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INTRODUCTION

Dramatic changes over 35 years were captured by satellite images of the Colonia Glacier and Lago Cachet Dos, locations within the
Northern Patagonia Icefield of southern Chile (figs. 1 and 2). In an international collaboration, the U.S. Geological Survey (USGS)
monitored temporal changes at this location, which is one of the newest international sites in the USGS Global Fiducials Program (GFP).
The GFP provides systematic monitoring of areas of environmental interest with high-resolution images (http://gfp.usgs.gov/). With
satellite image analysis, it was possible to track glacial retreat, monitor land cover changes in response to glacial lake outburst floods
(GLOFjs), and identify trimlines (lacustrine and glacial), moraines, and other geomorphic features.

Starting in 2008, the Lago Cachet Dos drainage has been transformed by multiple glacial lake outburst floods (GLOFs) (Dussaillant
and others, 2010). GLOFs from Lago Cachet Dos are frequent—one to three have occurred every year—and 14 were recorded during
2008-13 (Direccion General de Aguas, 2015, unpub. data for Lago Cachet Dos, downloaded May 2, 2015, from http://dgasatel.mop.cl/).
The 15" GLOF occurred on February 1, 2014, just before the end of our study period. Each event lasted approximately 24 hours and
drained virtually all of the lake’s water (about 200 million cubic meters) beneath and through the Colonia Glacier. Downstream
settlements and agricultural land along the Rio Colonia and Rio Baker were flooded (Dussaillant and others, 2010). In addition, these
catastrophic events caused massive scour of valley-fill deposits and consequent upstream expansion of Lago Cachet Dos towards Lago
Cachet Uno (Friesen and others, 2015).

IMAGE ANALYSIS

Panchromatic and multispectral images are shown here for four dates: April 6, 1979; November 21, 2007; January 11, 2014; and
February 13, 2014. Each image was geometrically corrected using USGS digital elevation model (DEM) information to detect
quantitative, multi-temporal change and to improve mapping accuracy. Water cover extents were extracted using eCognition image
segmentation software (Trimble Navigation, Ltd., 2014). The resulting polygon products were analyzed using geographic information
systems (GIS) software (Esri, 2014) to determine changes in water surface area.

The panchromatic images from 1979 and 2007 are from Corona and DigitalGlobe’s WorldView-1 satellite data, respectively. These
two images were selected to show the overall change in land cover in the Cachet drainage during the 29-year period immediately prior to
the onset of GLOFs from Lago Cachet Dos in April 2008. The images illustrate temporal changes in the extent of the Colonia Glacier as
well as Lago Cachet Dos.

The image from January 11, 2014 is from the DigitalGlobe’s WorldView-2 satellite and is displayed as a natural-color image
composite of red (band 5), green (band 3), and blue (band 2). The February 13, 2014 image is panchromatic and is sourced from the
Global Fiducials Library. The library is an archive of images from the U.S. National Imagery Systems which represents a long-term
periodic record for selected scientifically important sites. These two images capture the Cachet drainage before and after a GLOF that
occurred on February 1, 2014. The images (as well as the November 21, 2007 image) were selected to show the overall change in land
cover during the 6-year period of recurring GLOFs.

AREAL EXTENT OF LAGO CACHET DOS

The results of image analyses highlight the many changes that have occurred in the Cachet drainage over the 35-year image record.
One of the most obvious changes is the variation in the extent of Lago Cachet Dos. With an area of 2.98 square kilometers (km?), the lake
was smallest at the time of the April 6, 1979 image, when the Colonia Glacier was at its maximum extent (for the 1979-2014 image
period) and extended into the mouth of the Cachet drainage. Between 1979 and 2007, during a period of regional glacial retreat within the
Northern Patagonia Icefield (Loriaux and Casassa, 2013), the glacier shrank in size allowing the lake to expand substantially. During the
same period, deposition of sediment at the northern end of the lake caused a slight decrease in the extent of the lake. Overall, by
November 21, 2007, the lake had increased to 3.87 km?.

As can be seen by comparing the November 21, 2007 image with the January 11, 2014 image, the size of the lake increased
substantially during this time interval punctuated by recurring GLOFs. On January 11, 2014 and after the first 14 GLOFs, the lake was
4.41 km?. This increase in the size of the lake and the extensive changes in the morphology of the valley floor were caused by erosion of
valley-fill deposits (photo 3), which are visible in their pre-GLOF configuration in the November 21, 2007 image but no longer exist in
the February 13, 2014 image. Although the upstream and downstream ends of Lago Cachet Dos changed during one or both of the time
periods bracketed by the images, the lateral margins and the full-pool water level of the lake remained unchanged during the 35-year
image period. These features most likely did not change because lake level was controlled by the elevation of the outlet stream channel
cut in bedrock (near the southeast corner of the lake) and not by the thickness of the Colonia Glacier.

DATING LAGO CACHET DOS

The lacustrine trimline (red lines), shown to the east and west of Lago Cachet Dos on the four satellite images, represents an
abandoned lake shore. The slopes below the trimline are nearly barren in the 1979 image while the 2007 and 2014 images show an
increasing amount of vegetation over time.

This change in lake level occurred sometime after the austral summer of 1944-45, when aerial photographs were taken and used by
Lliboutry (1998) to map the ice extent for the Northern Patagonia Icefield (fig. 1). That map shows Lago Cachet Dos extending from the
Colonia Glacier upstream to the Cachet Uno Glacier, which was where Lago Cachet Uno is now. The resulting decrease in lake level was
substantial—about 80 meters in elevation.

Using dendrochronological (photo 4A) and lichenometric (photo 4B) measurements, we determined that the water level in Lago
Cachet Dos dropped to its current full-pool level in about AD 1960 (table 1). Dendrochronological measurements require collecting cores
from live trees and counting the number of annual rings in the cores to determine how long each tree has been alive. The number of tree
rings in the core plus an estimate of the time needed for trees to colonize in this area (29 years, according to Harrison and Winchester,
2000) provided an approximate surface exposure age, or date, of when the area near the trees was no longer submerged. Tree-ring cores
collected from 13 live trees located below the lacustrine trimline and above the current full-pool lake level provided surface exposure ages
for the area below the lacustrine trimline between AD 1945 and AD 1964, with a mean of AD 1955 (table 1).

Table 1. Surface exposure dates for live trees and lichens sampled
on the east side of Lago Cachet Dos in October 2011. The age of
individual trees and the mean age of the three largest lichens at
each site are reported.

[Dash indicates no data]

Sample Latitude Longitude Altitude  Surface exposure date:

number °S) (°W) (m) Tree Lichen
Sites below lacustrine trimline
1 47.12101 73.28293 497 1945 -
2 47.14917 73.25912 421 1957 -
3 47.14896 73.25845 463 1948 -
4 47.14861 73.25761 492 1950 -
6 47.17070 73.25750 432 1964 1965
7 47.17048 73.25708 453 1963 1957
8 47.17049 73.25687 459 1957 -
10 47.17785 73.25525 440 1955 1960
11 47.17679 73.25439 478 1948 1963
13 47.18653 73.25117 452 1959 1958
14 47.18657 73.24949 479 1953 -
16 47.19241 73.24306 486 1947 -
17 47.19448 73.24134 479 1964 -
Sites above lacustrine trimline

5 47.14851 73.25735 493 1905 -
9 47.17092 73.25612 507 1902 -
12 47.17630 73.25414 507 1864 -
15 47.18772 73.24834 502 1921 1915

Lichen age can be determined because a common lichen species, Placopsis perrugosa, grows at 4.7 mm/year in this area (Harrison
and Winchester, 2000). Surface exposure ages based on the mean of the three largest lichens at five different live tree sites ranged from
AD 1957 to AD 1965, with a mean of AD 1961 (table 1).

The lacustrine trimline in the southern part of the Cachet drainage connects with another trimline on the northeast side of the Colonia
drainage (photo 2) that marks the maximum height and extent of the Colonia Glacier in about 1880 during the peak of the Little Ice Age
(Harrison and Winchester, 2000). Similarly, at the northern end of the Cachet Valley, the lacustrine trimline (photo 3) connects with a
glacial trimline formed by the Cachet Glacier, which extended downstream during the Little Ice Age to form the moraine that dams Lago
Cachet Uno.
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Figure 1. Northern Patagonian Icefield (green) based on aerial photographs taken during austral summer 1944-45. The thick
lines are ridgelines. Modified from Lliboutry (1998), his fig. 27.

DigitalGlobe and the DigitalGlobe logos are trademarks of DigitalGlobe, Inc. The
use and/or dissemination of these data and/or and product in anyway derived
therefrom are restricted. Unauthorized use and/or dissemination is prohibited.

Any use of trade, firm, or product names is for descriptive purposes only and
does not imply endorsement by the U.S. Government.

Although this information product, for the most part, is in the public domain, it
also contains copyrighted materials as noted in the text. Permission to
reproduce copyrighted items must be secured from the copyright owner.

1979

April 6, 1979, Corona Image

73°17'00'W 73°16'00'W 73°15'00"'W 73°14'00'W

Lago
Cachet -

47°07'00"S

n

Little Tce Age
moraine «
=

47°08'00"S

47°09'00"S

47°10'00"S

47°11'00"S

47°12'00"S

Colonia
Glacier

[P A £d 4 |
73°17°00'W 73°16'00°W 73°15'00'W 73°14°00'W

EXPLANATION
e 1979 Glacial Extent

e 7007 Glacial Extent

EllaeTe Vi D 2014 Lago Cachet Dos Boundary (pre-GLOF)

e | acustrineTrimline

73°30'00'W 73°15'00'W

471000 8 Colonia

Glacier

4702000 — B

Lago
Cachet

moraine

73°17'00'W

Little Ice Age

2007

November 21, 2007, WorldView-1 Image

73°16'00"'W 73°15'00'W 73°14'00'W

2014

January 11, 2014, WorldView-2 Image

73°17'00'W 73°16'00'W 73°15'00"'W

~ * Lago
- Cachet

Colonia |
Glacier

2007 DigitalGlobe
NextView License

73°17'00"'W

73°00'00"W

Rio Colonia

10 KILOMETERS
1

o To

1
5 10 MILES

Rio Baker

I %
73°16'00"W 73°15'00"W 73°14'00'W

Lago'_
Cachet

Little Ice Age "§!
moraine :

5 -
Lago®
Cachet

©.2014 DigitalGlobe:
NextView License

A
73°17'00'W 73°16'00'W 73°15'00"'W

SCALE 1:24 000

1 KILOMETER

1

MILE

Hoe Ho

TRUE NORTH
G
ETIC Nogry

APPROXIMATE MEAN
DECLINATION, 2014
WORLD

72°45'00'W

Glacial
Trimline

Photo 2. Photo looking towards the southwest into the Arco Valley (center left) and toward the Colonia
Glacier (center right). The Little Ice Age glacial trimline is visible as a gray gap in vegetation above the
retreating glacier. The Colonia Glacier terminates in the middle ground and meltwater flows southeast (lower

Figure 2. This Landsat 5 Thematic Mapper (TM) image from Feb. 11, 2011, shows the larger size of Lago Cachet Dos after a
series of glacial lake outburst floods (GLOFs) began occurring in 2008. Ice and snow appear pale blue, open water is dark blue,
rocky surfaces are gray, and vegetation is green. GLOFs from Lago Cachet Dos discharge to the Rio Colonia and then the Rio
Baker—Chile’s largest river in terms of volume of water (Escobar and others, 1992).

Photo 1. Oblique aerial photograph of the Colonia Glacier looking west. The southern edge of
Lago Cachet Dos is visible on the right edge of the photograph. Photo courtesy of Guy Wenborne
and taken in Apr. 2008.

left corner). Photo taken by Daniel J. McGrath on Nov. 2, 2011.
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Photo 3. Photo looking approximately north along the Lago Cachet Dos drainage. The area of revegetation
below the lacustrine trimline (the previous full-pool level) and above the current full-pool lake shore is visible
and represents growth since about 1955-61. Photo taken by David A. Nimick in Feb. 2012, about 2}2 weeks
after a glacial lake outburst flood on Jan. 26, 2012, emptied the lake.

Change—Lago Cachet Dos Drainage, Chile
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measuring the diameter of the largest lichens

(Placopsis perrugosa) growing on rocks that were

submerged when Lago Cachet Dos was at its
higher elevation. Photo taken by Daniel J.
McGrath on Oct. 29, 2011.
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Photo 4B. Lichenometric measurements involve
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February 13, 2014, Global Fiducials Program (GFP) Image
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Photo 4A4. In this photograph, a tree corer is being inserted
into a tree. The number of tree rings in the core plus an
estimate of the time needed for the tree to colonize provides
an approximate age for the tree. Ages for trees located
downslope from the lacustrine trimline provide an approxi-
mate date of when the area near the tree was no longer
submerged. Ages for trees located upslope from the lacustrine
trimline (as shown in the photograph) document that the area
above the trimline was not submerged. Photo taken by Daniel
J. McGrath on Oct. 29, 2011.
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