset requires
significant slip on the Grizzly Valley fault. The presentday distribution of slip between the Honey Lake and
Mohawk Valley faults is opposite that predicted by
published latest Quaternary and Holocene geologic slip
rate estimates. We determine that the discrepancy
between the geodetic and geologic slip rate estimates is
unlikely to be caused by viscoelastic earthquake cycle
effects.

Figure 1: Regional map showing topography and the
location of faults in the Northern Walker Lane. Faults are
modiﬁed from the USGS Quaternary Fault and Fold database
[U.S. Geological Survey, California Geological Survey, and
Nevada Bureau of Mines and Geology, 2006]. Major faults
are drawn in black lines and other Quaternary active faults
are drawn in thin gray lines. Towns and cities are indicated by
red stars. Inset shows the location of the study area in
relation to other elements of the Paciﬁc/North America Plate
boundary zone.
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Figure 2: GPS velocities in the NA12 North America reference frame (left) and in a Sierra Nevada/Great Valley
ﬁxed reference frame (right). Grey ellipses indicate the 95% conﬁdence region for each velocity.
Figure 3: GPS velocity proﬁles across the NWL. (Left) Map showing the location
of GPS sites and the proﬁle extending from the southwest of the Mohawk Valley
fault (near station P144) to the northeast of the Honey Lake fault (near station
FOXR). (Bottom) The upper proﬁle plots the velocity parallel to the long axis of
the proﬁle, in the N45°E direction. The lower proﬁle plots the velocity normal to
the proﬁle, in the N45°W direction. Note the vertical axis scale change between
the two proﬁles. Gray circles are the observed rates, red circles with 2 sigma
error bars are the rates corrected for the effects of viscoelastic postseismic
relaxation from the Central Nevada Seismic Belt [Hammond et al., 2009].
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Figure 4: Block boundaries used for the deformation
analysis. Block boundaries are drawn to coincide with the
surface traces of major active faults, and are connected
follow the traces of minor faults, patterns of seismicity, and
major topographic features, (A) Magenta lines illustrate
block model geometry with faults, topography, and GPS
station locations. Blue circles represent MAGNET stations,
and green circles represent continuous stations. (B) Block
boundaries with historical seismicity between 1970-2011.
Size of yellow circles indicates earthquake magnitude
[ANSS, 2011]. Major faults are labeled: MVF - Mohawk
Valley Fault, GVF - Grizzly Valley Fault, HLF - Honey Lake
Fault, WSF - Warm Springs Fault, and PLF - Pyramid Lake
Fault.

Figure 5: (Top row) Block motions, slip rates, and velocity residuals for our preferred and best ﬁtting GPS model. Selected
predicted slip rates: MVF = 2.2 ± 0.2 mm/yr, HLF = 1.1 ± 0.4 mm/yr. (Left) Rigid block rotation and translation exaggerated by a
factor of 107 (representing 10 million years of deformation). Color of block indicates vertical axis rotation rate. (Middle) Predicted
slip rates represented by the thickness of black (red) line for dextral (sinistral) strike-slip motion and the length of blue (cyan) bar
for fault normal extension (compression). (Right) Residual GPS velocities (black arrows) after subtracting the model predictions.
The colored surface represents the magnitude of the residuals interpolated across the model area. (Bottom row) Same as Figure
6, except that the Grizzly Valley fault has been included in this model. Selected predicted slip rates: MVF = 1.6 ± 0.3 mm/yr, GVF
= 1.4 ± 0.5 mm/yr, HLF = 0.7 ± 0.4 mm/yr.
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Figure 6: Contour plots of misﬁt between model and data for tested slip rate combinations on the Mohawk Valley and Honey Lake
faults. The large plot illustrates the global model misﬁt, and the smaller plots illustrate the misﬁt of sites GPS sites on the SNGV,
Mohawk/Diamond, and Honey Lake blocks. The star represents the slip rate values for the best ﬁtting GPS model presented in
Figure 5 (top row). The dashed gray contour indicates the threshold above which the tested models are signiﬁcantly worse ﬁtting
than the best model to 95% conﬁdence. Dotted lines on the global misﬁt plot represent the threshold contours from the individual
block subsets. The magenta highlighted region inside the dotted contours represents slip rate combinations that do not violate the
regional and local GPS constraints on fault slip rate. The gray shaded region represents the results of a similar analysis by
Hammond and Thatcher [2007] was based on geographically sparse continuous and campaign GPS measurements.

Figure 7: Model slip rates and velocity residuals for block geometry simpliﬁcation tests. (Left) Results of best ﬁtting GPS model
with 25 blocks as presented in the top row of Figure 5. (Middle) Results of model with 23 blocks. The Warm Springs Valley fault
has been removed. (Right) Results of model with 17 blocks. The Warm Springs Valley and Pyramid Lake strike-slip faults and all
Basin and Range normal faults have been removed. Predicted dextral slip rates for the Mohawk Valley (MVF) and Honey Lake
(HLF) faults listed below each ﬁgure.
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Table 1: Selected block model slip rate estimates

Geodetic Estimates
Faults

Without Grizzly Valley Fault

With Grizzly Valley Fault

Mohawk Valley

2.2 ± 0.2 mm/yr dextral slip

1.6 ± 0.2 mm/yr dextral slip

Grizzly Valley

No estimate

1.4 ± 0.3 mm/yr dextral slip

Honey Lake

1.2 ± 0.2 mm/yr dextral slip

0.7 ± 0.2 mm/yr dextral slip

Warm Springs

0.3 ± 0.2 mm/yr dextral slip

0.3 ± 0.2 mm/yr dextral slip
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Stop 2-1.5:
Relocated seismicity (1999-present) near the Mohawk Valley fault zone
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Seismogenic Deformation Between the Sierran Microplate and Oregon Coast Block, California, and the Northern Termination of the Walker Lane Belt
Jeffrey Unruh and James R. Humphrey
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STOP 2-2
— Jayne Bormann, Geodetic Studies and Contemporaneous Regional
Strain Results…

— Jeff Unruh and Jim Humphrey, Seismogenic strain results from seismic
inversion studies
— Tom Sawyer, Intersection of the Mohawk Valley fault zone and Sierra
Nevada-Cascade Range Boundary Zone at the Long Valley fault-fold
structure

Intersection of the Mohawk Valley fault zone and Sierra Nevada-Cascade
Range Boundary Zone at the Long Valley fault-fold structure
T.L. Sawyer, Piedmont GeoSciences, Reno, NV

Sierra Nevada-Cascade Range boundary zone
The recently recognized “Sierra Nevada-Cascade Range” boundary zone (SNCRBZ)(Sawyer, 2010; 2013) extends from the northern MVFZ near this stop (2-1), WNW across the North Fork Feather River (NFFR) canyon, to the Inks Creek fold belt
(ICFB) in the Central Valley near Red Bluff (Figure 1). Focal mechanism inversion
studies by Unruh and Humphrey (2003; 2013; this stop) indicate a westward transfer of
Walker Lane dextral shear, in the region of the SN-CRBZ, that drives crustal shortening
in the ICFB. However, when first proposed in 2003, no regional structures had been
identified as potential candidates for the proposed strain transfer. The boundary zone
now appears to be the structural link that accommodates westward transfer of northern
Walker Lane (i.e., MVFZ) dextral shear to the ICFB.
This shear zone is referred to as a boundary zone because several of the most
continuous neotectonic elements in the western Cordillera terminate at the north or
south margins of the ~25 km-wide SN-CRBZ. For example, the northern margin of the
boundary zone sharply defines the southern terminus of the 800 km-long Cascade
Range (magmatic arc) at Mt. Lassen, as well as, that of the associated backarc rift at
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Lake Almanor. Similarly, the 380-550 km-long Foothills fault system, the nearly 600 kmlong Sierra Nevada frontal fault system and Sierra Nevada batholith (in Sierra Nevada),
and the regional MVFZ all terminate northward against the southern margin. The
northern structural boundary of the Sierra Nevada-Central Valley (SNCV) microplate
also likely terminates northward at the southern margin (Figure 1). Collectively the
MVFZ, SN-CRBZ and the ICFB appear to structurally delineate the northeastern,
northern and northwestern edges of the SN-CV microplate, respectively.
Geomorphic evidence consistent with dextral shear in the SN-CRBZ includes the
remarkable linearity of the 130 km-long, ~N70oW-striking southern margin, particularly
north of the NFFR canyon. In addition, six regional drainages abruptly deflect in a rightlateral sense, and of a comparable amount (2-3 km), along the southern margin (Figure
2). Five drainages are incised into (some locally through) the Plio-Pleistocene (3.4-1.1
Ma) Tuscan Formation including the 1.4 Ma Deer Creek basalt and undated basalt of
Hells Half Acre. The sixth is the deep, V-shaped NFFR canyon that has incised through
Miocene to Pleistocene basalt and andesite flows in the vicinity of Stop 3-2
(Wakabayshi and Kemp, this volume). The deflections are consistently located along
the southern margin, have the same right-lateral sense, and are comparable in
magnitude. These relations suggest that the southern margin has accommodated about
2 to 3 km of right-lateral slip since deposition of widespread Plio-Pleistocene volcanic
units.
The Mill Creek canyon provides the best example because it is abruptly deflected along,
and is oriented at high angles to, the southern margin, as well as being characterized by
a relatively narrow V-shaped cross section, not significantly modified by side-stream
drainages or large-scale landslides. A simple reconstruction of the canyon of Mill Creek
canyon is based on matching the position of the canyon rims and channel bottom
across the southern margin. The reconstruction requires ‘restoring’ about 2.6 km of right
slip along the southern margin, and provides reasonable restorations of the remaining
five deflected drainages, particularly of Antelope Creek, Butte Creek and the West
Branch NFFR drainages (Figure 2). Collectively, the drainage deflections appear to
record approximately 2.6 +0.6 km of right slip along the southern margin since its
inception post about 1.1-1.4 Ma. These data seemingly support a longterm right-slip
rate of about 2½ mm/yr, or more, along the southern margin of the SN-CRBZ.
However, 2-3 km of lateral slip does not seem sufficient to account for the linearity,
continuity and structural integration of the southern margin fault, particularly north of the
NFFR (i.e., Butte Meadows fault zone). These characteristics suggest that the southern
margin (if not more of the SN-CRBZ) has reactivated a basement structure at the
northern end of the batholith.
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The initiation of right slip along the SN-CRBZ generally agrees with the onset of
contractional deformation of the Inks Creek fold belt, which post-dates the Pleistocene
Coleman basalt. This widespread flood basalt overlies volcanics derived from the 2.41.1 Ma Maidu volcanic complex (Clynne and Patrick, 2010), suggesting a post 1.1 Ma
onset of contractional deformation in the ICFB. This agreement is consistent with the
proposed kinematic linkage between these the SN-CRBZ and the ICFB.
Dextral shear along the southern margin is expressed by transtensional deformation in
the Butte Creek-West Branch NFFR region and by predominantly transpressional
deformation in the Quincy-Cromberg region.
Transtensional deformation in the Butte Creek-West Branch NFFR region is illustrated
in shallow cross sections that extends across the southern margin of the SN-CRBZ. The
cross sections depict Plio-Pleistocene flood basalts capping layer-cake sequences of
Tuscan Formation. The volcanic sequence has been disrupted by Quaternary faults that
bound southward-tilted homoclinal blocks and associated graben and half-graben
structures. The most prominent escarpment delineates the “Colby Mountain” fault,
which beheads the West Branch NFFR (Figure 1) near Round Valley reservoir and
vertically separates the capping flood basalts as much as 500 m, down to the east
(Figure 3). Field relationships indicate that the Colby Mountain fault also offsets latest
Pleistocene glacial till and outwash, and probable Holocene stream terraces and slope
deposits.
In the Butte Creek-West Branch NFFR region the southern margin and associated faults
pass west of or, in the case of the Colby Mountain fault, along the base of the
southernmost recognized volcanic center associated with the ancestral Cascade
magmatic arc, the Mt. Yana caldera (3.5-2.4 Ma)(Clynne and Muffler, 2010). The
arcuate northern section of the Colby Mountain fault closely follows the base of the Mt.
Yana volcanic edifice (Figure 1). The fault geometry and, on a larger scale, the
transtensional deformation across the southern margin in this region may reflect
reactivation of caldera collapse structures. Transtensional deformation also may reflect
the accommodation of vertical movement on the northernmost Sierra Nevada frontal
fault system.
Whereas south of the NFFR, in the Quincy-Cromberg region, transpressional
deformation is predominant along the southern margin of the SN-CRBZ (Figure 4). The
transpressional deformation is discussed herein in the context of a fault-fold structure
traversing Long Valley between Cromberg and Sloat (below), as well as, in the
American Valley region (see Stop 3-1, this volume).
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Long Valley fault-fold structure
The “Long Valley” fault-fold structure is expressed by an ~E-W trending, asymmetric
ridge that extends from the MVFZ trace at Stop 2-1, westward across Long Valley to
near Sloat (Figure 5). The steeper north flank or forelimb of the fold is bound by an
apparent reverse fault that appears to locally “daylight”. The north-vergent
transpressional fold is cored by Tertiary volcanics and surrounded by Quaternary
alluvium (Figure 1; see also mapping by Joanna Redwine, this volume). The fault-fold
structure lies transverse to, and within, a left-step in the central Mohawk Valley fault
zone (MVFZ) (Figure 3). This appears to be one of several fault-fold structures
associated with the 6-7 km-wide restraining stepover (Figure 5). The course of the
Middle Fork Feather River (MFFR) curves westward in the stepover area, possibly as a
result of being deflected by transpressional deformation in and around the restraining
step (Figure 3).
Abandoned drainage channels of Long Valley Creek, with exotic metamorphic clasts,
cross the eastern nose of the Long Valley fault-fold structure at Cromberg. The western
fold nose is capped by a sequence of fluvial terraces near Sloat that step down to the
west (Figure 5). The presence and geomorphic position of these features appear to
record the geomorphic growth of this doubly plunging anticline (fault-propagation fold?)
during the late Quaternary. Specifically the former Long Valley Creek channels were
abandoned, and the present drainage course deflected ~3.8 km westward, as a
consequence of uplift and eastward propagation of the fault-fold structure. The stepped
sequence of fluvial terraces similarly indicate westward propagation of the fold and
suggest deflection of Long Valley Creek occurred progressively during the late
Quaternary. Thus the orientation, position and apparent style of contractional
deformation of the Long Valley fault-fold structure is consistent with a restraining-left
step separating the central and northern sections of the MVFZ (Figure 2).
The restraining left-stepover at Long Valley marks a significant change in the character
of the MVFZ. To the southeast, the fault zone exhibits transtensional deformation,
consistent with the discordant ~N57oW geodetic trajectory of the northern Sierra
Nevada-Central Valley microplate (SN-CVMP) relative to the ~N45oW strike of the
MVFZ. Whereas, transpressional deformation predominates along the northern section
of MVFZ.
Two areas of localized transtension, however, have been identified north of the
stepover. One is a small rhombic shaped pull-apart basin at Spring Garden (to be
traversed in route to Stop 3-1; this volume), and the other are horsetail splays(?) of the
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northernmost MVFZ along the eastern margin of American Valley near East Quincy
(see Stop 3-1) (Figure 2).
The change to transpressional deformation along the northern MVFZ occurs where the
fault zone intersects the east end of the distributed SN-CRBZ. This change apparently
signifies structural and kinematic interactions between these regional shear zones.
Additional evidence for transpressional deformation will be presented at Stop 3-1 (this
volume).
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Figure 1. See next page for caption.
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Figure 1 (continued). Map showing regional tectonic setting of the Sierra NevadaCascade Range boundary zone (SN-CRBZ; shown in pink lines), including in relation to
the Mohawk Valley fault zone (MVFZ; red lines) and Inks Creek fold belt (orange lines in
upper
corner;
ICFB).
Orange
lines
in
lower
right
quadrant
are
transpressional/contractional structures, and those in the lower left corner are
constructional structures from Harwood and Helley (1987). Other faults (purple lines)
include those of the Foothills fault system (FFS) and the Sierra Nevada frontal fault
system (SNFFS), as well as, faults and volcanic centers (small gold stars) of the
Cascadia backarc rift. Dashed yellow lines represent the southern terminus of Cascadia
arc related volcanism and dashed brown lines show approximate axis of arc volcanism
at time indicated (Clynne and Muffler, 2010). Thick blue lines indicate the present-day
depth to the subducted Gorda slab (from Clynne and Muffler, 2010). The red star is
location of the southernmost arc-related volcanic center in the active Cascadia
magmatic arc, Mt. Lassen. Dark blue stars are locations of volcanic centers associated
with the Plio-Pleistocene or ancestral Cascade volcanic range. Westward migration
(~30 km) of the axis of arc volcanism suggests that at approximately at 3 Ma, the Mt.
Yana volcanic center was located to the northeast in the present position of the backarc
rift, Lake Almanor region, which is represented by the light blue star.
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Figure 2. A) The course of six regional drainages and their associated canyons deflect
right-laterally across the remarkably linear southern margin of the dextral Sierra
Nevada-Cascade Range boundary zone (black arrows), shown here as a simplified pink
line. These relationships over a >70 km-long reach of the fault suggests that drainage
deflection records right-slip along the southern margin. B) Mill Creek is the best
example of these drainage deflections, and was used to ‘restore’ approximately 2.6 km
of right-slip along the southern margin of the SN-CRBZ (red arrow). The restoration of
Mill Creek resulted in reasonable restorations of the other 5 drainages, as well. Green
star is location of Stop 3-1.
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Figure 3. Shallow geologic cross sections across the southern margin of the Sierra
Nevada-Cascade Range boundary zone, which is represented north of the North Fork
Feather River by the “Butte Meadows” fault zone. The cross sections illustrate
transtensional deformation along and near the southern margin characterized by downnorthward faults bounding westward-tilted homoclines and graben and half graben.
Dashed blue lines depict surface projections and dashed black lines represent
projection of stratigraphic contact.
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Figure 4. Fault and fault-fold structures of the eastern Sierra Nevada-Cascade Range
boundary zone (pink and orange lines, respectively) where its southern margin
intersects the northern Mohawk Valley fault zone (MVFZ; red lines) and to those of the
northernmost Sierra Nevada frontal fault system (purple lines), specifically the Spanish
Peak fault. The Long Valley fault-fold structure lies within a restraining left step
separating the transtensional central section of the MVFZ from the predominantly
transpressional northern section. The exceptions to this transpressional deformation is a
relatively small rhombic pull-apart basin at Spring Garden and horsetail splays along the
northern terminus of the fault east of Quincy (vicinity of Stop 3-1).
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Figure 5. see next page for caption.
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Figure 5 (continued) Green star is location of Stop 2-2 along west bank of the Middle
Fork Feather River (MFFR). Dashed red lines depict trace of the dextral Mohawk Valley
fault zone, central section. The axial trace of mapped and inferred fold structures are
shown with dashed orange lines. The mid-ground ridge to the north spans the eastern
half of a 6-7 km-wide restraining left step separating the central from the northern
section of the dextral Mohawk Valley fault zone (red lines). The southern valley margin
is defined by an inferred transpression fault-fold structure, the “Long Valley” anticline
(relatively long orange line in middle of figure) that plunges eastward towards the
geomorphically well defined fault trace discussed at Stop 2-1 (easternmost dashed red
line). Pink dashed and dotted lines represent inferred and concealed (respectively) fault
traces related to fold structures, including a reverse fault (dashed/dotted pink lines with
teeth) bordering the steeper northern flank of the asymmetric Long Valley fault-fold
structure. Dashed purple lines represent former channels of Long Valley Creek,
containing exotic (e.g., metamorphic) clasts, abandoned apparently by relative uplifted
and eastward propagation of the doubly plunging fold structure. Fluvial terraces,
including strath terraces, are arranged in a stepped sequence on the western fold nose
(see explanation in figure) that also suggest uplift and fold propagation. The course of
Long Valley Creek appears to have been deflected approximately 3.8 km westward by
geomorphic emergence of the Long Valley fault-fold structure. The Middle Fork Feather
River deflects a similar amount along the southern flank or backlimb, and again appears
to be deflected westward along a series of inferred fault-fold structures in the stepover
area.
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Stop 2-3
J.Redwine
We will park on the road at elevation about 1390 m and walk up through 55 m of mostly relatively finegrained material, fine pebbles, sands, silty clay. At the major break in slope (site 272 - Figure 3), there
starts to be more coarse material, coarsening upwards to cobbles and boulders. There are even some large
boulders rolling down the slope there. We have walked up another 45 m and are now standing on a low
gradient (0.05) terrace that extends uphill to the base of Qmi moraines (Figure 1, Figure 2, and Figure 3).
This terrace grades to 1490 m (Figure 2 and Figure 3). To remind you, this is the same elevation of the
shoreline we looked at and talked about yesterday at Stop 1-3B from Frazier Creek, the wavecut terrace
across the valley at Stop 1-5, and the upper limit of sand at Stop 1-3 (Figure 1). I wanted to walk you up
here so you all could get an appreciation for how the fine-grained deposits fit together with the coarsegrained outwash and the abrupt downhill end to these large outwash terraces and all coarse-grained
material. What are the possibilities that could result in such an abrupt end? Erosion by a stream, a fault,
or an outwash terrace graded to a lake are the possibilities I can come up with. Because the downhill
edge of this terrace remains at a constant elevation and the edge of the feature is continuous between
drainages, erosion by a stream can’t be the answer. Although I see lineaments through here, I am not
sure if there are faults (Figure 3). We will actually bounce around that idea a bit while we are looking at
the imagery and exposures. However, even if there are faults, they are not creating topographic scarps
that would be expected along a normal or oblique fault and there are no coarse-grained equivalent
deposits on what would be the downthrown side of the fault found at this or any other location we have
looked in this side of the valley. Nor are there equivalent outwash deposits that could have been moved
laterally found across any possible fault. Therefore, we argue that faulting is not a satisfactory
explanation for the abrupt downhill end of this terrace. Again, we argue that the simplest explanation of
the common elevations of shore features / shorelines from drainage to drainage and across the valley and
across the MVFZ is a lake. In fact, we think that this is a fine example of an ice contact delta as defined
by Lønne (1995) and Lønne et al. (2001).
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Figure 1. Geologic map of the southwestern, glaciated part of Mohawk Valley.
Section I-I’ is shown in Figure 4.
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See Legend from Stop 1-1. Note that Stop 2-3 is adjacent to Qmi moraines. Topographic Cross
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Qdr1

Figure 2. Geologic map of the Gray Eagle Creek area showing Stops 2-3 and 2-4 (green triangles) and sites we will look at
(yellow triangles with site numbers). Letters refer to shore features mentioned in the Stop 1-3 write-up. Purple contour 1525 m,
dark blue – 1510, light blue – 1490 m, green -1388 m. Yellow line is a queried fault, white lines are lineaments. See Appendix
JR-1 for legend.
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Figure 3. LiDAR imagery of the same area shown on Figure 2. Letters refer to shore features mentioned in the Stop 1-3 writeup.
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delta rim terraces
(Qdr)

Figure 4. Schematic cross sections of deposits near Gray Eagle Creek. Stream and topographic profiles extracted from LiDAR
imagery and 10-m-DEM. Location of cross-section I-I’ is shown on Figure 1. A) Cross section is compiled from ~3 km of
discontinuous exposures west of Gray Eagle Creek. Till grades basin-ward to outwash and forms an outwash terrace that grades
to 1500 m. Benches are cut into outwash at 1515 m and 1490 m. B) Fluvial-deltaic sediments are below ~ 1445 m and have
erosional benches cut into them.
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Ice Marginal Deltas
Lønne (1995) and Lønne et al. (2001) describe marine-ice contact deltas in Norway that are
clearly of a much larger scale than any deltaic features found in Mohawk Valley. However, the
description of the geomorphology and sedimentary characteristics are similar to those found in Mohawk
Valley. These similarities suggest these may be appropriate models for the geographic setting in Mohawk
Valley, where large outlet glaciers sourced from the Sierra Nevada ice cap were entering Mohawk Lake.
Below we summarize the key concepts of the ice-contact delta model and summarize three categories of
glacio marine settings defined by Lønne (1995).
One end member, an ice-contact sub marine fan, is a totally subaqueous system that occurs when
ice extends all the way into the body of water (Figure 5A). As a result there is no classic subaerial fan,
distributary river system, or delta-plain components and there are no topsets deposited. Instead there is a
clastic wedge composed of well-bedded foreset and bottomset deposits. Because the sediment input from
the glaciers occurs along most of the ice margin, there is often a linear form that is normal to the sediment
input and not fan-shaped. The subaqueous deposits are formed by re-deposition of till, syndepositional
glaciotectonic deformation, and shedding of ice-rafted debris, but are dominated by gravity-flow deposits
that are steeper than deep sea turbidites and can slope up to 20 to 30º. The submarine fan is built below
and slightly above the glacier’s underwater grounding line and represents progradational accretion of
glacier-derived sediment deposited onto pre-existing topography. Meltwater plumes, sourced from the
subglacial outlet channels, deposit relatively rapidly and over a narrow zone (Lønne, 1995).
The transitional category is an ice-contact delta (Figure 5B). This setting occurs when the sealevel (or lake-level) is relatively lower, or the ice has advanced relatively less or retreated. This type of
system has a subaqueous wedge of coarse-grained sediments at the glacier front. The primary difference
from the previously described setting is that there are very short sub-aerial components that are the
topsets. This sub-aerial landform is composed of both well sorted outwash and poorly sorted or less well
sorted material from streams and the glaciers’ frontal till. The material is carried across a short plain to
the delta front and is reworked by shoreline processes. Gravitational processes transport material down
the steep delta slope and there is often, but not always, syndepositional glacio-tectonic deformation. In
this setting, there is less ice rafted debris (IRD), though there could be some from icebergs, and there is
less re-deposited till because a fluvial system is sorting the material. Buoyant meltwater plumes are
considered to be fairly wide resulting in deposition of suspended material over a wider zone than expected
in the previous model (Lønne, 1995).
The other end member to these categories is the glaciofluvial delta (Figure 5C). In this setting,
sea-level (or lake-level) is relatively lower and/or the ice has retreated more. This results in a more
typical glacio-fluvial, Gilbert-type delta. In this system there is a well-developed sub-aerial fan, streamderived delta foresets re-deposited by gravitational processes, a lack of syndepositional glacio-tectonic
deformation, and a lack of ice-rafted debris. The buoyant meltwater plume is deposited across the entire
delta slope (Lønne, 1995).
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Figure 5. Schematic diagrams of three stages of ice-deltas, modified from Lønne (1995). A) Ice-contact underwater fan. When
ice extends into the lake there are no topsets and the delta deposits are dominated by re-worked till and outwash, including
mudflows. B) Ice-contact delta. When the ice is near the shoreline level there are short topsets in the form of sub-aerial fans. In
Mohawk Valley the topsets are outwash terraces. C) Glacio-fluvial delta. When the ice is relatively higher than the lake level
there are larger fans and topsets. This is not common, or well preserved, in Mohawk Valley.
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Evidence for Ice Marginal Deltas in Mohawk Valley
The stratigraphy exposed along Gray Eagle Creek and west of Gray Eagle Creek appears to be compatible
with what would be expected in an ice-contact delta setting. We are west of Gray eagle Creek now and
our next stop will be along Gray Eagle Creek, right at the downstream end of the glacial deposits. We
are going to look at the deposits exposed in both locations and discuss if they could be typical of an icecontact delta system, are just representing fluctuations in the lake, or both.
Two categories of ice-contact systems described by Lønne (1995) are well-represented in
Mohawk Valley. The ice-contact delta is probably the most common system, or at least the most
recognizable delta system, in Mohawk Valley. Short outwash terraces which grade to formerly higher
base levels were built from glacial moraines, extended basinward, and transition to finer-grained fluvialdeltaic deposits. These terraces represent the short, proglacial, subaerial plain and are the sub-horizontal
topsets of glaciofluvial gravels, from the ice marginal delta. As the lake level rose these terraces were
submerged, demonstrated by the wavecut shorelines that are cut into moraine and outwash terrace
deposits, resulting in a subsequent subaqueous fan delta setting in Mohawk Valley. Therefore, the deltaic
deposits should be a combination of those that would be found in both settings. In the submarine fan
model, the fan is built below and slightly above the glacier’s underwater grounding line and represents
progradational accretion of glacier-derived sediment deposited onto pre-existing topography (Lønne,
1995). This is apparent in Mohawk Valley where fans were built from below to just above the basal
contact of the moraines, and the fans were deposited onto the pre-existing slope.
In both the ice-contact and submarine fan delta systems, the subaqueaous deposits are similar. In
these systems, the foresets are turbidites and debris flow deposits that thin and fine basinward, changing
to bottomsets interbedded with suspension deposits from the meltwater plume that, in Lønne’s (1995)
model, are silty fine sand to mud. In the ice-contact delta setting, the ice rafted debris is less common
than in the submarine setting. In Lønne’s (1995) model the re-deposited outwash material on the delta
foreslope can be massive, clast supported, coarse- to fine-grained, inversely graded, normally graded,
imbricated sand with scattered clasts with no grading or imbrication, or bimodal. The gravitational facies
can consist of massive diamictons, debris flow deposits, turbidites, traction deposits, and can be
composed of coarse material to muddy sand to sandy mud. The more distal facies are composed of debris
flows in a blue-ish or brown matrix that can be composed of clay to boulder sized material.
The facies described by Lønne et al. (2001) are similar in particle size and sedimentology to the
fluvial-deltaic deposits observed in Mohawk Valley. There are locations in the much larger Norwegian
glacial system where the deposits interpreted as the foreset toe are all sand sized and smaller, with minor
exceptions of few gravels and are composed of wavy, flaser, and cross beds, mud draped foresets, current
ripples, backsets, plane bed traction deposits, stratified sand in traction deposits, and contorted beds.
Within this package, beds dip from 10º to 18º in variable directions.
Are the deposits here, west of Gray Eagle Creek, the foresets of the delta system? Stratigraphic
columns and brief descriptions are shown in Figure 9 and Figure 10, and the locations of all of those sites
are on Figure 3. In this setting, west of Gray Eagle Creek, there are channel scours that are sometimes
filled with gravitational deposits (turbidites and debris flows) and may have some upslope-dipping crossstrata. The deposits can be more steeply dipping than sediments exposed along Gray Eagle Creek, at least
in channels filled with cross bedded sands that can dip >10º. These deposits are interbedded with subhorizontal tractional deposits (plane-beds), massive silty clay (suspension deposits), small channels, and
debris flows (Figure 6, Figure 7, and Figure 8).
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Figure 6. Photographs and descriptions of Site 273B. Do these sedimentary features indicate a delta setting?
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Figure 7. Photograph and description of Site 273A.

Figure 8. Stratigraphic column and photograph of site 279. See Figure 3 for location.

Stop 2-3

184

The deposits at Stop 2-4 are very different as we will see at the next stop. They are exposed
along the southeast side of Gray Eagle Creek and are dominated by gently basinward dipping (~4º), well
sorted sands, silts and clays and lesser pebbles. Debris flow deposits, tractional deposits (plane beds
interpreted as turbidites), massive silty clay (suspension deposits), and current and nearshore deposits
(wave and/or current ripples) are common. Trough and tabular cross bedded sands, wavy, flaser,
lenticular, and contorted beds and mud drapes are also common. One fun topic we can discuss is: are the
two sets of exposures being deposited concurrently. On Figure 3, we have put the elevation of the top of
the exposure at stop 2-4 (site 67) so FOPpers can think about this as we move on and look at the next site.
The elevation at Stop 2-4 of about 1422 m is the same as the elevation at site 275 on the northwest side of
Gray Eagle Creek that shows well sorted and bedded sands (Figure 9).
Debris flows were recognized in Gray Eagle Creek but are much more common in Jamison
Creek. The debris flow deposits exposed in both creeks are commonly blue and brown in a muddy matrix
with scattered clasts throughout, but they are not as coarse as reported in the Lønne (1995) model. This
difference may be a function of the overall smaller depositional system in Mohawk Valley. Perhaps the
muddy outwash deposits that were described as a middle member of the facies change from till to
outwash in Jamison Creek are actually debris flows that were deposited at a lower gradient than would be
expected in a foreset setting of a delta. Maybe in the Mohawk Valley setting these are more distal
deposits and/or bottomsets at the toe of the delta front.
The foreset beds described in Lønne (1995) and Lonne et al. (2001) are not clearly present in
Mohawk Valley. There are only a few locations where the lacustrine or fluvial-deltaic beds are sloping
>4º, in what is interpreted as channel fill along the western exposures west of Gray Eagle Creek and at
site 67 along Gray Eagle Creek (Figure 2), where outwash and sands are more steeply dipping basin-ward
and are eroding into, and depositing onto, the underlying, more gently dipping deposits. Could the lack
of foresets suggest that the majority of the exposed deposits were bottomsets of the glacial-delta system
from ice that was mostly deposited farther up-valley? Will FOPpers argue that the lack of foresets has to
mean a lack of a delta? Time will only tell.
Menzies (2002) describes similar characteristics to those in Mohawk Valley as typical of an icecontact delta in a glacio-lacustrine setting. In low energy settings there are commonly shallowly dipping
foresets (5-15º) composed of sand and silt, and the distal deltas are composed of sand to clay (Menzies,
2002). These fine-grained deltas with low angle foresets are found in the distal part of the ice-contact
deltas or where the delta is physically separated from ice by an outwash stream (Menzies, 2002), and are
deposited when current activity is low. The similarity of the deposits at Stop 2-4 to this description makes
us feel much more comfortable with a deltaic interpretation and suggests the ice may have most
commonly been up-valley of this position.
The Gilbert-type glaciofluvial delta is a system we have not recognized in Mohawk Valley
though it seems reasonable that this end member had to have existed when the glaciers retreated even if
the lake level did not drop. It may be that any fans built at this time were inset into the canyons,
topographically higher than lake level, and they were just not preserved and/or there is such poor
exposure of these deposits that they have not yet been recognized. When the ice retreated, as it certainly
did during the many interglacials that occurred between 740 ka and 30 ka, there had to have been streams
similar to those that exist today and they may well have created deltaic fans at their mouths and extended
into the lake. We suggest these landforms and subaerial deposits may have been reworked during
subsequent glacial advances and the underwater portion of any deltas deposited within the lake may be
present and probably not distinguished by this study as distinctly different in character. The final demise
of Mohawk Lake and the incremental lowering may have encouraged re-working and eroding of any
deposits within the canyons and preservation was likely poor. Changes in particle size, stratigraphy, and
organic matter content likely record climatic changes in the lacustrine deposits (discussed below).
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Inset fluvial terraces – (delta rim terraces)
Lønne (1995) also describes a series of erosional, emergent terraces that result from relative sealevel lowering or regression of the ice. These terraces are similar to features described by Postma and
Cruickshank (1988), Corner et al. (1990), and summarized in Postma (1995). In this model, when the
relative sea-level lowers, river entrenchment forms a delta platform leaving a back edge scarp. The
deposit on this inset, fluvially-cut, delta-shoreface platform is generally a gravelly channel lag but can
have beach or deltaic deposits as well. These terraces are described as partly fluvial and partly wavedominated on an emergent delta plain overlain by 1 to 3 m of sandy gravels on an erosional surface with a
gravel lag at its base (Corner et al., 1990).
We have observed similar features in Mohawk Valley and there are good examples here. We
mapped them as delta rim terraces (Qdr) Figure 2. Along with typical shoreline features, the fluvialdeltaic terraces document lake-level lowering in Mohawk Valley. They are found at common elevations,
from drainage to drainage and across the valley. They are really rather unimpressive deposits with
lackluster geomorphic expression. The best way to convince yourself they mean anything is to see them
over and over again in the valley. We saw inset erosional terraces along Portola Road as we drove to and
from Stop 1-5 (if we made it there). There are great examples along the road to Eureka State Park, but we
are not going to make it there on this trip. So, we are going to settle for looking at the terraces here, at
Stop 2-3.
These terraces are really narrow, only a meter to a few meters wide. In most locations, they are
not adjacent to an active stream although at this location, they are. That position, away from streams, is
part of the argument that they are not only fluvial terraces, but were cut as the lake lowered. Sadly, you
will just have to take my word for it and look at the map as I try to convince you they exist away from
streams. Luckily, to help with this argument there are buried soils associated with the terraces and the
gravel lags, and deposits left as the lake down cut are very different than the underlying deposits. Sites
276, 277, and 279.5 are probably the best examples (Figure 3 and Figure 10). The soils in the buried
deposits are pretty weakly developed. Although there are nice clay films in some of these deposits, the
clay films are in a silty clay deposit, and may not take much time to form. The soil development does tell
us that the lake lowered, pretty substantially, to allow soils to form subaerially. However, because the
soils are weakly developed (though probably stripped……) that low lake level may not have lasted all
that long.
There are other types of terraces found at the same elevations around the basin. There are
erosional features and cut into the Mohawk lake bed deposits, outwash, and till. An example is site CC
on Figure 3. There are other erosional, low terraces visible on the LiDAR imagery on the location maps
for Stops 1-2 and 1-3. The multiple erosional terraces, inset fan and outwash deposits, and these delta rim
terraces found around the basin, with some of the elevations common across the valley, is more data that
there may not be much of a vertical signal here – in terms of faulting/subsidence.
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Figure 9. Stratigraphic columns for sites 269-275. These include sites on the upper and lower outwash terraces, down the break-in-slope to the Qfd deposits. See Figure 3 for site
locations.
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Figure 10. Stratigraphic columns for sites 277, 268.5 281, 276, 279.5, and 282. See Figure 3 for locations. All but site 268.5 have buried soils that are capped by thin fluvial
deposits that are associated with small erosional terraces, delta rim terraces.
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Faulting
To go back to the possibility of faulting for a moment, I want to point out a couple of things I’ve
observed to get input from my fellow FOPpers. Look at the queried fault and lineament I mapped in
Figure 2 and the imagery in Figure 3. The features are defined by some uphill facing…not quite scarps,
more like rounded hills. It takes just the right combination of hillshades to convince yourself there are
lineaments through here. They align with what is either erosion into this section that left a fairly linear,
northwest-trending contact between sands and gravels (Qfd) that are preserved to the northeast of this
lineament with young fans to the southwest (Figure 2), or a fault. In addition, I have mapped a fan that
we drove along on the way out of the neighborhood to where we parked. If you remember to look, you
will get a nice view of this fan on the way back to camp. Is this a beheaded fan? If so, is this indicating
this lineament/fault could be active? The facies of the fluvial-deltaic section varies along the exposed
section from sand and pebbles to massive silty clay. The contact between these facies is only well
exposed at site 278. At this site there is a vertical contact between massive silty clay and moderately
sorted, dipping beds of sands and pebbles that might be a fault contact (Figure 11). But maybe these
stratigraphic changes are just cuts and fills as the lake went up and down. And maybe the apparent right
lateral offset of the Qfd deposits is all erosion by Gray Eagle Creek (Figure 2).
I am not sure what I think about this. The sands and silts that compose the entire deposit are
easily erodible and wouldn’t hold any sort of scarp for very long, I wouldn’t think. I am not sure about
the age of these deposits, but the base is probably on the order of 500 ka or so, and the top we think could
be MIS 6 or so. But the lake had its final drop after ~200 ka and was at the green contour (1388 m)
(Figure 3) by ~30 ka, the point being, the actual surficial deposits and maybe the geomorphology of these
- what I think of as melting deltaic deposits - may be pretty young (relatively speaking). There are ~320
m of apparent right-lateral displacement of the Qfd unit, if it is faulted – which is a lot, even if the
deposits are old. Let’s be modern and crowd source this. Is there a fault here, and if so, is it active or
long dead?
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Figure 11. Schematic of Site 278A-C. Is this a fault? There is a soil in a massive silty clay that has clay films (3ppf ) up to 1 to 2 m-into the
profile, weak oxidation, and structure (3cpr), underlain by diatom and tephra beds (not enough to analyze) and a well-sorted, horizontally bedded
sands. All units are in contact along a vertical plane (orientation) with different sandy stratigraphic units that are to the south and dip about 27°
SE. Down section, there is a relatively thin section of coarser beds (cobbles to fine boulders) that overlie well-sorted, fine to medium and medium
to coarse, tightly packed sand in 15 to 30-cm-thick bedsets of 0.5 to 2-cm-thick beds that dip from 9° to 15°
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Stop 2-4 - Gray Eagle Creek
J. Redwine
At this stop we will look at the deposits exposed along Gray Eagle Creek and discuss whether we
are seeing stratigraphy indicative of an ice-delta setting, as discussed at Stop 2-3, lake level fluctuations
or both. We will see the dreaded organic-rich deposits that throw a monkey wrench into the lake
interpretation, and tephras, including a > 2m-thick deposit of the Rockland ash that is really cool. We
will discuss possible explanations for the organic-rich beds. These include lake level fluctuations and
periodic meromictic conditions. What?! I know. We are Quaternary geologists, not limnologists - that
polysyllabic word is really unfamiliar. I will do my best to explain. We will also get to peek up at the
soil site and location of the Summer Lake tephra bed E1, which provides the calibration for younger soil
development here and the data point that the lake was at 1388 m ~ 30ka. There are also some possible
faults through this section for those of you who just can’t get enough of tectonics and are bored to tears by
stratigraphy and lake talk. You can find those fractures and decide whether or not they matter. They are
mostly at sites 66 and 66.5.
What Ken and I felt (feel) was really pretty good evidence that there have been large lakes in
this valley kept being thwarted by these dastardly organic-rich deposits. It has been a real thorn in my
side. If the organic-rich deposits had consistently been found in settings such that they were indicating
the interglacial periods, there would not have been a problem understanding the stratigraphy here. Based
on settings such as at Stop 1-3, where the same tephra beds have been found perched up high but are also
in the valley floor where they are deposited IN these organic-rich deposits, we realized our organic
problem probably couldn’t be explained away by simple lake level fluctuations.
There are two interpretations that I can think of that may explain the organic-rich deposits in the
Mohawk lake beds. Neither is completely satisfying. One, is that Mohawk Lake is a periodically
meromictic lake. The other is that Mohawk Lake fluctuated throughout its life. Periodically the lake
dried, becoming marshy during interglacials. There has since been basin subsidence, focused in the
center of the basin, that has lowered the elevations of those marsh deposits and tephras at Mohawk Cliff.
Subsidence was the favored interpretation for a long time. I was rooting for it. But after Ryan Gold got
his LiDAR data, I had the elevation control to see that the consistent elevations of the shorelines around
the basin and across the MVFZ. So, again the question comes up, can you focus basin subsidence in the
center of this valley and leave those shorelines un-deformed? Also leaving the thick stacks of sands, silts
and gravels, that I think have to also be deltaic, apparently undeformed as well, at least not significantly
deformed. Perhaps, with the wisdom of what may be close to 200 FOPpers, we can crowd-source this.
Maybe there is one shining star out there who can find a different explanation that satisfies all of the
observations in this valley. Or, maybe Mohawk Lake was periodically meromictic.
Let’s start with the thing I am least comfortable trying to be the ‘authority’ on: Meromictic Lakes and
lake chemistry.

Meromictic lakes
Meromictic lakes represent a relatively rare type of sedimentary environment where laminated
and organic-rich deposits accumulate in an anoxic, deep lake. In meromictic lakes, the water column
does not mix vertically on an annual cycle, which leads to anaerobic conditions in the bottom of the lake
where organic matter can be preserved because there is no decomposition. Lakes can be completely
meromictic where they never mix in modern conditions, partially meromictic where they mix
periodically, caused by unusual conditions, or they can mix every few years (Anderson et al., 1985).
There have not been many studies that focused on meromictic lakes. In fact, some of the studies of
meromictic lakes have merely tried to identify where they should be because of the recognition that the
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lack of mixing is likely to preserve varves, a valuable tool when examining paleoclimate and sedimentary
records (Anderson et al., 1985; Hakala, 2004). Studies designed to systematically examine where
meromictic lakes exist and to develop models to predict where they might be found concluded that the
causes of meromixis are too complex to predict in that way (Hakala, 2004). This tells us that if Mohawk
Lake was periodically meromictic, it is unusual.

Blairsden

Figure 1. Locations of tephra beds found in Mohawk Valley (white triangles). Red faults and black lineaments are
from Gold et al., 2014, contours are 1525 (purple), 1510 (dark blue), and 1490 (light blue), other mapping from
Redwine, 2013. Black box is approximate area of Figure 2 and Figure 3.
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Figure 2. Geologic map of the Gray Eagle Creek area showing Stops 2-3 and 2-4 (green triangles) and sites we will look at
(yellow triangles with site numbers). Letters refer to shore features mentioned in the Stop 1-3 write-up. Purple contour 1525 m,
dark blue – 1510, light blue – 1490 m, green -1388 m. Yellow line is a queried fault, white lines are lineaments. See Legend in
Appendix-JR1 for unit descriptions.
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Figure 3. LiDAR imagery of the same area shown on Figure 2. Letters refer to shore features mentioned in the Stop
1-3 write-up.
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What conditions lead to a meromictic lake?
There are many different circumstances, both external and internal to the lake, that can cause a
lake to become permanently stratified (meromictic) (e.g. Hakala, 2004). The morphometry of the lake
and the lake basin was identified as the most important criterion by Anderson et al. (1985). Meromictic
lakes can be large or very small ponds, but the common morphometry is that they are deep relative to
their surface area (Anderson et al., 1985). A small surface area relative to a deep lake reduces the
effective wind stress on the lake surface, which is the primary driver of mixing and circulation (Anderson
et al., 1985). Other circumstances that could lessen effective wind stress and increase the likelihood of
meromictic conditions are areas with dense forests and those sheltered by topography. The morphometry
of Mohawk Lake, the surrounding dense forests, and the sheltered topography all favor developing
meromictic conditions. Mohawk Lake was ~20.5 km long, on average 5 km wide, and at its maximum
lake level (~215 m deep) had an area of roughly 100 km2. Meromictic conditions can result when water
is denser in the lower part of the water column due to colder temperatures or to a relatively greater
amount of dissolved solids, therefore relatively higher salinity. Similar conditions occur in ice-contact
lakes, which are sediment stratified because of dense, cold, sediment laden, hyperpycnal flows entering
the lake (Menzies, 2002). Mohawk Lake was an ice-contact lake for at least part of its history (discussed
previously). The greater density prevents mixing that is driven by wind (Anderson et al., 1985).
Other settings that encourage meromictic conditions occur when nutrients released by organisms
from the upper to the lower part of the water column are not returned to the water surface by mixing, a
lake becomes unproductive (oligotrophic). In this setting decomposition of organic material that had been
input into a lake can cause a depletion of oxygen (Boehrer and Schultze, 2008). This results in anaerobic
conditions of a meromictic lake that eventually preserves organic material (Boehrer and Schultze, 2008).
Tephra deposition into lakes has been shown to disturb the lake chemistry leading to oligotrophic
conditions (Telford et al., 2004) (discussed further below). At least 25 different tephras were deposited
into Mohawk Lake throughout its history, some with deposits up to ~ 2 m thick.
Causes of destratification also vary. For example, flooding can input new water into the lake that
is not too stratified to resist the next potential wind mixing event (Anderson et al., 1985). High loads of
suspended material transported by rivers into a lake can increase the bulk density of the water by
increasing the mass from the solids input. Both processes can lead to mixing and therefore put an end to
the meromictic conditions (Boehrer and Schultze, 2008). Conversely, a decrease in solids can stop the
process that initiated mixing and possibly contribute to a meromictic state (Boehrer and Schultze, 2008),
and this might occur as water becomes locked up as ice entering a glacial cycle and there is less water to
move solids into a lake.

Sedimentary Characteristics of Meromictic Lakes
Meromictic lakes have some diagnostic sedimentary characteristics. Anoxic conditions preclude
bioturbation, which increases preservation of organic matter (Meyers and Lallier-Vergės, 1999). Because
there are no benthic burrowing animals in anoxic conditions, laminae are preserved in the lake bottom
deposits (Anderson et al., 1985). In addition to laminations and organic matter, authigenic carbonate is a
common diagnostic feature of meromictic lakes (Boehrer and Schultze, 2008). We observed the
sedimentary signatures of meromictic lakes in Mohawk Lake deposits. The primary sedimentary
evidence is the organic-rich beds themselves. There is a lot of variation in the organic deposits in the
Mohawk Lake sedimentary record. We have not undertaken a systematic characterization of these
deposits and the only measured organic content data come from the previous U.S. Geological Survey
studies shared with us for the Mohawk Cliff section (Figure 4). However, we do have general
descriptions as a part of our stratigraphic studies and we have observed different types of dark colored
(presumed to be organic-rich) deposits in different parts of the Mohawk Basin.
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On the valley floor, in the Blairsden area, there are massive, dense, black silty clay deposits that
are <10 cm thick (Figure 1). On the southwestern side of the valley, in Jamison Creek (Figure 1) there
are massive, dense, dark-colored sandy to silty clay deposits 20 to 50 cm thick. We have interpreted these
fine-grained, dark colored deposits as likely sapropel, or gyttja. These types of deposits are an aquatic
ooze or sludge that can have TOC values >50%, are amorphous or very fine grained, and can originate
from algal or bacterial elements or decomposition of land and aquatic plants (Schnurrenberger et al.,
2003).
The character of the organic-rich sediments in Gray Eagle Creek is different and those deposits
are not interpreted as sapropel. They are low density, fissile, dark-colored deposits, interpreted as
organic-rich, composed of interlaminated dark and light silty clay laminae. At site 66, these deposits are
interbedded with tephra and diatom beds as well (Figure 13). The organic-rich deposits in the Mohawk
Cliff section are similar low density, fissile, dark-colored deposits, and were initially interpreted as peat or
lignite. These Mohawk Cliff deposits are also interlaminated dark and light silty clays.
In addition to the organic-rich sediments, there are commonly preserved laminated silty clay
deposits in Mohawk Cliff and exposed along Jamison and Gray Eagle creeks. These laminated deposits
are a key indicator of meromictic conditions because they suggest a lack of benthic organisms due to
anoxic conditions. There are also some carbonate-rich beds in all of these locations, another indicator of
meromictic conditions. In many locations there are interbedded massive, laminated, and organic rich
deposits. The interbedded deposits are found in Mohawk Cliff, exposed along Jamison and Gray Eagle
creeks, and in the valley bottom near Blairsden. Massive deposits often indicate deep water
sedimentation in an oxidized environment, where benthic organisms do exist and are mixing sediment and
destroying laminations. Therefore, massive deposits indicate a lack of meromictic conditions. We
suggest that this interbedded stratigraphy may reflect a periodically meromictic lake.

‘Typical’ Total Organic Carbon (TOC) values found in meromictic lakes
Our data from Mohawk Cliffs is from loss on ignition (LOI) analyses, a proxy for organic matter
content. Many lake studies report organic matter content in terms of the % of organic carbon. There are
estimates that typical organic matter contains about 50% of total organic carbon (TOC) (Meyers and
Lallier-Vergės, 1999). We use that estimate to generally compare our data with those of other studies.
LOI values from the Mohawk Cliff section range from 0 to 100%, with the more common values between
20 to 60% (Figure 4). These values may equal total organic carbon (TOC) values of 0 to 50%, with more
common values between 10 and 30%. TOC values of 10 -20% in deep lakes are not uncommon in lakes
that have seasonal or permanent anoxic bottoms (Demaison and Moore, 1980; Talbot, 1986). There have
been measurements of TOC that are up to 17% in meromictic laminated sediments (Talbot and Kelts,
1986; Corella et al., 2011). Black sapropels and organic-rich, marly muds that may be laminated have
been found deposited in anoxic deep water with TOC values that can exceed 10% (Johnson, 1984). Lake
Bosumtwi in Ghana is clearly in a much different environment, but similar in size to Mohawk Lake. Lake
Bosumtwi had an area of 64 km2 and a maximum depth of 78 m and has TOC values from about 2 to
>20% and TOC values recorded up to 22% in sapropel (Meyers and Lallier-Vergės, 1999). The highest
values of TOC that we have come across are from a much smaller kettle lake in Michigan named Austin
Lake. The TOC values vary from about 12 to >40% and average 30%. The high TOC values are
interpreted to be from plant production within the lake (Meyers and Lallier-Vergės, 1999). Mohawk
Valley organic content is mostly in the range of those observed values, but it is on the high side. The
100% (TOC 50%) Mohawk Valley LOI values are much higher than most documented TOC values.
One reason that high TOC content generally correlates to shallow water is that organic matter
decomposes as it sinks. Because of the shorter sinking times, there is generally more organic matter in
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shallow water (Meyers and Lallier-Vergės, 1999). Therefore once material sinks to the lake bottom in
deep lakes, the TOC content is typically low to begin with and decomposition continues after deposition.
For example, in Lake Michigan only 6% of the original organic matter and 15% of the TOC reaches the
lake floor 100 m below. Mohawk Lake may have fluctuated substantially and one thought is that maybe
when the lake level was lower during interglacials, organic material could actually reach the bottom of the
lake.. Although, if the Summer Lake tephra bed LL really was deposited in ~ 90 m of water, that theory
doesn’t hold water. In order to preserve this amount of organic matter sinking through a deep Mohawk
Lake there must have been unusual conditions in this lake environment. The good preservation of the
organic rich zones in Mohawk Lake suggests there may be quick burial and maybe quick sinking times.

Tephra and Organic-Rich Deposits
We have observed that the organic rich zones are associated with both tephra and diatom beds
(e.g. Figure 13). It is not clear if the tephra beds are simply better preserved when deposited interbedded
with organic-rich zones or if the tephra beds may somehow allow the organic material to either sink
rapidly and/or decompose more slowly and somehow encourage preservation of the organic material.
There have been some studies that suggest that deposition of tephra into lakes does change the
sedimentation, chemistry of the water, and diatom assemblages. For example, studies show that in a
landslide-dammed lake in the Skagit River watershed in Washington State, the deposition of tephra into
the lake changed physical sedimentation processes including higher turbidity, altered acidity, reduced
light penetration, and rapid sedimentation (Reidel et al., 2001). This Skagit River study showed that
organic material interbedded within clay indicates the lake was thermally stratified before the Mazama
tephra was deposited (Reidel et al., 2001). They also infer that because this tephra was in part deposited
as turbidity currents, the lake may have been stratified when the tephra was deposited as well.
Tephras have quick sinking times in lacustrine environments (Telford et al, 2004). Fine sandsized tephras may have settling rates of about 40 m/hr (Julien, 1995 in Telford et al., 2004). In addition,
tephra deposition can increase diatom concentrations and can even change dominant diatom assemblages.
A thick tephra deposit can create an impermeable barrier over the lake bottom sediment and this can
prevent bioturbation (Telford et al., 2004) which could preserve buried organic matter. This physical
barrier affects water chemistry by lowering the input of phosphorous into the water column and
increasing the eventual available silica from the tephra deposit (Telford et al., 2004). The effects of
tephra on diatom assemblages and water chemistry may last for several decades and if the tephra bed is
thick, perhaps for several millennia (Telford et al., 2004). Tephra effects on the nutrient cycles are also
possible (Telford et al., 2004) and it is plausible that these changes may lead to a change in balance of a
lake in such a way that the stratification may be increased or decreased. Although the specifics of how
the tephras may affect deposition or preservation of the organic-rich deposits remain unclear, there is
some evidence that suggests there is a relation.

Organic matter sources (organic sources matter!)
There are many possible sources of organic material into a lake. Organic material can be
windblown, sourced from runoff of soil nutrients and other land based organic-rich, algal blooms, and in
some cases biosynthesization by bacteria (Meyers and Ishiwatari, 1993). Bacteria generally have a
dominant role in decomposition of organic material except in strongly stratified lakes where they are
instead the producers of primary organic material (Meyers and Ishiwatari, 1993). Another source of
organic matter is the periodic upwelling of nutrient-rich deep water, which can lead to algal blooms that,
when they die off are deposited as organic-rich biogenic sediments on the lake floor (Johnson, 1984).
The input of soil nutrients into water can also create algal blooms. Photosynthesis at the lake surface can
result in decomposition of organic material in the deeper part of the lake and this can also encourage a
gradient to exist vertically in the water column (Boehrer and Schultze, 2008). Organic material can be
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input into a lake through streams. Some of this organic material can settle on the lake bed and eventually
will decompose if there is oxygen, and decomposition can be encouraged by manganese and iron as well.
The decomposition of organic material is another way the water column can be become stratified
(Boehrer and Schultze, 2008).

More complications/information
This is a good place to show some of the Mohawk Cliff data. I want to point out possible correlations of
stratigraphic changes in the Mohawk Cliff with glacial – interglacial periods. If we accept a subsiding
basin model, well, even if we don’t, here is one possibility. The stratigraphic column from Mohawk Cliff
(Figure 4) shows changes from organic-rich sediments to those lacking organics. Those changes could
possibly be explained by either lake level lows or climatically controlled meromictic conditions. There
are 15 tephras deposited within this section, and all are found within organic-rich sediments except the
lowest, the Lava Creek B. We can correlate to the MIS curve using the ages of three better known
tephras, the Lava Creek B , Rockland, Summer Lake tephra bed LL to MIS 16, 15, and 7 respectively
(Figure 5). Other correlations are guesses based on changes in stratigraphy and the assumption that
organic rich sections mean interglacial and lake level lows.
Appendix-JR3 has more information about Mohawk Cliff. We did end up skipping that stop, but
hopefully you saw the cliff on the way here. We are too big of a group to get to it and be able to see it up
close. Photos and descriptions will have to do.
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Figure 4. Stratigraphic column of the Mohawk Cliff showing loss on ignition values (from Yount et al., unpublished data), tephra
beds and favored correlations (Redwine et al., Appendix JR-2), and possible MIS correlations. MIS 16, 15, and 7 are correlated by age of the
tephras and the MIS curve (Figure 5). Others are guesses based on changes in stratigraphy and the assumption that organic rich sections mean
interglacial conditions and lake level lows. Minimum water depths are estimated from the highest elevation of the same tephra bed found in
Mohawk Valley. This is a compilation of descriptions from the current study and two prior studies (Davis, written comm. to Sarna-Wojcicki,
1983, and Yount et al., written comm. 2009). Positions of tephra beds are approximate and estimated based on prior studies, except the Rockland
Ash, which was re-located in the current study.
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Figure 5. Tephra beds found in Mohawk Valley and their age range estimates compared with the MIS curve of Bassinot et al., 1994 and glacial periods (gray areas and even
numbered periods). Tephras are listed from the youngest on top to the oldest on bottom. List of age ranges and references are shown in Appendix-JR2. White circles are the
reported average ages. Blue dots are the ages estimated using sedimentation rates in the Mohawk Cliff exposure (Appendix-JR2).
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Gray Eagle Creek –Stop 2-4
We are at this stop to look at another section of the Mohawk lake beds that is different from where we
have seen them already at Stop 1-3A, 1-4, and 2-3. We can look at the stratigraphy and talk about
whether or not these sediments look like what are described as typical ice contact delta sediments. We
can also discuss how much of the facies changes represent lake level changes vs changes in what may be
for most of us an unfamiliar ice contact delta setting. This is also a great place to look at the organic-rich
sediments. At site 67, unit A (described below) the organic-rich sediments are fissile and interbedded or
interlaminated with sand. There are also dense, dark, massive silty clay beds that I presume are probably
also organic-rich. Downstream we can see organic layers interlaminated with tephra beds at site 66, the
dark (organic-rich?) clay-rich unit the Rockland sit on, etc.
At least two ages of moraines extend down Grey Eagle Creek. The relatively older moraine (Qmi1)
extends further basinward. The right lateral Qmi1 moraine grades to a former base level at ~1515 m
(Figure 6). This moraine overlies sediments exposed along Gray Eagle Creek. This contact is poorly
exposed and is estimated to be at about ≥1445 m. The underlying deposits are intermittently exposed
along 1.25 km of Gray Eagle Creek from 1431 m to 1361 m. This stratigraphic section is equivalent in
elevation to the section West of Gray Eagle Creek described above. However the deposits exposed along
the creek are relatively finer grained. They are primarily composed of medium sand to clay with thick
beds of peat and organic-rich sediments. There are many of the same sedimentary structures but more
common dewatering structures and the fine grained deposits are interbedded with some coarse pebble
bedsets that were not observed to the west. Overall, this section has sub-parallel to parallel bedding, is
aggradational, is composed of fine-grained sediments, and gently dips basin-ward (~ 4°).

Site 67
The uppermost well-exposed part of this section (site 67; Figure 3 and Figure 7) is composed of 5 m of
coarse-grained deposits that are associated with the overlying, inset Qowy2 surface. This terrace is
unconformable over 14 meters of indurated, moderately to well sorted, moderately to moderately wellstratified pebbles, sand, silt, and clay. Within this section are ~1-m-thick units of reduced fine sandy clay
loam in ~ 5- to 10- cm-thick bedsets of 1-mm-thick laminae to 1-cm-thick beds that have parallel ripples
and convoluted bedding structures including flame and dish and pillar structures. There are also fissile
and laminated organic-rich bedsets interbedded with moderately well-sorted, fine to medium pebbles, in
10-cm-thick beds. Lower in the section are ~1.5 to 2 m of well-sorted, mica-rich, fine sands, silts, and
lesser clays in discontinuous, lenticular beds, with cross-sets of fine sands and ripples with 10-cmwavelengths and 0.5-cm-amplitude. These dimensions result in a Ripple Index of 10-20, indicating either
wave or current origin (Tanner, 1967; Reineck and Wunderlick, 1968). These overlie organic-rich silty
to sandy clay in 1- to 5-cm-thick bedsets of 1- to 2-mm-thick laminae.
This section (site 67; Figure 8) is interpreted as an aggradational section of lacustrine deltaic
sediments (Units A, B, and C; Figure 9) that are overlain by distal outwash gravels (Unit D; Figure 10),
the deposition of which most likely caused the underlying convoluted bedforms. The northward-dipping
sands (Unit E; Figure 10) are interpreted as deltaic foresets of a nearshore environment. These sands are
overlain and cut into by coarser pebbles interpreted as distal outwash gravels that are in turn overlain by
much coarser-grained deposits interpreted as till and outwash deposited by the overlying growing
glaciers. The uppermost unit (H) is interpreted as outwash gravels related to the truncated outwash
terrace on the surface mapped as Qowy2.
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Figure 6. A) Schematic cross section along the southeastern banks of Gray Eagle Creek (Geologic map Stop 2-3). Till overlies
outwash that grades to 1490 m. Both glacial deposits overlie >60 m of fluvial-deltaic sediments deposited prior to ~ 600 ka and
after 610-480 ka. Stream and topographic profiles extracted from LiDAR imagery and 10 m DEM. B) Benches are cut into the
fluvial-deltaic deposits and outwash fans are deposited onto these erosional benches. The back edges of these terraces are at
similar elevations to other terraces found elsewhere in Mohawk Valley. One of the lowest outwash fans overlies inset, younger
lacustrine deposits with a ~30 ka tephra bed deposited within it.
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Figure 7. Stratigraphic section of site 67 - Stop
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Figure 8. Photograph of

Site 67 – Stop 2-4.
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Figure 9. Photographs of the stratigraphy of Units A and B at Site 67.
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Figure 10. Photos of Site 67, Units C-F.
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Site 66.5
At site 66.5 (Figure 3 and Figure 11) (1390 m), 250 m downstream and downsection from site 67,
is an ~3-m-thick section composed of well- to sub-rounded, moderately well-sorted, spherical, coarse
pebbles and cobbles. These gravels are from 2 to 10 cm, mostly 3 to 5 cm, in 10- to 15-cm-thick beds,
imbricated, clast supported, groundwater-stained with few, well-sorted, coarse sand interbeds <5-cmthick. Site 66.5 is interpreted as fluvial deposits, and could also be distal outwash gravels. Alternatively,
Lonne describes imbricated, clast supported, gravels as part of the underwater, gravitational deposits they
observed in ice contact deltas (Lonne, 1995, Lonne, et al., 2001).

Site 66
Fifty meters downstream and stratigraphically below of site 66.5, ~15 m of similar sediments are
exposed from elevation 1400 m to 1385 m (site 66, Figure 3, Figure 11, and Figure 12). The uppermost 5
meters is composed of interbedded poorly sorted, subangular to rounded, boulders to pebbles and sand
with moderately stratified, moderately sorted, sub to well-rounded, fine boulders to pebbles and sand.
There(?), the deposits are associated with the overlying outwash terrace mapped as Qowy2. The outwash
cuts into parallel bedded, gently basin-ward dipping (~4°N) sands, silts, clays, diatom beds, and organicrich sandy clays. Common stratigraphic features are plane beds, trough cross-beds, dewatering features,
symmetrical and asymmetrical ripples, shallow, clay-filled channels, and a very thick organic-rich
section. There are fractures that trend N45W 70°-65°N, across which are lateral facies changes and small
(cms) apparent vertical offsets along fractures.
The underlying unit (Unit C) is composed interbedded, ripple-laminated and parallel bedded, well
sorted, fine sands and silts in 3- to 10-cm-thick bedsets of fine laminae and peat beds from 5- to 15-cmthick, and ripple laminated to massive, organic-rich, brown, sandy clay, at least four tephra beds, and
diatom-rich beds. The ripples are symmetrical and asymmetrical with amplitudes of 0.5 to 1 cm, and
wavelengths from 2 to 4 cm. This results in a Ripple Index of ~4, suggesting a wave ripple interpretation
(Tanner, 1967; Reineck and Wunderlick, 1968). Unit B is composed of well sorted, fine to medium sands
in 1- to 3-cm-thick beds interbedded with discontinuous, lenticular, sandy clay, discontinuous
symmetrical ripples and tabular cross-beds that dip to the south (upstream). The base of site 66 (Unit A)
is composed of >2m of pebbles and sands that are likely the lateral equivalent of those at site 66.5. There
are fractures that trend N45W 70°-65°N, across which are lateral facies changes and small (cms) apparent
vertical offsets along fractures.
Three tephra beds deposited within Unit C (tephra beds C18, C13, and C11) were analyzed
(Figure 12, Figure 13, and Figure 14). The uppermost tephra bed, C18, sits at ~1393 m and was
correlated with the East McKay Butte tephra (610-480 ka, Appendix-JR2). Tephra beds C13 and C11
were not correlated to any known tephras outside of Mohawk Valley (Appendix-JR2). Both tephra bed
C18 and the underlying tephra bed C13 were also identified in Jamison Creek, at sites 70 and 45.5D
respectively (Figure 1). In both locations in Jamison Creek the tephra beds were interpreted to have been
deposited in a near-shore environment at about ~1426D m. This provides a minimum water depth for
these organic-rich sediments of ~35 m, unless the elevations have been subsequently affected by faulting.
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Figure 11. Photographs of sites 66 and 66.5.
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Figure 12. Stratigraphic section and description of Site 66, column 1.

Figure 13. Photographs of interbedded tephras and the dreaded organic deposits at Site 66.
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Figure 14. Stratigraphic column, descriptions, and photos of the stratigraphy and tephras at site 66, strat column 2.
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Site 65
Approximately 12 m of similar sediments are exposed at site 65 (Figure 3 and Figure 15) from
1390 m to 1378 m. Again, the uppermost ~2 m is associated with the outwash terrace (Qowy2) (Fig.
15A). At this location, the outwash overlies loose, well-sorted, massive, diatom-rich, fine sands and silts
with a tephra bed (site 284;

Figure 15. A) Photograph of site MV-65 and stratigraphic column compiled from sites MV-65 and
MV-284 showing outwash gravels overlying the thick, indurated Mohawk Lake lacustrine deltaic section exposed at
this location and the location of tephra beds MV-284-V upper and MV-65-F lower. Tephra beds are indicated by
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stars. Patterns relate to the legend on Figure 12. B) Photographs of the upper part of this section, best exposed
upstream at site MV-284. The outwash gravels (unit W) overlie an approximately 50 cm-thick section of loose,
lacustrine silt and sand that contains several diatom beds (Unit V). Tephra bed MV-284-V upper was sampled from
within this section and the glass correlates with that from Summer Lake tephra bed E1 and Tulelake 2438. C)
Photograph of tephra bed MV-65-F, correlative to the Rockland tephra. The bottom ~2 m is water-lain ash overlain
by >1 m of cross bedded sand and re-worked ash.

). The maximum constraining age, ~30 ka, supports the interpretation that these are outwash fans
because the timing coincides with MIS 2 glacial advances documented in many parts of the Sierra Nevada
(e.g. Smith and Street-Perrott, 1983, Philips et al., 1990, Bursik and Gillespie, 1993; James et al., 2002).
The soils developed into these outwash deposits are much better developed than those in younger alluvial
fans and fluvial deposits with 14C dates of ~ 4 ka (Redwine, 2013).
The outwash and loose lacustrine deposits are unconformable over ~17 m of indurated, sands,
silts, clays, diatoms, organic-rich sandy clays, and a thick deposit of the Rockland Ash (570-610 ka;
Appendix-JR2). This parallel-bedded section dips gently basin-ward ~4° N. Sedimentologic features
include plane beds, trough cross-beds, parallel laminations, dewatering features, symmetrical ripples, and
asymmetrical ripples that point both up and downstream. There are moderately well to well-sorted, sub to
well-rounded cobbles and pebbles and coarse sands exposed in the basal 1.5+ m of this section.
The base of the Rockland Ash lies at ~1384 m and overlies a massive dark, clay-rich, indurated
unit with scattered sand grains and rare fine pebble clasts. The basal contact is abrupt and wavy and the
basal 12 cm of the tephra is laminated and consists of fine to medium sand and silt-sized glass shards.
The Rockland Ash itself has many dewatering features, ripples, and maybe burrows at the base, with the
underlying brown, sandy clay brought up into the tephra. The tephra deposit is 204-cm-thick, with the
amount of glass lessening up-section. The lower 60 cm is mostly composed of well-sorted, well to subrounded medium to coarse sand-sized tephra, with lenses of coarse, sand-sized, needle-shaped, angular to
sub-angular pumice with mafic minerals, all of which is disrupted by de-watering features that are filled
by finer-grained silt and fine sand that was injected upwards through the overlying, light gray, medium to
coarse, clean, sand-sized tephra lens. Overlying are 90 cm of sands mixed with tephra. Overlying this
thick tephra bed is a massive, dark gray, sandy clay deposit, similar to that which underlies the tephra bed.
The highest elevation where the Rockland Ash was located in Mohawk Valley was 1424 m (site 90,
described in Stop 1-4 and 1-5). If the elevations of these tephra beds have not been subsequently affected
by faulting, the Rockland Ash in Gray Eagle Creek was deposited in about 40 m of water.

Site 64
A relatively more coarse-grained section is exposed at site 64 (Figure 16) from 1367 m to 1361 m.
This section is composed of indurated interbedded pebbles and sands with lesser beds of sands, silts, and
some diatom-rich beds. Stratigraphic features include tabular foresets, backsets, topsets, tabular
crossbeds, asymmetric ripples, wavy and irregular contacts, and pebble to cobble-filled channels <2 m
deep that cut into underlying units. This section is interpreted as primarily a fluvial component of the
fluvial-deltaic system, therefore near and mostly above the high lake level at that time (older than 570 to
610 ka based on the overlying Rockland Ash). The stratigraphy suggests the shoreline is nearby,
oscillating back and forth, and close to this elevation at the time of deposition.
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Figure 15. A) Photograph of site

MV-65 and stratigraphic column compiled from sites MV-65 and MV-284

showing outwash gravels overlying the thick, indurated Mohawk Lake lacustrine deltaic section exposed at this
location and the location of tephra beds MV-284-V upper and MV-65-F lower. Tephra beds are indicated by stars.
Patterns relate to the legend on Figure 12. B) Photographs of the upper part of this section, best exposed upstream
at site MV-284. The outwash gravels (unit W) overlie an approximately 50 cm-thick section of loose, lacustrine silt
and sand that contains several diatom beds (Unit V). Tephra bed MV-284-V upper was sampled from within this
section and the glass correlates with that from Summer Lake tephra bed E1 and Tulelake 2438. C) Photograph of
tephra bed MV-65-F, correlative to the Rockland tephra. The bottom ~2 m is water-lain ash overlain by >1 m of
cross bedded sand and re-worked ash.
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Figure 16. Stratigraphic column and descriptions and photographs of the coarser and stratigraphically lowest exposure along Gray Eagle Creek at Site 64.
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STOP 3-1
Intersection of the Mohawk Valley fault zone and Sierra Nevada-Cascade
Range Boundary Zone: Transpressional deformation in and bordering
American Valley
T.L. Sawyer, Piedmont GeoSciences, Reno, NV
From this vantage point on the eastern margin of American Valley we should be able to
see three main geomorphic features: 1) a series of low hills in the mid-ground to the
west and southwest that are inferred to express transpressional deformation along the
northernmost Mohawk Valley fault zone (MVFZ); 2) a prominent and rather linear rangefront escarpment along the southern valley margin likely delineates an inferred obliquereverse fault, the “American Valley” fault, that lies close to the southern margin of the
Sierra Nevada-cascade Range boundary zone (SN-CRBZ); and 3) a prominent granitic
escarpment on the western skyline that marks the northernmost fault of the Sierra
Nevada frontal fault system (FFS), the Spanish Peak fault (Figure 1).
The geometric and structural relationships of the American Valley fault to the MVFZ are
similar to the Long Valley fault-fold structure (see Sawyer, Stop 2-2, this volume) and
the MVFZ, but are larger in scale. The margins of the southeast corner of the valley
form a distinct W-shape (in map view; e.g., Figure 2). The eastern leg of the ‘W’ marks a
linear northwest-striking fault of the dextral MVFZ along the eastern valley margin. The
western leg is defined by the W-NW-striking American Valley (right-oblique?) fault along
the southern margin of American and Thompson valleys. At their intersection, the
central inverted ‘^’ of the W-shape, is a fault-fold structure that is parallel to the northern
MVFZ (Figures 1 and 2).
This apparent transpressional structure plunges northwest into Thompson Valley along
the trend of low hills (mid ground) that form a general left-stepping pattern. Between the
plunging fold and the southern hills is a sizeable closed depression located at the
intersection of Hwy 70/89 and LaPorte Road in Thompson Valley (Figure 2). The hills,
which tapper in height northwest, appear to reflect northwest propagation of
transpressional deformation across much of eastern American Valley. The central
section of the hills are crossed by fluvial terraces and abandoned channels of Mill Creek
(different Mill Creek than discussed at Stop 2-2). The strath terraces are as high as 5-10
m above the abandoned Mill Creek channels, which appear to decrease in elevation
(i.e., ~relative age).
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The geomorphic position and mapped distribution of terraces and former stream
channels across the series of low hills suggests that Mill Creek has deflected nearly 3
km across American Valley as a consequence of the geomorphic growth of
transpressional fault-fold structures along the northernmost MVFZ (Figure 2).
The escarpment along the southern valley margin reflects uplift of the Sierra Nevada
presumably in the hanging wall of an oblique-reverse fault, the American Valley fault
(Figure 2). A possible, but modified, scarp along the fault vertically separates a late
Quaternary alluvial-fan surface about 2 m, down to the north, near the base of the
escarpment in Quincy. Elsewhere the escarpment base is ‘oversteepened’ and is
characterized by ‘pistol-butted’ tree trunks, but many young (latest Holocene?) alluvial
fans marked by distinct bar-and-swale micro-topography appear to conceal the fault
trace.
The Spanish Peak fault west of American Valley borders the eastern edge of the
Mesozoic Bucks Lake pluton—one the northernmost of the Sierra Nevada batholith—
and is the northernmost fault of the Sierra Nevada frontal fault system (Figure 1). Down
to the east motion on the fault is evidenced by considerable vertical separation of
Miocene andesite that caps the pluton and extends ward across the fault—The vertical
separation of the volcanic rocks can be seen better from Stop 3-2 (see Figure 3-2c, this
volume). The arcuate northern section of the Spanish Peak fault curves westward
around the pluton and parallels (and joins with?) the southern margin of the SN-CRBZ
(Figure 1).
Several faults appear to splay northward from the linear trace of the MVFZ along the
eastern edge of American, for example in the vicinity of Stop 3-1. The pattern of these
splay fault and their location at the northern end of the MVFZ suggest that they may be
extensional horsetail splay faults (Figure 1).
Transpressional deformation in the American Valley region, like in the Long Valley area
(see Sawyer, Stop 2-2), appears to reflect a westward transfer of dextral shear. In this
case, from the northern MVFZ to the American Valley fault. The American Valley fault
is one of the principal structures defining the southern margin of the eastern SN-CRBZ.
Hence, the relationships in American Valley further support Walker Lane shear
transferring westward along the SN-CRBZ.

220

Figure 1. Fault and fault-fold structures of the eastern Sierra Nevada-Cascade Range
boundary zone (pink and orange lines, respectively) at intersection with the northern
Mohawk Valley fault zone (MVFZ; red lines). The northern Sierra Nevada frontal fault
system (purple lines), includes the Spanish Peak fault in this region. The linear W-NW
striking American Valley fault (i.e., directly south of Quincy) terminates against the
MVFZ in southeastern American Valley. The location of field trips stops are represented
by green stars.
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Figure 2. Map showing the relationship of the American Valley fault to the dextral
Mohawk Valley fault zone and the series of generally left-stepping transpressional faultfold structures along the northernmost MVFZ.
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Stop 3-2 North Fork Feather River-Yellow Creek Divide.
John Wakabayashi, California State University, Fresno jwakabayashi@csufresno.edu
and
Christopher D. Kemp, Lettis Consultants International, Inc. kemp@lettisci.com
At this stop, we view large-scale features related to the tectonic and geomorphic evolution of
the northern Sierra and we hope for clear weather and a lack of fire smoke that has plagued so
many areas of the range this summer. Our viewpoint, situated east of the physiographic crest of
the range, shows volcanic-stratigraphic relationships that bear on the incision history of the
streams as well as vertical component of faulting in this area and its history. We will also see
the point of deepest incision (“sweet spot”) of the North Fork Feather River and a good profile of
the canyon that can be compared to other major canyons of the range.
On the 1995 and 2001 FOP trips, stops were done in the North Fork Feather River canyon
well upstream (~20 km) of this location to examine the faulting and incision history, but the
hypotheses concerning the tectonic-geomorphic history of this region have been significantly
revised since 2001 and we will be viewing large-scale features that we did not see in 1995 or
2001. Accordingly, it is worth first pointing out all the “new stuff” associated with this stop that
differs from previous trips.
In 1995 and 2001 we viewed Quaternary basalt flows of different ages and evidence for their
faulting along with the incision history of the North Fork Feather River directly downstream of
Lake Almanor, where the total amount of incision is rather small. On this trip we will see much
larger scale canyon features, including the point of deepest incision of the North Fork Feather
River canyon (~1200 m, the deepest late Cenozoic incision recorded for any Sierra river), the
relationship between the canyon and the physiographic crest of the range, and geomorphicstratigraphic indicators of major east-down separation along the Sierra Nevada-Cascade Range
boundary zone.
As of 2001 the late Cenozoic uplift and related geomorphic response in the Sierra was
thought to be nearly synchronous along the length of the range from the Kings River to the
northern limit of the range (Unruh, 1991; Wakabayashi and Sawyer, 2001). More recent
geochronologic information, coupled with further analysis of the geomorphology, indicates
significant along-strike variation in the timing of late Cenozoic stream incision and two incision
events in the southern Sierra compared to one in the central and northern part of the range
(Wakabayashi, 2013. Late Cenozoic incision began much earlier in the southernmost part of the
range (ca. 20 Ma) than in the central to northern Sierra (ca. 4 Ma to < 3 Ma with a northwardyounging trend). The overview of rangewide large length and time scale geomorphology given
here is derived from the details in Wakabayashi (2013). The annotated photos presented in this
section are specific to this field trip, and the hypsometric analyses, stream profiles, and detailed
assessment of geochronologic-geomorphologic-tectonic relationships are from Kemp (2012).
The two incision events in the southern Sierra are reflected in the canyon profiles that show
two downward-steepening breaks in slope (“middle canyon” and “inner canyon”) inset into a
broader outer canyon that reflects relief generated prior to onset of late Cenozoic incision.
Paleorelief is considered to be pre-Eocene because of stratigraphic evidence showing negligible
amounts of Eocene-Miocene erosion. The major Sierran rivers from the San Joaquin River
southwards have canyon profiles with two breaks-in-slope; the San Joaquin and Kings River
canyons are particularly good examples (see Fig. 3-2a, b). In contrast, canyons from the Merced
River northward have one or no breaks in slope in their canyon walls. In general, this type of
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canyon profile has one break in slope at the rim of an “inner canyon” that is set into a broader
one; the latter represents the paleorelief. This paleorelief diminishes northward so that from the
Stanislaus River drainage northward the outer canyon is not visually obvious (i.e., does not
correspond to the walls of the current canyon) and canyons, such as the North Fork Feather River
canyon that we see from this viewpoint, do not have a break in slope on their walls (Fig. 3-2c).
The difference in inferred timing of incision inception between different drainages is within
the range of knickpoint migration times estimated for the Sierra by numerical modeling (Stock et
al., 2004; Pelletier, 2007). The rate of knickpoint migration can be constrained by comparison of
geomorphic-stratigraphic relationships from near the mouths of the canyons to upstream reaches
of the same canyons. At the downstream end (mouth of canyon), a maximum age for incision
initiation may be estimated by the age of volcanic rocks capping the interfluves; this is 2.8-3.0
Ma for the North Fork Feather River (WLA, 1996; Kemp, 2012; M. Clynne written comm. Cited
in Kemp, 2012). Further upstream, the oldest volcanic rocks inset into a canyon (2.1 Ma for the
North Fork Feather River; WLA, 1996) provide a minimum age for incision initiation, and the
incision initiation age can be estimated by extrapolation of a reasonable range of incision rates to
the canyon rim. In this manner, Wakabayashi (2013) estimated that a knickpoint migrated 100
km up the North Fork Feather River canyon in less than 300 ka. A similar, but more loosely
constrained, knickpoint migration rate estimate was obtained for the Stanislaus River drainage.
These knickpoint migration rate estimates are orders of magnitude faster than the numerical
modeling results noted above. The rapid knickpoint migration rates demonstrate that the
differences in timing of incision along the strike of the Sierra are real and not a consequence of
comparing parts of drainage basins at different stages of synchronous geomorphic development.
At this field trip stop, we are near the northern termination of the Sierra Nevada, viewed both
from a tectonic and a geomorphic standpoint. The Sierra Nevada-Cascade Range boundary
zone passes through this area (primarily east of the physiographic crest at this locality) marking
the northern border of the Sierran block. Late Cenozoic incision, as defined by incision into
basement beneath the base of Cenozoic deposits, decreases from ~1200 m at the North Fork
Feather River sweet spot to essentially zero at Mill and Deer Creeks (about 30 km NW of the
field trip stop) where these streams have only locally cut through the Pliocene volcanic rocks to
basement (Fig. 3-2a) (Wakabayashi, 2013). This northern end of the Sierran geomorphic
province approximately coincides with the southern edge of the subducted Gorda slab beneath,
so it coincides with the southern edge of the subducting plate margin, and effectively the
southern margin of the active Cascade volcanic arc, of which the southernmost active volcano is
Mount Lassen (Fig. 3-2a).
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Figure 3-2a. General topographic and tectonic features of the Sierra Nevada and environs, with the location of Stop
3-2 shown. Also shown are the location of Eocene/Oligocene paleochannels, late Cenozoic incision and
paleocanyon depth (paleorelief). Adapted from Wakabayashi (2013).
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Fig. 3-2b. Views of the San Joaquin River (A) and Kings River canyons showing the two breaks-in-slopes on the
canyon walls. These locations are significantly downstream of the sweet spots for each river.
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Figure 3-2c. Views from Stop 3-2. Showing various geomorphic, stratigraphic, and tectonic features.

Looking south and west from Stop 3-2, we see the skyline formed by the physiographic
Sierran crest (Fig. 3-2c) and (to the southwest) the point of deepest incision (sweet spot) of the
North Fork Feather River canyon where it cuts across the physiographic crest. We note that the
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canyon walls do not have the downward-steepening breaks in slope seen in southern Sierra
canyons (compare Fig. 3-2c photo A with Fig. 3-2b). We also note that late Cenozoic volcanic
rocks cap the highest ridges (Fig. 3-2c, Photos A and B) showing that paleorelief is minimal in
the northernmost part of the Sierra in contrast to the large amount of paleorelief seen in the south
(compare with Fig. 3-2b).
As noted above, stream incision began much later in the northernmost Sierra than in the
south. In addition, whereas incision in the Kings River slowed significantly since 1.4 Ma to 0.02
mm/yr compared to 0.27 mm/yr from 2.7 Ma to 1.4 Ma (Stock et al., 2004), incision of the North
Fork Feather River upstream of Caribou Junction (reach seen in Fig. 3-2c, Photo C) since 0.6 Ma
has taken place at a rate of about 0.12-0.16 mm/yr, depending on the specific reach of the stream
(Wakabayashi and Sawyer, 2001). The progressive Quaternary incision of the North Fork
Feather River canyon is recorded by inset basalt flows that make up terrace-like remnants within
the canyon. The two most extensive inset basalt units are the ca. 1 Ma Basalt of Rock Creek and
the ca. 0.6 Ma Basalt of Warner Valley (Fig. 3-2c, photo C) and the progressive incision is
illustrated by the fact that the older remnants are situated higher above the canyon floor. Gravels
are locally found at the base of the cliffs in better exposures, showing that the base of the flow
generally corresponds to the base of the cliff and that the base of the flow approximates the
paleocanyon bottom.
	
  

Figure 3-2d. Hypsometry of Sierra Nevada regions (note that the Feather River drainage was truncated at the
eastern margin of the Sierra Nevada Frontal Fault system to avoid influence from the adjacent Basin and Range
province; red outline in inset). From Kemp (2012).
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On the basis of hypsometric and other topographic analyses, the Feather River watershed is
the most geomorphically youthful watershed in the Sierra Nevada, which corroborates the
incision rates and inset canyons described above (Kemp, 2012; also Kemp and Wakabayashi,
2009b). Figure 3-2d presents hypsometric curves for various regions of the Sierra Nevada. The
broad curve for the Feather River watershed quantitatively depicts the landscape of the
watershed, which is characterized by expansive regions of high, plateau-like topography,
interrupted by deeply incised, steep canyons. This is the type of “inequilibrium landscape”
described by Strahler (1952), who developed the hypsometric analysis.
The large-scale topography between our viewpoint and the crest of the range reflects the
down-east component of fault movement along faults of the Sierra Nevada Cascade Range
boundary zone or what could be considered the northernmost extent of the Sierra Nevada Frontal
Fault system. This is best illustrated by the apparent down-east separation of the base of ca. 2.83.0 Ma andesite as shown in Fig. 3-2c Photo B. Note that the lack of significant paleolief in this
area shows that the down-east steps in the base of the andesite are unlikely to have resulted from
draping of volcanic deposits over steep east-sloping topography. Down-east separation of the
base of Miocene volcanic rocks are seen to the southeast along the same family of faults (Fig. 32c, Photo A).
Thus far, this discussion has focused on incision north of the North Fork Feather River,
however, the landscape south of the river provides key insights to evolution of the landscape.
The remnant of Mehrten Fm capping Spanish Peak (local Ar-Ar age of 8.1 Ma) records 1,400 m
of stream incision south of the North Fork Feather River, a somewhat greater amount than north
of the river (1,200 m), which is recorded by the Yana volcanics on Mt. Hope (Fig. 3-2c Photo B)
(Kemp, 2012). Furthermore, we observe a greater amount of basement relief at the time of
deposition of the Yana Fm as compared with the Mehrten Fm, suggesting that about 100 m of
incision was generated between about 9.8 and 2.9 Ma (mean ages from multiple exposures).
Basement relief above the Mehrten Fm is approximately 150 m, suggesting that prior to late
Cenozoic incision, the northernmost Sierra Nevada was characterized by a relatively low relief
landscape (paleorelief), hosting broad rivers that deposited the fabled auriferous gravels. Note
that new geochronologic data from late Cenozoic volcanic rocks and Tertiary gravels indicate
that the age of the gravels in the study area are much younger than found elsewhere in the range,
and are at least as young as 8.1 Ma (Kemp, 2012). Their period of deposition spans the Middle
Eocene through Late Miocene.
Following the very low incision rate that began after 9.8 Ma, a drastic increase in incision
rate began between 3.4 and 2.9 Ma and by 2.1 Ma had increased by nearly an order of magnitude
(Table 3-2a; Figure 3-2e). Rates increased by nearly another order of magnitude, peaking
between 1.1 and 0.6 Ma, and have decreased but persisted into the present (Wakabayashi and
Sawyer, 2001; Kemp, 2012).
The drastic increase in incision rate appears to have driven a decoupling of the
paleolandscape from the actively incising landscape. The observation of numerous hanging
knickpoints in tributary streams, clustering of knickpoints by drainage area, and the low relief
landscape upstream of hanging knickpoints all point to a decoupled landscape. This decoupling
is also reflected in the hypsometric curve of the watershed (Figure 3-2d), which corresponds to
plateau-like topography (decoupled paleolandscape, predating ~2.9 Ma) that is dissected by the
deeply incised river canyons (active landscape, postdating ~2.9 Ma) (Kemp, 2012).
As noted above, nearly all of the incision measurements for post-Yana Fm units come from
the canyon of the upper North Fork Feather River, which is densely faulted by the Sierra Nevada
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Frontal Fault system. While this relationship complicates understanding and comparison of
incision rates from fault-bounded block to block, and from within the fault zone to the Sierran
microplate, it serves to build a more robust story of surface uplift.
Stream profile analyses and incision data indicate that fault-bounded blocks within the fault
system have uplifted and incised similar to the Sierran microplate. Figure 3-2f depicts the
relationship of a stream flowing toward the footwall of a normal fault, analogous to the Feather
River setting. The predicted profile in Figure 3-2g (dotted black line), which is based on
accumulated drainage area, lies well above the Basin and Range reach, but very near the fault
zone and Sierra block reaches. The basins to the east record net subsidence (e.g., Figure 3-2f) of
up to 750 m. Within the Sierra Nevada Frontal Fault system, basins have been “erased” despite
facing numerous upstream facing scarps, grabens, and the primary range escarpment. The lack
of basins across this fault system, with ~900 m of total vertical separation, strongly suggests a
scenario similar to the lower diagram in Figure 3-2f and corroborates the predicted profile in
Figure 3-2g (Kemp, 2012; also Kemp and Wakabayashi, 2009a).
Finally, similar magnitudes of vertical separation of both 9.8 and 2.9 Ma rocks located on
either side of the Sierra Nevada Frontal fault system indicate that initiation of slip postdates 2.9
Ma, and lagged behind uplift. The 2.9 Ma-to-present vertical separation rate across the Sierra
Nevada Frontal Fault system is at least 0.3 mm/yr and up to about 0.40 mm/yr.
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Stop 3-2 North Fork Feather River, Yellow Creek

Table 3.2a. Temporal Variation of Incision Rates from Mean Ages of Incised Datums (within SNFFS)

Unit
Mehrten Fm

Mean
Height
Above
River
(m)

Mean
Age
(Ma)

±

528.75

9.78

0.46

2.94

0.07

2.08

0.07

1.06

0.04

9.78 to 2.94 Ma
Yana Fm

442.40

2.94 to 2.08 Ma
Dutch Hill2

357.00

2.08 to 1.06 Ma
Rock Ck

249.53

1.06 to 0.61 Ma
Warner Valley

108.19

0.61

Westwood

51.00

0.39

108.19

0.61

0.61 Ma to present
1
2
3
4

Minimum
Age of
Interval
(Ma)

Amount of
Incision in
Interval
(m)

7.37

6.31

86.35

0.01

0.00

0.04

16.3

1.00

0.72

85.40

0.10

0.02

0.29

16.2

1.13

0.91

107.47

0.11

0.01

0.30

20.3

0.62

0.28

141.34

0.37

0.14

1.05

26.7

0.39

0.05

57.19

0.65

0.50

1.84

10.8

0.43

0.35

51.00

0.13

0.01

0.37

9.7

0.74

0.48

108.19

0.19

0.04

0.53

20.5

±

0.04

0.39 Ma to present
Warner Valley

Percent of
Incision by
Interval

Maximum
Age of
Interval
(Ma)

0.13

0.61 to 0.39 Ma
3,4

Mean
Incision Rate
of Interval
(mm/yr)

Incision
Rate of
Interval as
35% of
Total
(mm/yr)

0.13

These rates are calculated from remnants within the SNFFS; therefore, exposures on differentially vertically displaced fault blocks have been averaged into the mean
heights above river.
Incision rates of Yana and Mehrten Fms. within the fault zone each equal about 35% of incision rate within the Sierran block; therefore, rates of basalt units, which are
constrained to exposures within the fault zone are considered 35% of a possible total.
Based on a single exposure.
The Basalt of Westwood at Ohio Creek lies above the North Fork; however, its relationship with the Basalt of Warner Valley is complicated by the Ohio and Skinner
Flat faults. Therefore, this rate may not represent an accurate estimate of temporal rate variation. The Basalt of Warner Valley represents the most robust and recent time
interval and is, therefore, presented in rows below.

Figure 3-2e. Incision vs. age comparing the North Fork Feather River and central and southern Sierra Nevada drainages.

Figure 3-2f. Stream incision processes when crossing a upstream-facing normal fault scarp

Figure 3-2g. Stream profile of Indian Creek > East Branch of the North Fork Feather River > North Fork Feather River

STOP 3-2—Southern Margin, Sierra Nevada-Cascade Range boundary zone; T,L,
Sawyer
From our vantage point we should be able to see on the south rim of the North Fork
Feather River (NFFR) canyon the range-front escarpment of the Spanish Peak fault, the
northernmost expression of the Sierra Nevada frontal fault system. The escarpment
exposes granitic rocks of the Mesozoic Bucks Lake pluton, one of the northernmost
plutons making up the Sierra Nevada batholith. Across the Spanish Peak fault
escarpment, widespread Pliocene andesite flow rocks have been vertically separated
down to the east and northeast (the age of these rock are discussed by John
Wakabayashi, this stop). The Spanish Peak fault continues southward where it appears
to join one of the northernmost fault of the Foothills fault system, the Little Grass Valley
fault zone. Paleoseismic trenching studies near Dogwood Peak (Page et al., 2007)
provide radiocarbon dates supporting latest Pleistocene to Holocene activity along this
structural trend. The northern section of the Spanish Peak fault curves westward,
around the margins of the pluton, to an orientation that is generally parallel to, and
apparently joins with, the southern margin of the Sierra Nevada-Cascade Range
boundary zone (SN-CRBZ) (see Figure 1 in discussion of Stop 2-2, this volume).
The general course of the NFFR canyon also can be seen from the vantage of Stop 3-2.
In this area the deep canyon has deflected about 3 km in a right-lateral sense
apparently along the southern margin of the SN-CRBZ. The deflection of the NFFR
canyon is comparable to that of five other drainages to the W-NW that are incised into
(and locally through) the Plio-Pleistocene Tuscan Formation. The consistent sense and
measured amounts of these deflections suggest they record 2-3 km of right slip along
the southern margin of the SN-CRBZ (see discussion and Figure 3 in Stop 2-2; this
volume).
Reference Cited
Page, W.D., Sawyer, T.L., and Hemphill-Haley, M. A., 2007, Late Cenozoic activity of the Little Grass
Valley fault zone: internal report prepared by PG&E Geosciences Department for PG&E
Hydrogenation Department, 34 p., 1 table, 4 trench logs.
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Appendix A
Surficial Geologic Map of Mohawk Valley
Joanna R. Redwine
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Draft Surficial Geologic Map of Mohawk Valley
J. Redwine
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DESCRIPTION OF MAP UNITS
Short Unit List
Alluvial Deposits
Qay alluvium, young (≥ 4 ka and < ~30 ka)
Fluvial deposits
aa
active alluvium (modern to latest Holocene)
Qfp modern flood prone area (modern to latest Holocene)
Qfty fluvial terrace, young (Holocene - ≤ 4 to 7 ka)
Alluvial Fan Deposits
Qfvy alluvial fan, very young (≤ 1000 yrs).
Qfy alluvial fan, young (<< ~30ka, probably Holocene, ~ 4 to 7 ka and younger)
Qfi
alluvial fan, intermediate (~30 ka to ~200 ka?)
Qfo alluvial fan, old (>> ~200 ka (> 740 ka ?)).
Glacial Deposits
Outwash
Qowy2 outwash, youngest (≤ ~30 ka)
Qowy1 outwash, young (>~30 ka and < ~200 ka)
Qowy outwash, young undifferentiated (< ~200 ka)
Qowi2 outwash, intermediate (younger) (≤ ~200 ka)
Qowi1 outwash, intermediate (older) (~ 610-480 ka)
Qowi outwash, intermediate undifferentiated (≤ 610-480 ka)
Qowo outwash, old (> 610-480 ka)
Qowvo outwash, very old (> 610-480 ka)
Qow
outwash, undifferentiated by age
Moraines/Till
Qmy2/Qty2 moraine/till, youngest (< ~30 ka)
Qmy1/Qty1 moraine/till, young (> ~30 ka to < ~200 ka)
Qmy/Qty
moraine/till, young, undifferentiated (< ~200 ka)
Qmi2/Qti2 moraine/till, intermediate-younger (≤ ~200 ka?)
Qmi1/Qti1 moraine/till, intermediate-older (> ~200 ka and ≤ 610-480 ka)
Qmi/Qti
moraine/till, intermediate, undifferentiated (≤ 610-480 ka)
Qmo/Qto moraine/till, old. (≥ 610-480 ka)
Qm/Qt
moraine/till, undifferentiated by age
Lacustrine Deposits
Qlp
lacustrine, pro-glacial (~200 ka to 610-480 ka or older)
Qld
lacustrine-deltaic ( > ~30 ka to 740 ka or older)
Qfd
fluvial-deltaic ( > ~30 ka to 740 ka or older)
Qfd/BR fluvial-deltaic ( > ~30 ka to 740 ka or older) / bedrock undifferentiated
Qdp2
delta plain, younger (> ~30 ka and ≤ ~200 ka)
Qdp1
delta plain, older (about ~200 ka or older)
Qdr2
delta rim features, younger (< ~30 ka)
Qdr1
delta rim features, older (> ~30 ka and < ~200 ka)
Qp
pediment (≤ ~200 ka)
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Landslide Deposits
Qls landslide, undifferentiated by age
Qlsa landslide, active
Qlsy landslide, young (historic?)
Qlsvo landslide, very old. (> 740 ka?)
Qfl/ls fluvially re-worked landslides (undifferentiated by age)
BEDROCK
Tc
conglomerate (Tertiary)
Tlb Lovejoy basalt (Tertiary)
BR Bedrock undifferentiated (older than Quaternary)
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