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Human impacts on earth surface processes and materials are fundamental to understanding the proposed
Anthropocene epoch. This study examines the magnitude, distribution, and long-term context of nineteenth-
and twentieth-century mining in the Fourmile Creek catchment, Colorado, coupling airborne LiDAR topo-
graphic analysis with historical documents and field studies of river banks exposed by 2013 flooding. Mining
impacts represent the dominant Anthropocene landscape change for this basin. Mining activity, particularly
placer operations, controls floodplain stratigraphy and waste rock piles related to mining cover >5% of hill-
slopes in the catchment. Total rates of surface disturbance on slopes from mining activities (prospecting, min-
ing, and road building) exceed pre-nineteenth-century rates by at least fifty times. Recent flooding and the
overprint of human impacts obscure the record of Holocene floodplain evolution. Stratigraphic relations indi-
cate that the Fourmile valley floor was as much as two meters higher in the past 2,000 years and that placer
reworking, lateral erosion, or minor downcutting dominated from the late Holocene to present. Concentrations
of As and Au in the fine fraction of hillslope soil, mining-related deposits, and fluvial deposits serve as a geo-
chemical marker of mining activity in the catchment; reducing As and Au values in floodplain sediment will
take hundreds of years to millennia. Overall, the Fourmile Creek catchment provides a valuable example of
Anthropocene landscape change for mountainous regions of the Western United States, where hillslope and
floodplain markers of human activity vary, high rates of geomorphic processes affect mixing and preservation of
marker deposits, and long-term impact varies by landscape location. Key Words: Anthropocene, human impacts,
landscape change, LiDAR, mining.

人类对于地表过程和物质的冲击, 对于理解提出的人类世时期而言相当关键。本研究检视十九与二十

世纪在科罗拉多州的四里溪流域採矿的程度、分布与长期脉络, 并将空中 LiDAR 製图分析与历史文件

以及 2013 年洪泛所暴露的河岸之田野调查进行配对。採矿的冲击, 呈现出人类世在此一流域中的支配

性地景变迁。採矿活动, 特别是砂矿床的作业, 控制了洪泛平原的地层, 而与採矿相关的废弃沙石堆, 则
覆盖了流域中百分之五以上的山坡地。源自採矿活动 (探测、採矿以及建筑) 的山坡表面扰动之总比

率, 至少超过十九世纪之前五倍。晚近的洪泛与人类冲击的套印, 使得全新世的洪泛平原演化纪录黯然

失色。地层关系显示, 四里溪谷底在过去两千年中竟增高达两公尺, 而砂矿床的重整、侧蚀或微小下切

侵蚀, 自全新世晚期主宰至今。砷与金集中于山坡土壤、採矿相关沉积与河流沉积的细粒部分, 作为该

流域採矿活动的地理化学标记; 降低洪泛平原沉积物中的砷与金价, 将需耗费数百年至上千年。总体而

言, 四里溪流域提供了美国西部山区的人类世地景变迁之宝贵案例, 其中坡地与洪泛平原的人类活动印

记不尽相同, 高比率的地形形成过程影响了标记物沉淀的混合与保存, 而长期的影响则随着不同的地景

区位而有所不同。 关键词： 人类世,人类冲击,地景变迁, LiDAR, 採矿。

Los impactos humanos sobre los procesos y materiales superficiales de la tierra son fundamentales para
entender la �epoca antropoc�enica propuesta. Este estudio examina la magnitud, distribuci�on y contexto a
largo plazo de la miner�ıa de los siglos XIX y XX en la cuenca del Fourmile Creek, Colorado, acoplando
el an�alisis topogr�afico a�ereo LiDAR con documentos hist�oricos y estudios de campo de las bancas del
r�ıo que la inundaci�on de 2013 dej�o expuestas. Los impactos de la miner�ıa representan el paisaje de cam-
bio dominante en esta cuenca durante el Antropoceno. La actividad minera, en particular las operaciones
tipo miner�ıa de placer, controla la estratigraf�ıa de la planicie inundable y los amontonamientos roca
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residual que cubren >5% de las laderas de la cuenca. Las tasas totales de perturbaci�on superficial en las
laderas debidas a la actividad minera (prospecci�on, miner�ıa y construcci�on de v�ıas) exceden las tasas
anteriores al siglo XIX en por lo menos cincuenta veces. Las recientes inundaciones y la sobrecarga de
impactos humanos oscurecen el registro de la evoluci�on de la planicie de inundaci�on en el Holoceno.
Las relaciones estratigr�aficas indican que el fondo del valle del Fourmile era por lo menos dos metros m�as
alto en los pasados 2.000 a~nos y que el trabajo de miner�ıa de placer, la erosi�on lateral, o la menor erosi�on
de profundidad, dominaron desde el final del Holoceno hasta el presente. Las concentraciones de As y
Au en la fracci�on fina del suelo de las laderas, los dep�ositos relacionados con miner�ıa y los dep�ositos flu-
viales sirven como un marcador geoqu�ımico de la actividad minera en la cuenca; reducir los valores de
As y Au en los sedimentos de la planicie de inundaci�on puede tomar desde cientos de a~nos hasta mile-
nios. En general, la cuenca del riachuelo Fourmile provee un valioso ejemplo del cambio del paisaje en
el Antropoceno para las regiones monta~nosas del oeste de los Estados Unidos, donde los marcadores de
actividad humana en ladera y planicie de inundaci�on var�ıan, las altas tasas de los procesos geom�orficos
afectan la mezcla y preservaci�on de los dep�ositos de marcaci�on y el impacto a largo plazo var�ıa seg�un la
localizaci�on del paisaje. Palabras clave: Antropoceno, impactos humanos, cambio del paisaje, LiDAR, miner�ıa.

H
umans are efficient and potent geomorphic
agents capable of affecting earth surface pro-
cesses, redistributing large volumes of earth sur-

face materials that linger in watersheds and modifying
and creating landforms (Hooke 1994, 2000; Merritts
2011; Hooke, Mart�ın-Duque, and Pedraza 2012; Tarolli
and Sofia 2016). Quantifying human impacts in a land-
scape is necessary for differentiating human-induced
change from background geological processes (Certini
and Scalenghe 2011; Perroy et al. 2012; Erlandson
2014; Fraser, Leach, and Fairhead 2014; Ma et al. 2014;
Waters et al. 2014; Edwards 2015; Streeter et al.
2015). Detailed studies of changes in earth materials
and rates of surface processes are fundamental to defin-
ing the proposed Anthropocene epoch, which postu-
lates that landscapes and the environment have been
measurably affected by humans (Crutzen and Stoermer
1999; Steffen, Crutzen, and McNeill 2007; Chin et al.
2013; Edwards 2015; Finney and Edwards 2016; Waters
et al. 2016). As a geologic time period of global signifi-
cance, the onset of the Anthropocene is debated, with
competing definitions ranging from early (beginning
8,000–5,000 years BP in association with early agricul-
ture and measurable greenhouse gas increases), middle
(beginning »200–150 years BP in association with the
industrial revolution), and the great acceleration (begin-
ning »1950 in association with nuclear testing and
widespread plastics; Ruddiman 2003, 2013; Edgeworth
et al. 2015; Zalasiewicz et al. 2015; Zalasiewicz et al.
2016). Regardless of which time frame is discussed glob-
ally, stratigraphic markers of human processes vary
regionally due to a variety of factors, including the tim-
ing, magnitude, and type of anthropogenic activity and
background rates of geomorphic processes, which deter-
mine the transport and preservation potential of

sedimentary deposits associated with human activity.
Detailed studies in local settings are particularly crucial
where contaminants are involved (e.g., from mining
and other industrial activities), posing potential threats
to the health of forest and human ecosystems.

Humans began to inhabit the Colorado region more
than 13,000 years ago, similar to other regions in North
America, and were responsible for a range of measurable
ecological changes throughout the Holocene (Wohl
2001). Westward expansion of settlers, traders, and trap-
pers in the 1800s drove dramatic human-induced geo-
morphic and ecological change in the region. The
discovery of gold in Colorado in the 1850s accelerated
population growth and initiatedwidespreadmining activ-
ity throughout the Colorado mineral belt, which extends
from the southwestern corner of the state near Durango
to Boulder County, northwest of Denver (Tweto and
Sims 1963). During the high-intensity mining era (1859–
1942), landscape disturbance in Boulder County, includ-
ing the Fourmile Creek catchment, took various forms,
including (1) prospecting, mining, and milling that
deposited crushed subsurface rock as unconsolidated
material on the surface; (2) placer mining that excavated
and washed channel, floodplain, and toeslope deposits
from depths as much as 4 m below the surface; (3) rail-
road, road, and trail building that excavated linear plat-
forms in mainly steep terrain, digging into and locally
covering native materials over a depth range of 2 to 4 m;
and (4) logging for fuel, charcoal, structures, and mine
timbers (Veblen and Donnegan 2005). In other moun-
tain valleys in the Western United States, the amount of
sediment displaced by vein and placer mining and by the
milling of gold ore exceeds long-termHolocene sediment
production by several orders of magnitude (James 1989;
Vincent and Elliott 2007).
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At present, flooding and channel change are long-
term concerns in mountain communities where the
legacy of nineteenth- and twentieth-century mining
activity and recent land-use alteration interact with
short- and long-term effects of climate change and
water-use policy (see Madole 2012). Wildfire, flooding,
sediment transport, and local debris flows threaten
structures built on mining claims patented in the nine-
teenth century and in areas subdivided and developed
since the mining era, as well as downstream areas.
Locally, mining legacy sediment impairs downstream
water quality (Murphy et al. 2015).

This article couples LiDAR topography analysis with
historical documents and field studies to investigate the
legacy of mid-nineteenth- to twentieth-century mining
and stratigraphy exposed by severe flooding in 2013 in
the Fourmile Creek catchment, Colorado Front Range.
We address the following specific questions:

1. What are the magnitude, type, and spatial distri-
bution of mining impacts along lower Fourmile
Creek?

2. What is the relationship between mining impacts
and the Holocene geologic history of the canyon,
which also was exposed by the flooding?

3. How does the long-term legacy of mining sedi-
ment vary on hillslopes compared to adjacent
river valleys?

4. What are the implications of mining impacts for
Anthropocene studies?

Human impacts, topographic changes, and potential
threats studied here are characteristic of mountainous
mined regions of the Western United States and high-
light the impact of mining on longer term hillslope and
channel change. Mining-affected areas have been studied
previously (Lewin, Davies, and Wolfenden 1977; Knox
1987; James 1989; Knighton 1989; Lecce and Pavlowsky
2001; Marcus, Meyer, and Nimmo 2001; Coulthard and
Macklin 2003; Lecce et al. 2008; Singer, Aalto, and
James 2008), but the introduction of high-resolution
LiDAR analysis permits expanded and specific quantifica-
tion of mining impact on hillslopes and channels. Over-
all, this article adds to the sparse record of Holocene
hillslope change and channel evolution in the Colorado
Front Range. We examine the geomorphic overprint of
human impacts (Brown et al. 2013) between 1859 and
1942, particularly mining and road building, which repre-
sent the dominant Anthropocene landscape changes for
the lower Fourmile Creek catchment, associated with
both erosion and obscuring of the record of Holocene
floodplain evolution.

Setting

The study catchment is cut into the rolling upland
of the Front Range west of Boulder, Colorado, and is
drained by Fourmile Creek, which originates in a sub-
alpine headwater area and includes numerous small,
steep tributaries (Figure 1). The Fourmile Creek
catchment has an area of 63 km2 upstream of the U.S.

Figure 1. Map of the lower Fourmile Creek catchment (50.3 km2) showing location of selected stratigraphic sections (CR, MP, WM,
WMD, T, DBB, PS1) and place names described in the text: GG D Gordon Gulch; BG D Betasso Gulch; S D Sunset; TG D Todd Gulch;
CR D Copper Rock; MP D Metals Production mill; WM D Wood Mine; WMD D Wood Mountain mill; T D Tailings at Salina Junction;
DBB D Downstream Bee Bee; PS1 D Poorman; W D Wallstreet; GH D Gold Hill; SJ D Salina Junction; P D Poorman; O D Orodell. The
dashed line outlines the lower Fourmile catchment; solid lines delineate Gordon Gulch and Betasso Gulch catchments. Rectangles delineate
the extent of Figures 3A and 3B. Inset map shows location of Rocky Mountain National Park. (Color figure available online.)
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Geological Survey stream-gauging station Fourmile
Creek at Orodell, Colorado (06727500), which is
located 0.4 km upstream of its confluence with Boul-
der Creek. The catchment has an average slope >20�

and an elevation range from 1,600 to 2,900 m (Gra-
ham et al. 2012). In early September 2010, the Four-
mile Canyon fire burned 2,600 hectares (23 percent of
the Fourmile catchment) and destroyed more than
160 homes. Burn severity ranged from low to severe
(trees charred; soil organic matter burned) in mainly
forested terrain (Murphy, Writer, and McCleskey
2012). The wildfire reexposed mining-disturbed areas
on slopes that had been revegetating for seventy years
or more and decreased the threshold of rainfall inten-
sity required for flooding and sediment mobilization
from hillslopes (Murphy et al. 2015). Widespread
flooding and local debris flows in September 2013
extensively reworked channel and floodplain areas
(Coe et al. 2014; Moody 2016), exposing mining leg-
acy and Holocene sediment along the valley floor.

To help understand the alluvial record in areas less
affected by mining activity and recent fires and to test
the influence of catchment scale, we also collected
data from two adjacent drainages (Figure 1): Betasso
Gulch (0.45 km2) and Gordon Gulch (3.5 km2). The
geomorphology of both catchments has been analyzed
in detail as part of the Boulder Creek Critical Zone
Observatory research (e.g., Foster et al. 2015).

Climate, Hydrology, and Holocene Channel Change

Present mean annual precipitation in the Fourmile
area is »530 mm, including a significant fraction that
falls as snow in winter months (Murphy et al. 2003).
Summer rainfall occurs mainly in July and August, asso-
ciated with convective storms that might produce
intense downpours (Ebel, Moody, and Martin 2012)
and higher peak discharges than the annual snowmelt
flood. Surface runoff from convective storms mobilized
large amounts of sediment from burned Fourmile slopes
in July 2011 and July 2012 (Murphy et al. 2015) and
limited amounts in July 2013, but an extended period of
moderate to heavy precipitation produced catastrophic
flooding along lower Fourmile Creek in September
2013. Discharge at the Orodell gage peaked at »70 m3

s¡1 (Kimbrough and Holmes 2015) and exceeded bank-
full for »120 hours; the high flows exported »60,000 to
193,000 m3 of sediment from the catchment (Wicher-
ski, Dethier, and Ouimet 2017). Anecdotal accounts
and historical images show that extensive areas along
Fourmile Creek flooded in 1894 and circa 1919; the

flood of 1894 is thought to be the largest event since set-
tlers arrived in the Colorado Front Range in the 1850s.

Climate and hydrology are not well documented
before the twentieth century. Palynology and fire history
studies in the Colorado Front Range and adjacent ranges
provide an outline of climate change in those areas dur-
ing the Holocene and suggest general aspects of changes
in temperature and precipitation. Timberline rose rap-
idly in the early Holocene to elevations above present
values, likely peaking before 6,000 years BP, implying
warmer and drier conditions (Benedict et al. 2008;
Madole 2012). Timberline lowered around 4,500 years
BP duringNeoglaciation (Benedict et al. 2008), suggest-
ing conditions that were slightly cooler and more moist
than at present. Vegetation (Sherriff et al. 2014), slope
stability, and stream flow likely responded to these
changes in effective precipitation and snowpack, but
peak flows and sediment transport also might reflect
monsoonal moisture, convective storms during the sum-
mermonths, or strong El Ni~no years.

The stratigraphic record of late Quaternary channel
change in the Colorado Front Range is sparse and incon-
sistent, suggesting that late Pleistocene glacial deposits
and Holocene climate, as well as catchment elevation
and size, could influence the record of hillslope sediment
delivery and channel transport. The Fourmile Creek
catchment was not glaciated in latest Pleistocene time.
Madole (2012) interpreted a postglacial alluvial record
(Figure 2) from the Roaring River (a high-elevation
headwater catchment in Rocky Mountain National
Park) in terms of fluctuating climate emphasizing the
texture of alluvial deposits as a proxy for snowmelt inten-
sity and duration. Madole hypothesized that the absence
of early-middle Holocene alluvium implies low sediment
supply under conditions of relative warmth and a high
snow line, a paleoclimate interpretation consistent with
other regional studies (Muhs and Benedict 2006; Bene-
dict et al. 2008). Along the Roaring River, deposition of
coarse alluvium occurred mainly after about 5,000 years
BP, driven by periods of increased snowmelt but punctu-
ated by extended warmer, drier periods. Schildgen et al.
(2002) showed that Middle Boulder Creek, an area of
glaciofluvial aggradation during late Pleistocene time,
cut down through 5 to 10 m of those deposits and locally
into bedrock after about 10,000 years BP and fluctuated
near its current level in late Holocene time. Down-
stream along major Front Range drainages, long-term
stratigraphic records suggest that deep incision into
High Plains sedimentary fill occurred only during the
warmest part of extended interglacials, when sediment
supply was low (Duhnforth et al. 2012).
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Geology and Mining History

Fourmile Creek and adjacent catchments are devel-
oped primarily in felsic gneisses and schists (»1.8 Ga),
intruded in the lower basin by Boulder Creek Granodi-
orite (»1.7 Ga) and Longs Peak Granite (»1.4 Ga;
Cole and Braddock 2009). Porphyritic dikes (60–
30 Ma) of varying composition cut the older rocks.
Mineralization, mainly gold tellurides and local pyrite,
galena, and sphalerite, occurs with quartz veins 0.1 to
5 m wide in northeast-trending fractures and within
northwest-trending silicified zones known as reefs.

The mining history of the Gold Hill and Sugarloaf
Districts, which include most of the Fourmile Creek
catchment, is typical of gold rushes in the Western
United States and across the globe; sediment from
gold rush activities provides a convenient local marker

for the beginning of the widespread redistribution and
concentration of earth materials by human activity.
Gold was discovered near Gold Hill in 1859 and as
many as 5,000 prospectors dug small surface mines on
the principal veins and established placer operations
along Fourmile Creek and its main tributary, Gold
Run (Twitty 2007). Free gold from oxidized, near-sur-
face regolith was soon exhausted, but the recognition
of gold telluride minerals and, eventually, the ability
to extract gold from pyritic and telluride ores led to
extensive underground mining and episodic placer
mining in the next eighty years (Lovering and God-
dard 1950). Silver, lead, and zinc were significant to
minor by-products at a few mines. A narrow-gauge
railroad, built for the mining industry along Fourmile
Creek and completed in 1883, supplemented an exten-
sive network of roads and paths that connected mines,
mills, and small towns. The flood of 1894 washed out
extensive areas of the railroad, which was rebuilt in
1898, only to be washed out again in 1919 (Twitty
2007). Individual mining and milling operations gen-
erally were short-lived, controlled by the limited
extent of most veins, the difficulty of extracting gold
from the ore, logistical challenges, and external eco-
nomic factors that controlled gold and silver prices.
Overall, patented lode claims were established on
much of the upland area and more than 70 percent of
the Fourmile Creek floodplain above Salina Junction
was covered by patented placer claims and mill sites;
many of these claims became building sites as the pop-
ulation of Boulder Country grew (Twitty 2007). Gold
mining peaked in 1892; vein and placer production
was limited from World War I until 1934, when fed-
eral policy increased the price of gold and many mines
operated again until 1942, when World War II rules
shut most of them permanently (Murphy 2006). Min-
ing history in Fourmile Canyon was typical of mineral-
ized areas at the northern end of the Colorado mineral
belt, where moderate production between 1865 and
1965 came mostly from underground mining of Au-
bearing and base metal veins and lodes of limited ver-
tical and lateral extent (Koschmann and Bergendahl
1968). Gold production from placer operations was
relatively minor but produced extensive channel dis-
ruption (Lovering and Goddard 1950).

Methods

We coupled LiDAR analysis of surface disturbance
(e.g., James et al. 2012) and historical photos of min-
ing activity with field studies of stratigraphic exposures

Figure 2. Late Pleistocene and Holocene alluvial record from the
unglacierized Roaring River catchment, located in Rocky Moun-
tain National Park (RMNP), some 30 km northwest of the lower
Fourmile catchment (see Figure 1). Deposits are interpreted as
reflecting periods of stronger or weaker snowmelt runoff (modified
from Madole 2012, figure 5).

Anthropocene Landscape Change and Mining in the Fourmile Catchment 5



and sediment transport (Wicherski, Dethier, and Oui-
met 2017). Widespread bank erosion during the Sep-
tember 2013 flood along Fourmile Creek and some
tributaries locally exposed Holocene and mining leg-
acy deposits; extensive channel and floodplain rework-
ing during the flood provides a good model for the
geomorphic effects of infrequent events. Studies of lat-
est Pleistocene and Holocene deposits in adjacent
headwater catchments (from Betasso and Gordon
gulches and summarized in Leopold et al. 2011; Shea
et al. 2013; Foster et al. 2015) provide context for
results from Fourmile Creek.

LiDAR Analyses and Related Field Measurements of
Mining Legacy Sediment

This study took advantage of digital elevation mod-
els (DEMs) derived from two airborne LiDAR mis-
sions, one flown in August 2010 immediately before
the Fourmile Canyon Fire with »10 points m¡2 (S. P.
Anderson, Qinghua, and Parrish 2012) and the other
flown in November 2013 after the September 2013
flooding, with 2 to 5 points m¡2 (S. W. Anderson,
Anderson, and Anderson 2015). In a 50.3-km2 area of
the 63.3-km2 Fourmile catchment (we excluded the
upper reaches because they were not included in all of
the LiDAR coverage; we refer to the 50.3 km2 area as
the lower Fourmile Creek catchment) we used the 1-
and 2-m DEMs as a base to manually digitize topogra-
phy disturbed by historical prospecting and mine-
related activity. We used a screen view of 1:1,500 as a
digitizing window. Prospect pits smaller than »2 m in
diameter and historical placer operations could not be
resolved consistently on the LiDAR DEMs, but we
mapped roads and trails as narrow as 1.5 m in most
areas. We also digitized the location of the railroad
grade where it could be distinguished from roads that
locally follow the alignment of the grade. Along Four-
mile Creek, we measured raster difference between the
2010 and 2013 DEMs to compute erosion and deposi-
tion changes in the floodplain area.

We did not conduct a systematic field study of mining
legacy deposits in the lower Fourmile catchment, but we
measured deposit areas and estimated thicknesses locally
using field surveys as we mapped exposures and sampled
deposits. Measurements allow us to estimate the impact
of vein mining-related activities on hillslopes, a subject
mainly neglected in previous work. LiDAR elevations
were used to measure the maximum thickness of sixty-
one mine waste deposits at adits and shafts in the heavily
mined Gold Run and adjacent catchments and we field

checked fourteen of those sites as we sampled their geo-
chemistry. In the adjacent Gordon Gulch catchment,
we surveyed prospect pit volumes at fifty-one sites. On
hillslopes near Wood Mine and Wall Street, we used
the LiDAR DEMs to measure diameters and rim-to-pit
depths and an assumption of 30� pit slopes to calculate
volumes at »115 sites, in areas where we also mapped
and sampled soil catenas. We estimated the thickness of
railroad and mine road fills based on the volume of
material removed for the mean tread width and an aver-
age value of 30� for basin hillslopes.

Historical Photos and Records of Mining Activity

High-resolution historical images in the collection
of the Carnegie Branch Library for Local History
(http://nell.boulderlibrary.org/) in Boulder, Colorado,
portray placer, mining, and milling activity and chan-
nels in the Fourmile catchment and adjacent areas.
We downloaded property boundary maps (http://www.
bouldercounty.org/gov/data/pages/gisdldata.aspx) for
the area between Orodell and Sunset (Figure 1),
sorted the records for parcels that included patented
placer claims, and plotted them on our geographic
information system base. Finally, we searched pub-
lished research for historical mine, mill, and placer
locations; records of crude ore and waste production;
and formal and anecdotal accounts of mining and
milling activities in the region (Cobb 1999; Twitty
2007; Anstey and Thomas 2013). Estimating crude
ore and waste rock production from historical figures
was challenging; individual mines did not keep long-
term records, but values can be approximated
from data in Henderson (1926) and in Lovering and
Goddard (1950).

Stratigraphic Studies in the Fourmile Creek
Catchment and Adjacent Areas

After examining sites of bank and toeslope erosion
along an »18-km reach of Fourmile Creek in October
2013 and June 2014, we surveyed and sampled in
detail those sites that best exposed stratigraphic
relations in the floodplain, on adjacent hillslopes
(Figure 1), and in the numerous prospect pits that
punctuate the landscape. Along Fourmile Creek, most
channel and floodplain exposures are <2 m thick.
Charcoal fragments at two Fourmile sites (Wood Mine
and Downstream Bee Bee; sites WM and DBB in
Figure 1) were submitted to the AMS laboratory at
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Woods Hole Oceanographic Institute for 14C dating.
14C calendar ages were calibrated to years BP using
the Fairbanks0107 calibration curve (Fairbanks et al.
2005). In two areas (Copper Rock and Wood Mine),
we used shallow geophysical techniques to study
subsurface stratigraphy and the depth to bedrock. In
Betasso and Gordon gulches, deeper cuts mapped by
Leopold et al. (2011) and Shea et al. (2013) expose
alluvial and colluvial deposits of latest Pleistocene and
early Holocene age in an area of limited mining-
related sediment.

Elemental Analyses of Floodplain Sediment

From 2011 to 2014, we sampled hillslope, mine and
mill-waste deposits, and tributary and floodplain depos-
its in the Fourmile Creek catchment from Sunset to
near Orodell (Figure 1); we include three samples of
suspended sediment collected during postwildfire flood
events in 2011 and 2012, as described in Murphy et al.
(2015). After oven-drying at 80�C for twenty-four
hours, we separated samples using a 150-mm sieve and
submitted »20 g of the <150-mm fraction to Acme
Analytical Laboratories in Vancouver, British Colum-
bia (now Bureau Veritas Minerals; see vmininfo@ca.
bureauveritas.com), for complete elemental analysis by
inductively coupled plasma-mass spectrometry and
instrumental neutron activation analysis techniques.

Results

LiDAR DEM studies and analysis of historical pho-
tos and documents help us to estimate the volume of
mining legacy sediment and provide a context for field
studies of the 2013 flood event and fresh exposures it
revealed. Large volumes of mining legacy sediment
and some Holocene toeslope sediment remain in stor-
age. Placer mining beginning in 1859, large floods in
1894 and 2013 (Anstey and Thomas 2013), smaller
floods, and the annual snowmelt flood have reworked
and resurfaced much of the lower Fourmile Creek
floodplain and those of its major tributaries. Gravels
displaced by placer operations are interfingered with
flood deposits and extend along Fourmile Creek from
Sunset to the confluence with Boulder Creek. Pat-
ented placer claims indicate the main areas of disrup-
tion; historical photos and documents allow us to
estimate the reworking depth for floodplain and toe-
slope deposits. The fine fraction of mining legacy
deposits, tributary, and floodplain sediment along

Fourmile Creek is enriched in As, Au, and other met-
als compared to upstream sediment and hillslope soils.

Imprint of Mining on the Fourmile Creek Landscape

Our results document the profound influence of min-
ing, road, and railroad construction on hillslopes and the
floodplain in the Fourmile catchment. Road and railroad
construction disrupted and locally buried toeslope areas
and helped to recycle large volumes of waste rock from
mining and milling as fill material. Many mine shafts and
adits were located on hillslopes or in upland areas away
from the valley floor, but most mills and some mine tun-
nels were near channels or close to the railroad. Prospect
pits, mine waste dumps, and roads and paths on hillslopes
are well defined on the 1- and 2-m DEMs (Figure 3), par-
ticularly where the 2010 wildfire thinned or removed the
canopy. The Gold Hill district, including most of the
lower Fourmile Creek catchment, produced an estimated
»706,300 tons of crude ore valued at »$8.5 million
between 1904 and 1944; total production is not known
but might have been $12 million to $14 million (Lover-
ing andGoddard 1950) or about 106 tons. By way of com-
parison, the upper Animas/Silverton District in
southwestern Colorado might have produced about 18.1
£ 106 tons of crude ore, much of it from wide veins rich
in lead and zinc sulfides (Church et al. 2007).Waste rock
in the Fourmile area originated from unmineralized
shafts, tunnels, levels, and vein margins and likely ranged
from 15 percent to 80 percent of crude ore volumes,
depending on tunnel size and vein and stope width. It was
common practice to fill overhand stopes with waste mate-
rial as veins were mined from the bottom up (e.g., Ran-
some 1901; Hoover 1909). Such waste material likely
came from stope margins but could have originated else-
where in the mine or from previously milled rock. If we
assume a mean stope width of »1.3 m and tunnel and
shaft cross sections of »3.3 m2, we can locally estimate
the proportion of waste rock from mining. Detailed maps
of the Ingram Mine (Lovering and Goddard 1950, Plate
27), which operated episodically for sixty years, show that
30 percent to 40 percent of the »22,000 m3 of mined
rock was from tunnels and shafts. The value was»15 per-
cent at the Slide Mine (Lovering and Goddard 1950,
Plate 24), which mined the largest and richest veins in
the district. Measured values thus suggest that mining
removed at least 1.25£ 106 tonnes of rock from the sub-
surface of the Gold Hill area, producing >106 m3 of leg-
acy waste rock. Local milling of the crude ore likely
exceeded 50 percent of the total ore removed from the
subsurface, adding to the volume of fine-grained waste
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material in the catchment; at least some of the mill waste
was dumped directly into Fourmile Creek or Gold Run
(Murphy 2006).

Placer operations, mill sites, and historical tailings
ponds in the floodplain generally were difficult to distin-
guish on DEMs but were locally exposed in the field and
are noted in historical and geological accounts (Lover-
ing and Goddard 1950; Twitty 2007). Placer operations
(Figure 4) and milling activities altered the channel
and floodplain between Copper Rock and Salina Junc-
tion and between the Poorman area and Orodell (Fig-
ure 1). Historical images of placer mining show that

operations locally extended at least 5 m below the sur-
face in alluvial and colluvial debris and reworked the
entire floodplain, probably several times in some areas.
Tailings were dumped into the channel until the 1930s
and waste rock was used for roads and the railroad and
locally filled portions of the floodplain, as well as parts
of many tributary valleys and gulches. Deposits remain-
ing from prospecting, mining, and road building in the
lower Fourmile Creek catchment (Table 1) thus repre-
sent a minimum value for production of these legacy
sediments. Extended storms like that in 1894 reworked
or altered most of the Fourmile Creek floodplain; local

Figure 3. LiDAR hillshade and interpreted images showing place names and digitized features and areas of surface disruption related to his-
torical mining activity: roads and trails (black, brown, and green); historical railroad grade (red); placer claims (yellow); historical gold mills
(yellow rectangles); stratigraphic locations described in the text (black triangles). A and B show the area near Salina Junction. C and D
show the area between Wood Mine and Wallstreet (see Figure 1). (Color figure available online.)
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devastation produced by flash floods and the collapse of
tailings impoundments in the 1930s are noted in histor-
ical summaries (e.g., Cobb 1999).

Holocene to Present Stratigraphy along Fourmile
Creek

The stratigraphic record of alluvial and toeslope
change is fragmentary along Fourmile Creek, obscured

and reworked by nineteenth- to early twentieth-cen-
tury activities related to mining, and by major floods.
Flood deposits from 2013 near stratigraphic section
DBB (see Figure 1) are rich in asphalt clasts. Flood-
plain deposits locally contain artifacts (e.g., brick and
tile fragments, cinders) mobilized by mining and
related railroad and road activity. We did not map any
exposures of early Holocene age along Fourmile Creek
or its tributaries, but the »10 m thickness of alluvium

Figure 4. Historical photographs of Fourmile Creek placer operations. (A) View downstream (east) across Wood Mountain placer opera-
tions toward Wood Mountain Mine and mill, circa 1900. Note narrow gauge railroad and extensive embankment along base of north-facing
slope (on right). Photo Credit: Carnegie Branch Library for Local History Photo S-1816. (B) View of Wood Mountain Placer near Wallstreet.
Photo Credit: Carnegie Branch Library for Local History Photo 219.10.3, taken between 1878 and 1901 by J. Collier and labeled “Wallstreet.”
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imaged beneath the floodplain near Copper Rock and
Wood Mine (Wicherski, Dethier, and Ouimet 2017)
probably includes pre-late Holocene deposits. Deposits
exposed by lateral erosion in the 2013 flood include
modern and older alluvium (Figure 5), placer debris,
tailings and mine waste rock, railroad and road sub-
grade, and local areas of thick toeslope colluvial debris.
We describe and illustrate each of these stratigraphic
settings next.

Holocene Deposits

Two exposures of colluvium demonstrate local
accumulation in toeslope areas, beginning before
»3,400 years BP (Figures 6 and 7; Table 2) and
extending into the mining era, which is marked by
coal and slag fragments in the colluvium (DBB site).
At the Wood Mine (WM) site, the highest dated char-
coal layer (»475 years BP) in the section is 0.5 m
below a layer of coarse, angular boulders likely derived
from late nineteenth-century railroad construction.
Charcoal layers and lenses at both sites imply that fires
were common in late Holocene time. Gravelly sand
encloses the oldest charcoal at the DBB site and over-
lies a red layer that likely formed during a fire; other
charcoal-rich layers at the site appear to have been
transported downslope, whereas those at Wood Mine
might have been transported downslope and down the
valley. The highest layer of alluvial sand at Wood
Mine is about 1.4 m above the present channel and
dated at »1,880 years BP, which provides a minimum
value for local channel aggradation in late Holocene
time.

Table 1. Characteristics of surfaces disturbed by mining-related activity in lower Fourmile Creek catchment (50.3 km2),
measured and estimated from LiDAR DEM images

Category Number
Length
(km)

Min
width (m)

Max
width (m)

Thickness
(m)

Area
(km2)

Volume
(m3)

Railroada 28.76 4 8 2 0.17 3.45E C 05
Major roadsb 15.56 9 12 3 0.16 4.90E C 05
Local roadsb 48.7 6.5 9 2 0.38 7.55E C 05
Roads and trailsc 431 1 6 1.5 1.51 2.26E C 06
Mine dumps (>40

m2)d
459 4 0.40 1.60E C 06

Placer claimse 15 4 0.71 2.84E C 06
Prospects/small mine

dumpsf
18,002 2 6 2 0.23 4.52E C 05

Tailings impoundment
(Salina Jct.)

4 <0.01 1.30E C 04

Total mine dumps
and prospects

0.63 2.05E C 06

Total disrupted area 3.56 8.75E C 06

Note: DEM D digital elevation model.
aLength and width measured from LiDAR DEMs; thickness of disrupted material estimated from mean road and railroad widths and average hillslope values of
»30�; fill thickness checked in field exposures in 2013 and 2014.
bDesignation and standard dimensions from http://www.bouldercounty.org/gov/data/pages/gisdldata.aspx; thickness of disrupted material estimated from mean
road widths and average hillslope values of »30�; fill thickness checked locally in field exposures in 2013 and 2014.
cThickness of disrupted material estimated from mean road and trail widths measured on LiDAR DEMs and average hillslope values of »30�.
dAreas measured from LiDAR DEMs, thickness estimated as LiDAR measurement of maximum thickness £ 0.5, based on field measurements near Salina,
Wallstreet, and Wood Mine.
eArea measured from patented placer claims (http://www.bouldercounty.org/gov/data/pages/gisdldata.aspx) and historic accounts. Depth of placer mining esti-
mated from images, historic accounts of Fourmile placer mining, and descriptions of Colorado placer mining techniques in Henderson (1926).
fProspect dimensions estimated from field measurements (n D 51) in Gordon Gulch and LiDAR measurements of depth (n D 112) in the lower Fourmile
catchment. Most small mine dumps are >2 m thick.

Figure 5. Schematic cross section of the Fourmile Creek valley
west of Salina Junction showing stratigraphic and lateral relation-
ships of mining era and premining (late Holocene) deposits. Val-
ley-floor width is approximately 70 m. (Color figure available
online.)
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Figure 6. Composite stratigraphic section at Wood Mine colluvial site, located on a north-facing toeslope next to Fourmile Creek, downhill
from the historical railroad grade. Section is » 6m wide; note that vertical scale changes at bend in section.

Figure 7. Stratigraphic section and image showing thick toeslope deposit at DBB site, 1 km downstream from Salina Junction.
DBB D Downstream Bee Bee.
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Nineteenth- and Twentieth-Century Deposits

Railroad and roadbed deposits, composed in many pla-
ces of mine waste rock, are preserved above Salina Junc-
tion in several areas where they did not wash out in the
1894 flood, which eroded and reworked extensive areas of
the floodplain and adjacent areas at least as far west as
Copper Rock (Figure 8). Reconstruction of eroded road-
bed was substantial, and at Salina Junction the new rail-
road yard nearly filled the floodplain in an area that later
became the site of a tailings impoundment. In the steeper,
narrow canyon downstream from Salina Junction, the
modern highway is built on the old railroad grade in
many locations; in other areas, repeated flooding from
Fourmile Creek and tributary channels has removed all of
the original trestles and cut locally into the railroad grade.
Downstream, near Orodell, both houses and roads occupy
the original right-of-way and the railroad fill has been
repurposed locally as bank protection. Cutbank exposures
at Poorman (Figure 9A; site PS1 in Figure 1) and at other
nearby areas reveal railroad grade that was excavated into
a steep hillside and built on at least 0.8 m of fill, which
overlies a massive, poorly sorted deposit (fill); a sandy
alluvial gravel; and adjacent sidecast material. At Copper
Rock (Figure 9B; site CR in Figure 1), the road grade
overlies angular, oxidized rock fragments, probably from
an adjacent tunnel, and covers fine-grained, organic-rich
alluvium.

One of the largest preserved gold milling deposits
along the Fourmile Creek floodplain, a circa 1940 tail-
ings impoundment, was built over the historical railroad
yard and siding at Salina Junction (Figure 10; site T in
Figure 1). Original volume likely was >15,000 m3.

Between about 1942 and 2012, much of the original
impoundment had become revegetated, the protective
cover of sandbags and flanking riprap had disappeared,
and erosion had removed part of the deposit. During

the 2013 flood, erosion cut deeply into the legacy
deposits, revealing the remains of the underlying rail-
road yard. Lateral erosion by Fourmile Creek also
exposed part of the wood frame that anchored the dam
and eroded the adjacent highway in two places, under-
cutting the mine waste rock on which it was built. Ras-
ter difference calculations show that the 2013 flood
eroded between 3,000 and 4,000 m3 of the fine-
grained tailings at this location. The U.S. Environ-
mental Protection Agency removed the remaining
tailings, which contained relatively high concentra-
tions of As, Au, and Pb, to an offsite landfill in 2015.

Upstream from Salina Junction, we were able to iden-
tify remnants of tailings impoundments from the 1930s
only near the Metals Production and Wood Mountain
mills, respectively (Figures 11A and 11B; sites MP and
WMD in Figure 1). Distinctive yellow tailings could be
traced in alluvium for 150 m downstream from these
impoundments and as local lenses in alluvial deposits
for an additional 100 to 200 m. Field observations thus
suggest that fine material typical of gold ore treated by
milling and flotation is not preserved widely as discrete
layers in the Fourmile floodplain. Tailings impound-
ments are mentioned in accounts of the 1930s mining
boom (Twitty 1977); fine waste from earlier milling
activity along Fourmile Creek and its larger tributaries
likely flowed downstream and into Boulder Creek and
beyond. Placer operations also would have sent fine
sand, silt, and clay downstream as suspended load.

Discussion

Legacy of Nineteenth- and Twentieth-Century
Mining in the Lower Fourmile Creek Catchment

Mining legacy sediment dominates floodplain sur-
face stratigraphy, and deposits related to historical

Table 2. 14C ages and content for charcoal exposed at Wood Mine and DBB sites

Sample name Location Sample depth (cm) Material Age in years BPa Calibrated age in years BPb

MK-14-8 WM 80c Charcoal 390 § 15 475 § 25
MK-14-5 WM 100d Charcoal 1,940 § 20 1,882 § 21
MK-14-3 WM 150d Charcoal 2,180 § 20 2,200 § 63
MK-14-18 DBB 180 Charcoal 2,840 § 20 2,938 § 29
MK-14-17 DBB 260 Charcoal 2,950 § 20 3,114 § 43
MK-14-16 DBB 320 Charcoal 3,050 § 20 3,274 § 36

Note: DBBD Downstream Bee Bee.
a14C years BP.
bBased on Fairbanks0107 calibration curve (Fairbanks et al. 2005).
cFigure 6, left scale.
dFigure 6, right scale.
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mining cover >5 percent of hillslopes along the lower
Fourmile catchment. Erosion and deposition related to
placer reworking of the channel and to other mining
activity, together with repeated flooding along Four-
mile Creek, have removed or covered Holocene and
late Pleistocene deposits. Mining legacy sediment on
hillslopes is not well connected to the Fourmile Creek

channel or to its principal tributaries. Large volumes of
this sediment, much of it relatively coarse waste rock
that accumulated in mine dumps between about 1860
and 1942, remain on the slopes of the Fourmile Creek
catchment. Some of the »1.6 £ 106 m3 of sediment is
stable, but many legacy deposits are in gullies or on
slopes steeper than 20 percent and locally include

Figure 8. Historical views of the Fourmile Creek floodplain and adjacent steep hillslopes. (A) View downstream across Copper Rock mining
camp between 1884 and 1910, showing disrupted channel and waste rock piles at the Orphan Boy and other tunnels. Photograph probably
taken after the 1894 flood and before 1898, when the railroad was rebuilt. Large waste rock piles visible in this image have disappeared. Photo
Credit: Carnegie Branch Library for Local History Photo 219-7. (b) View west across railroad yard, train station, and Fourmile Creek, Salina
Junction, circa 1909–1913. Flat areas upstream and downstream from station formed the base of the 1930s tailings impoundment. Photo
Credit: Carnegie Branch Library for Local History Bernard & Grace (Hoover) Meyring Virtual Photograph Collection, Photo 999-3-4.
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remnants of legacy deposits that eroded in response to
storms after the 2010 wildfire. Deposits in lower Four-
mile Creek subcatchments that have high erosion
potential (Ruddy et al. 2010) could move downslope if
changing climate produces more intense rainstorms
that connect hillslope erosion with channels.

Several periods of placer mining and large floods
reworked the lower Fourmile Creek floodplain after
1860, but fine sediment geochemistry continues to
reflect the mining legacy. We did not recognize dis-
crete pre-1933 gold milling deposits in our floodplain
mapping and hypothesized that most fine material
released by mining and milling was transported down-
stream or mixed with sediment unrelated to mining.
Concentrations of As in the <150-mm fraction of
floodplain sediment near the mouth of Fourmile Creek
are five to ten times the concentrations measured at
sites upstream of Copper Rock, and Au concentrations
are at least two to four times higher (Figures 1 and
12). Sediment concentrations after the 2013 flood
were similar to concentrations measured in the two
years after the 2010 wildfire. The range of As and Au
concentrations in sediment from tributaries is similar
to that of samples from the Fourmile Creek floodplain;
concentrations of soil collected from unmined hill-
slopes are two orders of magnitude lower. Because the
volume of mine waste rock and tailings on Fourmile
Creek hillslopes and gullies exceeds 106 m3, concen-
trations of As and other contaminants in floodplain
sediment are likely to remain high for hundreds of
years to millennia, as suggested by studies in other

areas where contamination in channel sediments con-
tinues to be supplied from other reservoirs in the
catchment (Marcus et al. 2001; Dennis et al. 2009).

Mining-related disturbance profoundly altered
Fourmile Creek hillslopes and near-channel areas; epi-
sodic erosion has connected some mining deposits on
hillslopes with tributary channels and the Fourmile
Creek floodplain. During the mining era, vein mining
added rock material from as deep as »300 m below
the surface at nearly 500 sites, locally filling gullies
and creating steep-sided, mineral-rich mounds that
cover >1.2 percent of the surface. Dirt roads, trails,
and the railroad grade cover an additional 4 percent of
the catchment. During the 2013 flood, two large debris
flows in the Gold Run drainage transported
>40,000 m3 of slope material rich in mining debris to
Fourmile Creek and >10,000 m3 of sediment moved
down other tributaries in smaller debris flows (Wicher-
ski, Dethier, and Ouimet 2017). Mine waste rock from
dumps and dirt roads also formed an important compo-
nent of sheetwash, most of which flowed from heavily
disturbed areas (Figure 3) that burned in 2010.

Long-Term Geomorphic Context of Historical
Mining

The longer term alluvial record in the Fourmile area
provides a context for analyzing late Holocene and
mining-era channel and hillslope changes in the lower
Fourmile Creek catchment. Before the mining era, the
pace of downcutting along local channels and

Figure 9. Stratigraphic section showing coarse fill exposed beneath historical railroad grade. (A) Poorman site and (B) Cutbank at Copper
Rock site.
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Figure 10. Images, plan view, and cross sections of the tailings impoundment area downstream of Salina Junction. (A) View (circa 1940)
looking upstream at tailings impoundment. Photo Credit: Carnegie Branch Library for Local History, Boulder Historical Society Collection
(213-Salina). (B) Image of the impoundment site after tailings were removed (28 March 2015). (C) Plan view of geomorphic changes in the
impoundment area from 2010 to 2013, measured by raster difference. (D) Image showing eroded tailings (site T in Figure 1); dark material
at base is coal-rich railroad debris. (E) Cross section of channel change in the 2013 flood, measured by raster difference and field surveys.
(Color figure available online.)
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floodplain changes likely reflected the volume of
stored late Pleistocene sediment and peak stream
power, controlled by the annual snowmelt flood and
large storms, particularly those following wildfires
(Murphy et al. 2015). Unlike Middle Boulder Creek
and Roaring River, which preserve late Pleistocene
glaciofluvial deposits beneath local terrace remnants,
late Pleistocene deposits do not flank lower Fourmile
Creek. Local evidence from hillslope studies and dated
sections in Betasso Gulch and Gordon Gulch, both of
which share a divide with the Fourmile Creek catch-
ment (Figure 1), suggest that small headwater chan-
nels first eroded and then aggraded during late
Pleistocene and early to at least middle Holocene
time. In Betasso Gulch, a 4-m-thick exposure on a
first-order tributary records filling of a gully cut
through 4 m of saprolite with material eroded from
nearby hillslopes, beginning before 18,000 years BP
and continuing until after »5,400 years BP (Leopold

et al. 2011). In lower Gordon Gulch, alluvial fans
draining north- and south-facing slopes aggraded over
main channel alluvium from before 9,900 years BP
until after 1,900 years BP, when small tributary chan-
nels cut down below the fan surfaces. Radiocarbon
ages (1,110 § 50 years BP and 1,520 § 40 years BP)
on wood from beneath two low stream terraces
upstream from the fans imply that during the past
»1,100 years the channel has changed <1 m verti-
cally (Shea et al. 2013). Upstream from the dated sites
in both Betasso Gulch and Gordon Gulch, colluvium
on toeslopes and alluvial fans is thick locally, suggest-
ing that channel capacity has not been sufficient to
transport all the sediment delivered from hillslopes in
late Pleistocene and Holocene time.

The alluvial record from Gordon Gulch and
Betasso Gulch, headwater catchments with a limited
snowmelt flood at present, suggests that sediment
transport in channels has balanced supply from hill-
slopes only in the past 1,000 years, locally preserving
relatively thick deposits of late Pleistocene and
Holocene sediment. In the Fourmile Creek catch-
ment, however, the snowmelt flood dominates sedi-
ment transport in most years (except after wildfires;
Murphy et al. 2015). Terrace remnants and alluvial
fans are absent. Fill terraces might never have accu-
mulated or might have been removed by placer min-
ing or by late Holocene to present floods.
Interlayering of channel alluvium with toeslope
deposits indicates that lower Fourmile Creek was 1
to 2 m higher in the past 2,000 years but that lateral
erosion or minor downcutting dominated late Holo-
cene and nineteenth- and twentieth-century time,
despite the large volumes of sediment mobilized by
mining and road building. The 2013 flood produced
net floodplain erosion of about 0.2 m (Wicherski,
Dethier, and Ouimet 2017). The late Holocene and
nineteenth- and twentieth-century record is thus
broadly similar in the small headwater catchments,
along Middle Boulder Creek and Roaring River, and
along Fourmile Creek. In southwestern Colorado,
where there was minimal placer mining and exten-
sive milling of gold and lead and zinc ores, the
braided channel of the upper Animas River was
aggrading slowly when extensive mining activity
began around 1900 and has aggraded since that time
(Vincent and Elliott 2007).

Sediment transport related to mining, milling, and
flood events in the Fourmile catchment and in other
mineralized areas (e.g., Hancock et al. 2008) dwarfs
steady-state measures of erosion and is comparable to

Figure 11. Exposure of eroded tailings deposits along Fourmile
Creek. (A) Downstream from the Metals Production mill along
near W. Emerson Gulch. (b) Stratigraphic section and image of
eroded tailings deposit downstream from the Wood Mountain
mill. (Color figure available online.)
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high transport rates measured in logging-disrupted
areas of Northern California (Madej and Ozaki
2009). Erosion from contemporary logging activities
and forest fires doubtless added to disturbance
directly related to mining. Saprolite weathers to rego-
lith at a rate of 2 to 2.5 mm per 100 years in the dry,
relatively cool climate of the Front Range (Dethier
et al. 2014). Averaged over the »50 km2 lower

Fourmile Creek catchment, disturbance and mixing
of the critical zone by mining-related activities
reached an effective depth of >100 mm (Figure 13),
exceeding pre-nineteenth-century rates by at least
fifty times. Most of the mining-related disturbance
took place during an eighty-year period between
about 1860 and 1942. Some of the mining-legacy
sediment will continue to erode until slopes and
channels reach a steady state, however.

Erosion from the Fourmile Creek floodplain and
slopes in the 2013 flood event was equivalent to
hundreds of years of erosion at steady-state rates
(Wicherski, Dethier, and Ouimet 2017), in an
event for which the seven-day rainfall had an
annual exceedance probability of <0.1 percent
(Murphy et al. 2015) and channel flooding a recur-
rence interval of about fifty years (see http://www.
bouldercounty.org/doc/flood/lowerbouldercreekmas
terplan.pdf). Sediment yields from the Fourmile Creek
catchment in the 2013 flood were similar to values
reported by S. W. Anderson, Anderson, and Anderson
(2015) for a large number of Front Range basins. Fre-
quent large floods will rework and locally erode Four-
mile channels, but transport of mining legacy
sediment from hillslopes and tributaries by smaller
events is likely to slow or prevent downcutting by
Fourmile Creek and to supply sediment rich in As and
Au to the floodplain, particularly when wildfire
increases hillslope erosion rates as it did in 2010.

Figure 12. As and Au concentrations in the <150 mm fraction of Fourmile catchment deposits. (A) Downstream increase in concentration
in floodplain sediment (collected in 2011–2014 [n D 39], including three samples of suspended sediment collected as described in Murphy
et al. 2015). Place name abbreviations from Figure 1. (B) Hillslope, waste-rock piles, tailings, and tributary overbank deposits.

Figure 13. Comparison of disturbance or erosion depth, Fourmile
catchment; the 2013 flood is assumed to be a 50- to 100-year event.
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Conclusions and Implications for the Anthropocene

Results presented here demonstrate the pervasive
influence of nineteenth- and twentieth-century mining
along the floodplain and on the slopes of the lower
Fourmile Creek catchment in Boulder County, Colo-
rado. These widespread human impacts represent the
dominant Anthropocene landscape change for this
region, consistent with an onset of Anthropocene of
»150 years BP for the Colorado Front Range and per-
haps much of the mined, mountainous regions of the
Western United States. Our results also support the
idea, however, that stratigraphic markers of anthropo-
genic activity vary regionally. The Anthropocene is a
time-transgressive stratigraphic boundary, with signifi-
cant variation around the globe. In the lower Fourmile
Creek catchment, mining-related sediment represents
a clear marker of anthropogenic activity. Even in this
landscape, though, stratigraphic markers vary by type
and timing (i.e., 1880s railroad debris and charcoal
fragments, »1900 matrix-poor placer gravels on Holo-
cene colluvium, or 1930s to 1940s tailings on Holocene
flood deposits). Anthropogenic activity is also ero-
sional, associated with the reworking and local erosion
of 1 to 4 m of Holocene valley deposits by placer min-
ing and subsequent flooding.

Preservation of stratigraphic deposits associated
with human activity depends on rates of background
geomorphic processes. In the steep Colorado Front
Range, wildfires and floods are common, and severe
flooding such as that seen in 2013 can mobilize and
transport fine-grained, metal-rich tailings that so
clearly mark mining activity. Fluvial erosion of fine-
grained material highlights how stratigraphic markers
of the Anthropocene reflect the competition between
the magnitude of human impacts and their preserva-
tion potential, time since activity, and subsequent ero-
sion. There is no direct evidence of early
Anthropocene (Ruddiman 2013) human impacts in
the deposits studied along Fourmile Canyon. Either
the intensity of premining human activity was not suf-
ficient to leave clear stratigraphic markers or subse-
quent “background” geomorphic processes removed
the evidence of previous activity. Preservation poten-
tial in the Mountain West is significantly different
compared to legacy sediment in the mid-Atlantic
region (Jackson et al. 2005; Walter and Merritts 2008;
Merritts et al. 2011), where background erosion rates
are lower. The scale of valley deposits is different, but
so are the timescales of removal. Steep landscapes
around the globe generally are more erosive and

dynamic (landslides, floods, aggradation, erosion);
therefore, the magnitude of human-induced changes
needs to be greater to produce a significant, recogniz-
able, long-term anthropogenic influence.

The generation and fate of Anthropocene sediment
also can vary significantly from hillslopes to adjacent
river valleys. Results presented here mainly are consis-
tent with previous work in mining-impacted areas that
show sediment transport in river valleys, with mine
tailings forming a clear marker of such activity (Lewin,
Davies, and Wolfenden 1977; Knox 1987; James 1989;
Knighton 1989; Lecce and Pavlowsky 2001; Marcus
et al. 2001: Coulthard and Macklin 2003; Lecce et al.
2008; Singer, Aalto, and James 2008). One new aspect
of our work is the differentiation of valley versus hill-
slope impacts and legacy in relation to mining influ-
ence, with different duration (preservation) and
susceptibility to wildfire-related debris flows and flood
erosion. Recent (post-1950) floods along lower Four-
mile Creek effectively reworked mining sediment
within the floodplain, resulting in similar physical
characteristics in young and older, pre-1850 sediment;
however, their geochemistry is different. Many hill-
slope locations, though, have seen little natural modi-
fication or erosion and mining deposits are likely to
remain in place much longer than floodplain
sediments.

Acknowledgments

Field studies and measurements in the Boulder
Creek area were performed in cooperation with the
National Science Foundation (NSF) Boulder Creek
CZO Project (NSF-0724960) and an NSF RAPID
Grant to Ouimet through Geomorphology and Land
Use Dynamics (NSF EAR-1401260), the Keck Geol-
ogy Consortium (NSF EAR-1062720), Suzanne
Anderson and Bob Anderson (University of Colo-
rado), and Deborah Martin, U.S. Geological Survey
(Boulder). We gratefully acknowledge Scott Anderson
for sharing processed LiDAR DEMs and the ongoing
cooperation on geophysical studies with Matthias Leo-
pold (University of Western Australia–Perth). Kate
Johnson provided helpful comments on an early draft.
Boulder County Parks and Open Space and the U.S.
Department of Agriculture Forest Service provided
access to public lands in Fourmile Canyon. Fourmile
Canyon residents Robert Beebee, Anne Rice, Greg
Sparr, and Deward Walker were generous with their
time and local knowledge. The historical photographs

18 Dethier et al.



and documents in the collection of the Carnegie
Branch Library for Local History/Boulder Public
Library were an essential resource for this project. Hos-
pitality of the Mountain Research Station made the
project possible. We thank Deborah Martin, John
Pitlick, and an anonymous reviewer for insightful and
helpful comments.

ORCID

David P. Dethier http://orcid.org/0000-0001-7501-
1810

Sheila F. Murphy http://orcid.org/0000-0002-5481-
3635

References

Anderson, S. P., G. Qinghua, and E. G. Parrish. 2012. Snow-
on and snow-off LiDAR point cloud data and digital eleva-
tion models for study of topography, snow, ecosystems and
environmental change at Boulder Creek Critical Zone Obser-
vatory, Colorado, Boulder Creek CZO. Boulder: Institute
of Arctic and Alpine Research, University of Colorado.

Anderson, S. W., S. P. Anderson, and R. S. Anderson.
2015. Exhumation by debris flows in the 2013 Colorado
Front Range storm. Geology 43 (5):391–394.
doi:10.1130/G36507.1.

Anstey, M. T., and A. Thomas. 2013. Fourmile Canyon histori-
cal and architectural survey, 2012–2013: Certified local gov-
ernment Project CO-12-018. Denver, CO: Historitecture.

Benedict, J. B., R. J. Benedict, C. M. Lee, and D. M. Staley.
2008. Spruce trees from a melting ice patch: Evidence
for Holocene climatic change in the Colorado Rocky
Mountains, USA. The Holocene 18:1067–76.

Brown, A. G., S. Tooth, R. C. Chiverrell, J. Rose, D. S. G.
Thomas, J. Wainwright, J. E. Bullard, V. R. Thorndy-
craft, R. Aalto, and P. Downs. 2013. The Anthropo-
cene: Is there a geomorphological case? Earth Surface
Processes and Landforms 38:431–34.

Certini, G., and R. Scalenghe. 2011. Anthropogenic soils
are the golden spikes for the Anthropocene. The Holo-
cene 21 (8):1269–74.

Chin, A., R. Fu, J. Harbor, M. P. Taylor, and V. Vanacker.
2013. Anthropocene: Human interactions with earth
systems. Anthropocene 1:1–2.

Church, S. E., P. von Guerard, and S. E. Finger, eds. 2007.
Integrated investigations of environmental effects of histori-
cal mining in the Animas River watershed, San Juan
County, Colorado. U.S. Geological Survey Professional
Paper 1651, U.S. Geological Survey, Reston, VA.

Cobb, H. S. 1999. Prospecting our past: Gold, silver, and tung-
sten mills of Boulder County. Longmont, CO: Book Lode.

Coe, J. A., J. W. Kean, J. W. Godt, R. L. Baum, E. S. Jones,
D. J. Gochis, and G. S. Anderson. 2014. New insights
into debris-flow hazards from an extraordinary event in
the Colorado Front Range. GSA Today 24 (10):4–10.

Cole, J. C., and W. A. Braddock. 2009. Geologic map of the
Estes Park 30’ x 60’ quadrangle, north-central

Colorado: U.S. Geological Survey Scientific Investiga-
tions Map 3039, 1 sheet, scale 1:100,000, pamphlet.

Coulthard, T. J., and M. G. Macklin. 2003. Modeling long-
term contamination in river systems from historical
metal mining. Geology 31:451–54.

DeLong, S. B., C. S. Prentice, G. E. Hilley, and Y. Ebert.
2012.Multitemporal ALSM change detection, sediment
delivery, and process mapping at an active earthflow.
Earth Surface Processes and Landforms 37 (3):262–72.

Dennis, I. A., T. J. Coulthard, P. Brewer, and M. G.
Macklin. 2009. The role of floodplains in attenuating
contaminated sediment fluxes in formerly mined drain-
age basins. Earth Surface Processes and Landforms
34:453–66.

Dethier, D. P., W. Ouimet, P. Bierman, D. H. Hood, and G.
Balco. 2014. Basins and bedrock: Spatial variation in
10Be erosion rates and increasing relief in the southern
Rocky Mountains, USA. Geology 42 (2):167–70.

D€uhnforth, M., R. S. Anderson, D. J. Ward, and A. Blum.
2012. Unsteady late Pleistocene incision of streams
bounding the Colorado Front Range from measure-
ments of meteoric and in situ 10Be. Journal of Geophys-
ical Research 117:F01023.

Ebel, B. A., J. A. Moody, and D. A.Martin. 2012. Hydrologic
conditions controlling runoff generation immediately
after wildfire.Water Resources Research 48:W03529.

Edgeworth, M., D. deB Richter, C. Waters, P. Haff, C. Neal,
and S. J. Price. 2015. Diachronous beginnings of the
Anthropocene: The lower bounding surface of anthro-
pogenic deposits. The Anthropocene Review 2 (1):33–58.

Edwards, L. E. 2015. What is the Anthropocene? Eos 96.
Accessed November 30, 2015. https://eos.org/opinions/
what-is-the-anthropocene.

Erlandson, J. M. 2014. Shell middens and other anthropo-
genic soils as global stratigraphic signatures of the
Anthropocene. Anthropocene 4:24–32.

Fairbanks, R. G., R. A. Mortlock, T. C. Chiu, L. Cao, A.
Kaplan, T. P. Guilderson, T.W. Fairbanks, A. L. Bloom,
P. M. Grootes, and M. J. Nadeau. 2005. Radiocarbon
calibration curve spanning 0 to 50,000 years BP based
on paired 230 Th/234 U/238 U and 14C dates on pris-
tine corals.Quaternary Science Reviews 24 (16):1781–96.

Finney, S. C., and L. E. Edwards. 2016. The
“Anthropocene” epoch: Scientific decision or political
statement? GSA Today 26 (3–4):4–10.

Foster, M. A., R. S. Anderson, C. E. Wyshnytzky, W. B.
Ouimet, and D. P. Dethier. 2015. Hillslope lowering
rates and mobile-regolith residence times from in situ
and meteoric 10Be analysis, Boulder Creek Critical
Zone Observatory. Geological Society of America Bulletin
127 (5–6):862–78.

Fraser, J. A., M. Leach, and J. Fairhead. 2014. Anthropo-
genic dark earths in the landscapes of Upper Guinea,
West Africa: Intentional or inevitable. Annals of the
Association of American Geographers 104 (6):1222–38.

Graham, R., M. Finney, C. McHugh, J. Cohen, R. Stratton,
L. Bradshaw, N. Nikolov, and D. Calkin. 2012. Four-
mile Canyon fire findings. General Technical Report
RMRS-GTR-289, U.S. Forest Service, Rocky Moun-
tain Research Station, Fort Collins, CO.

Hancock, G. R., J. B. C. Lowry, D. R. Moliere, and K. G.
Evans. 2008. An evaluation of an enhanced soil erosion

Anthropocene Landscape Change and Mining in the Fourmile Catchment 19

https://eos.org/opinions/what-is-the-anthropocene
https://eos.org/opinions/what-is-the-anthropocene


and landscape evolution model: A case study assess-
ment of the former Nabarlek uranium mine, Northern
Territory, Australia. Earth Surface Processes and Land-
forms 33:2045–63.

Henderson, C. W. 1926. Mining in Colorado—A history of
discovery, development and production. Professional
Paper 138, U.S. Geological Survey, Washington, DC.

Hooke, R. L. 1994. On the efficacy of humans as geomor-
phic agents. GSA Today 4 (217):224–25.

———. 2000. On the history of humans as geomorphic
agents. Geology 28 (9):843–46.

Hooke, R. L., J. F. Mart�ın-Duque, and J. Pedraza. 2012.
Land transformation by humans: A review. GSA Today
22 (12):4–10.

Hoover, H. C. 1909. Principles of mining. New York:
McGraw-Hill.

Jackson, C. R., J. K. Martin, D. S. Leigh, and L. T. West.
2005. A southeastern piedmont watershed sediment
budget: Evidence for a multi-millennial agricultural leg-
acy. Journal of Soil andWater Conservation 60:298–310.

James, L. A. 1989. Sustained storage and transport of hydraulic
goldmining sediment in the Bear River, California.Annals
of the Association of AmericanGeographers 79:570–92.

James, L. A., M. E. Hodgson, S. Ghoshal, and M. M. Latio-
lais. 2012. Geomorphic change detection using historic
maps and DEM differencing: The temporal dimension
of geospatial analysis. Geomorphology 137:181–98.

Kimbrough, R. A., and R. R. Holmes, Jr. 2015. Flooding in
the South Platte River and Fountain Creek basins in
eastern Colorado, September 9–18, 2013. Scientific
Investigations Report 2015-5119, U.S. Geological Sur-
vey, Reston, VA.

Knighton, A. D. 1989. River adjustment to changes in sedi-
ment load: The effects of tin mining on the Ringar-
ooma River, Tasmania, 1875–1984. Earth Surface
Processes and Landforms 14 (4):333–59.

Knox, J. C. 1987. Historical valley floor sedimentation in
the Upper Mississippi Valley. Annals of the Association
of American Geographers 77 (2):224–44.

Koschmann, A. H., and M. H. Bergendahl. 1968. Principal
gold-producing districts of the United States. Profes-
sional Paper 610, U.S. Geological Survey, Reston, VA.

Lecce, S. A., and R. T. Pavlowsky. 2001. Use of mining-
contaminated sediment tracers to investigate the tim-
ing and rates of historical flood plain sedimentation.
Geomorphology 38:85–108.

Lecce, S. A., R. Pavlowsky, and G. Schlomer. 2008. Mercury
contamination of active channel sediment and floodplain
deposits from historic gold mining at Gold Hill, North
Carolina, USA. Environmental Geology 55 (1):113–21.

Leopold, M., J. V€olkel, D. Dethier, J. Huber, and M. Stef-
fens. 2011. Characteristics of a paleosol and its implica-
tion for the critical zone development, Rocky
Mountain Front Range of Colorado, USA. Applied Geo-
chemistry 26:S72–S75.

Lewin, J., B. E. Davies, and P. J. Wolfenden. 1977. Interac-
tions between channel change and historic mining
sediments. In River channel changes, ed. K. J. Gregory,
353–67. Chichester, UK: Wiley.

Lovering, T. S., and E. N. Goddard. 1950. Geology and ore
deposits of the Front Range, Colorado. Professional
Paper 223, U.S. Geological Survey, Reston, VA.

Ma, L., J. Konter, E. Herndon, L. Jin, G. Steinhoefel, D.
Sanchez, and S. Brantley. 2014. Quantifying an early
signature of the industrial revolution from lead concen-
trations and isotopes in soils of Pennsylvania, USA.
Anthropocene 7:16–29.

Madej, M. A., and V. Ozaki. 2009. Persistence of effects of
high sediment loading in a salmon-bearing river, north-
ern California. Special Paper 451, Geological Society
of America, Boulder CO.

Madole, R. F. 2012. Holocene alluvial stratigraphy and
response to climate change in the Roaring River valley,
Front Range, Colorado, USA. Quaternary Research 78
(2):197–208.

Marcus, W. A., G. A., Meyer, and D. R., Nimmo. 2001.
Geomorphic control on long-term persistence of min-
ing impacts, Soda Butte Creek, Yellowstone National
Park. Geology 29 (4):355–58.

Merritts, D., R. Walter, M. Rahnis, J. Hartranft, S. Cox, A.
Gellis, N. Potter, et al. 2011. Anthropocene streams
and base-level controls from historic dams in the ungla-
ciated mid-Atlantic region, USA. Philosophical Transac-
tions of the Royal Society A: Mathematical, Physical and
Engineering Sciences 369 (1938):976–1009.

Moody, J. A. 2016. Estimates of peak discharge for 21 sites in
the Front Range in Colorado in response to extreme
rainfall in September 2013. Scientific Investigations
Report 2016–5003, U.S. Geological Survey, Reston, VA.

Muhs, D. R., and J. B. Benedict. 2006. Eolian additions to
late Quaternary alpine soils, Indian Peaks Wilderness
Area, Colorado Front Range. Arctic, Antarctic, and
Alpine Research 38:120–30.

Murphy, S. F. 2006. State of the watershed: Water quality of
Boulder Creek Colorado. Circular 1284, U.S. Geologi-
cal Survey, Reston, VA. Accessed December 1, 2014.
http://pubs.usgs.gov/circ/circ1284/.

Murphy, S. F., P. L. Verplanck, and L. B. Barber, eds. 2003.
Comprehensive water quality of the Boulder Creek
Watershed, Colorado, during high-flow and low-flow
conditions, 2000. U.S. Geological Survey Water-Resour-
ces Investigations Report, vol. 03-4045, 198 pp.

Murphy, S. F., J. H. Writer, and R. B. McCleskey. 2012.
Effects of flow regime on stream turbidity and sus-
pended solids after wildfire, Colorado Front Range. Pro-
ceedings, Wildfire and Water Quality: Processes, Impacts
and Challenges 354:1–8.

Murphy, S. F., J. H. Writer, R. B. McCleskey, and D. A.
Martin. 2015. The role of precipitation type, intensity,
and spatial distribution in source water quality after
wildfire. Environmental Research Letters 10 (8):1–13.

Perroy, R. L., B. Bookhagen, O. A. Chadwick, and J. T.
Howarth. 2012. Holocene and Anthropocene land-
scape change: Arroyo formation on Santa Cruz Island,
California. Annals of the Association of American Geogra-
phers 102 (6):1229–50.

Ransome, F. L. 1901. A report on the economic geology of
the Silverton Quadrangle, Colorado. U.S. Geological
Survey Bulletin 182:265.

Ruddiman, W. F. 2003. The anthropogenic greenhouse era
began thousands of years ago. Climatic Change 61
(3):261–93.

———. 2013. The anthropocene. Annual Review of Earth
and Planetary Sciences 41:45–68.

20 Dethier et al.

http://pubs.usgs.gov/circ/circ1284/


Ruddy, B. C., M. R. Stevens, K. L. Verdin, and J. G. Elliott.
2010. Probability and volume of potential postwildfire
debris flows in the 2010 Fourmile burn area, Boulder
County, CO. Open-File Report No. 1244, U.S. Geolog-
ical Survey, Reston, VA.

Schildgen, T., D. P. Dethier, P. Bierman, and M. Caffee.
2002. 26Al and 10Be dating of late Pleistocene and
Holocene fill terraces: A record of fluvial deposition
and incision, Colorado Front Range. Earth Surface Pro-
cesses and Landforms 27:773–87.

Shea, N., W. B. Ouimet, D. P. Dethier, R. Bierman, and H.
Dylan. 2013. Spatial variations in mobile regolith
thickness, meteoric 10Be concentration, and sediment
storage in the Boulder Creek Critical Zone Observa-
tory: Implications for landscape evolution and hillslope
sediment transport. Geological Society of America
Abstracts with Programs 45 (1):101.

Sherriff, R. L., R. V. Platt, T. T. Veblen, T. L. Schoennagel,
and M. H. Gartner. 2014. Historical, observed, and
modeled wildfire severity in montane forests of the Col-
orado Front Range. PLoS ONE 9 (9):e106971.

Singer, M. B., R. Aalto, and L. A. James. 2008. Status of the
lower Sacramento Valley flood-control system within
the context of its natural geomorphic setting. Natural
Hazards Review 9 (3):104–15.

Steffen, W., P. J. Crutzen, and J. R. McNeill. 2007. The
Anthropocene: Are humans now overwhelmingly the
great forces of nature. Ambio 36:614–21.

Streeter, R., A. J. Dugmore, I. T. Lawson, E. Erlendsson, and
K. J. Edwards. 2015. The onset of the palaeoanthropo-
cene in Iceland: Changes in complex natural system.
The Holocene 25 (10):1662–75.

Tarolli, P., and G. Sofia. 2016. Human topographic signa-
tures and derived geomorphic processes across land-
scapes. Geomorphology 255:140–61.

Tweto, O., and P. K. Sims. 1963. Precambrian ancestry of
the Colorado mineral belt. Geological Society of America
Bulletin 74:991–1014.

Twitty, E. 2007. Amendment to Metal Mining and Tourist
Era Resources of Boulder County Multiple Property
Listing: National Park Service, National Register of
Historic Places, NPS Form 10-900-b, OMB No. 1024-
0018.

Veblen, T. T., and J. A. Donnegan. 2005. Historic range of
variability for forest vegetation of the national forests
of the Colorado Front Range. Unpublished report,
USDA Forest Service, Rocky Mountain Region, Lake-
wood, CO.

Vincent, K. R., and J. G. Elliott. 2007. Response of the
Upper Animas River downstream from Eureka to dis-
charge of mill tailings. In Integrated investigations of envi-
ronmental effects of historical mining in the Animas
watershed, San Juan County, Colorado, ed. S. E. Church,
P. von Guerard, and S. E. Finger, 893–941. Reston,
VA: U.S. Geological Survey.

Walter, R. C., and D. J. Merritts. 2008. Natural streams and
the legacy of water-powered mills. Science 319
(5861):299–304.

Waters, C. N., J. Zalasiewicz, C. Summerhayes, A. D.
Barnosky, C. Poirier, A. Ga, A. Cearreta, M. Edge-
worth, E. C. Ellis, M. Ellis, et al. 2016. The

Anthropocene is functionally and stratigraphically dis-
tinct from the Holocene. Science 351 (6269).
doi:10.1126/science.aad2622.

Waters, C. N., J. A. Zalasiewicz, M. Williams, M. A. Ellis,
and A. M. Snelling. 2014. A stratigraphical basis for
the Anthropocene? Geological Society, London, Special
Publications 395 (1):1–21.

Wohl, E. E. 2001. Virtual rivers: Lessons from the mountain
rivers of the Colorado Front Range. New Haven, CT:
Yale University Press.

Zalasiewicz, J., C. N.Waters, J. A. I. do Sul, P. L. Corcoran, A.
D. Barnosky, A. Cearreta, M. Edgeworth, et al. 2016. The
geological cycle of plastics and their use as a stratigraphic
indicator of the Anthropocene.Anthropocene 13:4–17.

Zalasiewicz, J., C. N. Waters, M. Williams, A. D. Barnosky,
A. Cearreta, P. Crutzen, E. Ellis, et al. 2015. When did
the Anthropocene begin? A mid-twentieth century
boundary level is stratigraphically optimal. Quaternary
International 383:196–203.

DAVID P. DETHIER is Professor in the Department of
Geosciences, Williams College, Williamstown, MA 01267.
E-mail: ddethier@williams.edu. His research interests are
chemical weathering processes, human influences on ero-
sion rates, and periglacial processes.

WILLIAM B. OUIMET is Assistant Professor in the
Department of Geography and Center for Integrative
Geosciences, University of Connecticut, Storrs, CT 06269.
E-mail: william.ouimet@uconn.edu. His research interests
include earth surface processes, human–environment inter-
actions, landscape evolution, and tectonic geomorphology.

SHEILA F. MURPHY is a Research Hydrologist at the U.S.
Geological Survey, Boulder, CO 80303. E-mail:
sfmurphy@usgs.gov. Her research focuses on hydrology and
water quality of watersheds and how they are affected by
both natural factors and disturbance.

MANEH KOTIKIAN is currently a graduate student in the
Department of Geology and Geophysics, University of
Wyoming, Laramie, WY 82071. E-mail: mkotikia@uwyo.edu.
Her primary research interest is hydrogeophysics. She was an
undergraduate in the Department of Geology at Mount Holy-
oke College at the time this research was conducted.

WILL WICHERSKI is currently a graduate student in the
Department of Geography, University of Colorado Boulder,
Boulder, CO 80309. E-mail: will.wicherski@colorado.edu.
His main research interest is fluvial geomorphology. He was
an undergraduate in the Department of Geosciences at Wil-
liams College at the time this research was conducted.

RACHEL M. SAMUELS is currently a graduate student in
Civil Engineering, Georgia Institute of Technology,
Atlanta, GA 30332. E-mail: rsamuels3@gatech.edu. Her
primary research interest is infrastructural and societal resil-
ience to human-induced disasters. She was an undergradu-
ate in the Department of Geology at Washington and Lee
University at the time this research was conducted.

Anthropocene Landscape Change and Mining in the Fourmile Catchment 21


