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Figure 11.

Environmental Effects of Historical Mining, Animas River Watershed, Colorado

Gaining reach of Cement Creek (left channel) near upper bog (foreground), characterized by

numerous iron-rich seeps. View is downstream toward Georgia Gulch and Tiger Gulch alluvial fans (background).
Streambed of Cement Creek adjacent to upper bog is cemented with ferricrete.

The Georgia, Fairview, and Minnesota Gulch subbasins have
<10 percent of AS and QSP alteration types, although V-QSP
is locally important in Minnesota Gulch.

Farther south, subbasins draining the Ohio Peak—Anvil
Mountain hydrothermal altered area (Porcupine, Ohio, Topeka,
and Niagara subbasins) have between 17 and 60 percent
acid-generating rock types exposed (table 5). High-elevation
colluvial ferricrete is present in the Topeka and Niagara sub-
basins, as well as bog iron in upper Topeka Gulch. The AS
and QSP alteration assemblages in the OPAM area are similar
to those in the Red Mountain area, although the OPAM area
tends to be lower in the concentrations of copper, lead, arsenic,
and other trace elements (Bove and others, this volume). The
Ohio, Niagara, and Henrietta subbasins have more acid-sulfate
alteration in comparison to Prospect Gulch—with 26 to
44 percent exposures of AS (table 5). In addition, Porcupine,
Ohio, Topeka, and Niagara subbasins contained from 12 to
22 percent exposures of QSP. These mineral assemblages are
highly friable and tend to be easily eroded, as evidenced by
the large alluvial fan at the mouth of Ohio Gulch (Vincent and
others, this volume).

The lower abundance of ferricrete deposits in this reach
is attributed to higher pH for most tributary inflows (fig. 9),
and a larger fraction of inflow from propylitically altered

subbasins relative to the upper reach (table 5). The middle
reach also receives proportionately more inflow from peren-
nial tributaries and less from ground-water discharge (roughly
15 percent of new water for the middle reach versus 75 per-
cent for the upper reach). There are distinct differences in

the pH of water on different sides of the valley, with the
east-side inflows relatively neutral (6.8-7.6; table 6), and the
west-side inflows more acidic (mean=4.4). The two subbasin
inflows with the largest areal extent of AS and QSP mineral
assemblages—Ohio Gulch and Niagara Gulch—had pH values
of 3.0 and 3.6, respectively. A corresponding decrease in the
pH of Cement Creek from about 4.0 to 3.8 occurs between
these two tributaries, and ferricrete deposits are present along
the channel near Niagara Gulch.

Lower Reach, Hancock Gulch to Cement Creek
Gauge near Silverton

Ferricrete deposits are exposed almost continuously
along the lower reach of Cement Creek from the mouth of
Hancock Gulch downstream to the Cement Creek gauge near
Silverton. Low-flow discharge in September 1996 increased
from about 600 to 700 L/s (Kimball and others, this volume).



The mean stream pH for the reach is 3.7. The greatest tribu-
tary inflows—Hancock Gulch and an unnamed subbasin

to the south—contributed a net inflow of =30 L/s with pH
values of 7.3 and 7.6, respectively. The source area for these
inflows is along the base of a large landslide deposit east of
Cement Creek (Blair and others, 2002; Vincent and others, this
volume). The greatest ground water inflow (50 L/s) is in the
vicinity of the lower bog on Cement Creek (figs. 1, 9), which
had a pH measurement of 3.0.

Discharge from the lower bog includes diffuse inflow
from wetlands on both banks, just downstream from an old
railroad trestle. A small prospect along an altered vein zone
could have some impact on the water quality of the wetland
system. The alteration zone is a prominent feature in geophysi-
cal data (Smith and others, this volume, Chapter E4). Ground
water supplying the wetland is likely derived from a large
fracture system; however, evidence of ground water emerg-
ing from fractured rock is concealed by steep forested terrain
on the west bank and by landslide debris on the east bank of
Cement Creek.

Hydrothermal alteration in the lower reach is consider-
ably less than that of upstream reaches of Cement Creek.
Hancock Gulch and the unnamed tributary directly south, for
example, contain little AS or QSP, as does Soda Gulch on
the west side. The largest exposure of acid-generating rock
occurs on the west side in an unnamed subbasin north of Soda
Gulch. This unnamed tributary, with 31 and 4.3 percent AS
and QSP exposures, respectively, drains the east flank of Anvil
Mountain and joins Cement Creek near the lower bog. Where
alteration does occur, at least one or more small prospects
have been developed on either side of this reach. Wet fer-
ricrete exposed in channel banks is present where the lower
bog enters Cement Creek. Because the lower bog merges with
Cement Creek so far downstream, this source has proportion-
ately less influence on stream pH and chemistry than if it were
located farther upstream, owing to dilution effects (Kimball
and others, this volume). Cementation of streambed clasts
through most of this reach is attributed to mixing of the low-
pH and iron-rich ground water from the lower bog with more
oxygen-rich water in the stream and underlying hyporheic
zone.

Mineral Creek between Middle Fork
and South Fork

Ferricrete is exposed continuously along Mineral Creek
between its Middle and South Fork tributaries (Yager and
Bove, this volume, pl. 2). Water chemistry in this reach is
dominated by low-pH water from Middle Fork Mineral Creek,
although small, acidic, iron-rich springs discharge from both
banks through this reach. Discharge from Mineral Creek and
from Middle Fork Mineral Creek was roughly equal dur-
ing low-flow conditions (20.6 and 18.1 L/s, respectively,
September 14, 1996; Kimball and others, this volume). Middle
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Fork Mineral Creek had a total-recoverable iron concentration
of nearly 40 mg/L with a pH of 4.7. The addition of Middle
Fork Mineral Creek to the mainstem caused pH to decrease
from 5.7 to 4.8, whereas total recoverable iron increased

more than three-fold in Mineral Creek, from 1.5 to 5 mg/L.
The slight gain of 5 L/s between the Middle and South Fork
Mineral Creek tributaries is attributed to small acidic springs,
which have little effect on in-stream chemistry or trace-metal
loads. We attribute the acidic nature of these small inflows to
large exposures of altered rock on both sides of Mineral Creek.
The subeconomic porphyry copper-molybdenum deposit of
peak 3,792 m is west of this reach and the OPAM area is east
(Bove and others, this volume). Bog iron deposits occur nearly
continuously along both banks. In-stream pH and iron con-
centrations remain fairly constant throughout this reach to the
mouth of South Fork Mineral Creek. Inflow from South Fork
is neutral (7.2), and the pH downstream from its confluence is
6.8 during low-flow conditions. The distribution of ferricrete
deposits is no longer continuous downstream from the mouth
of South Fork Mineral Creek.

Middle Fork Mineral Creek contributes the greatest loads
of aluminum, iron, manganese, and sulfate to Mineral Creek
(Kimball and others, this volume). The loads are derived from
weathering of QSP alteration assemblages surrounding the
subeconomic porphyry copper-molybdenum deposit at peak
3,792 m and from mining (Mast and others, this volume). An
unnamed north-flowing tributary subbasin, the major tribu-
tary inflow to Middle Fork Mineral Creek, has about 18 and
40 percent areal extent of QSP and WSP rock types, respec-
tively (table 5). Ferricrete is present along the QSP and WSP
reaches of the tributary, which contributes about 20 percent of
the zinc load and 24 percent of the copper load to Middle Fork
Mineral Creek (Mast and others, this volume). Mast and others
have estimated that comparable loads of zinc (24 percent) and
copper (19 percent) can be attributed to mining-related sources
elsewhere in the Middle Fork Mineral Creek basin.

California Gulch, a Headwater Tributary
of the Upper Animas River

Springs and streams in the east half of the study area,
drained by the upper Animas River upstream of Silverton,
are substantially higher in pH (generally >6.5; Mast and others,
this volume; Wright, Simon, and others, this volume), and fer-
ricrete deposits and bog iron are correspondingly sparse (Yager
and Bove, this volume, pl. 2). The neutral pH is attributed to
the presence of carbonate minerals in the propylitically altered
rocks throughout most of this basin. In several locations,
alluvial deposits are cemented with blue-black manganese-
oxide cement, here referred to as manganocrete (Verplanck
and others, this volume; Yager and Bove, this volume, pl. 2).
Similar to ferricrete in their genesis, these sedimentary con-
glomerates are less abundant than the iron-cemented deposits
in Mineral and Cement Creeks, occurring along the flanks
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of California and Houghton Mountains (in the California,
Placer, and Eureka Gulch subbasins, fig. 1) and as black rock
varnish forming a surficial coating on stream cobbles and
cementing historical gravel deposits below the old mining

and milling town of Eureka (Vincent and Elliott, this volume,
Chapter E22). The cement coatings are derived from the weath-
ering of manganese-rich vein minerals in the Eureka graben
area described by Casadevall and Ohmoto (1977) and also from
mill tailings derived from ore production that were discharged
to the Animas River at Eureka.

Naturally occurring manganese-rich springs were
sampled along the lower end of manganocrete-cemented
alluvial fans flanking the north side of California Mountain,
in this study and also by Kimball and others (this volume).
These springs are low in dissolved oxygen, range in pH from
4.3 to 4.8, and have higher concentrations of dissolved sulfate,
manganese, iron, and aluminum than the adjacent down-
stream reach of California Gulch (Kimball and others, this
volume). Manganese springs (see samples 9VAF01, MN-1,
and CGS, table 1) had among the greatest concentrations of
dissolved aluminum (as much as 24 ppm), copper (as much as
4.6 ppm), and zinc (as much as 14 ppm). For further informa-
tion on manganese-oxide precipitates, see Hem (1963, 1964),
Carpenter and Hayes (1980), Robinson (1993), Stollenwerk
(1994), and Lind and Hem (1993).

Trace-Element Content of Naturally
Occurring Acid-Sulfate Ground Water
as a Geochemical Baseline for Mine-
Affected Drainage

Successful remediation strategies for acidic mine
drainage require a detailed understanding of mineralization
and hydrology surrounding the mines in order that realistic
geochemical baselines for water quality can be developed.
The term “baseline” is used herein to refer to water that is
unaffected by mining, milling, or weathering of excavated
waste rock. We propose that for the Animas River watershed
study area the acidic ground water associated with ferricrete,
bog iron, and manganocrete deposits serves as an aqueous-
phase analog for ground water affected by acidic mine drain-
age. Acid-sulfate-type ground water bearing high concentra-
tions of iron and manganese represents extreme near-surface
conditions, and these are among the worst-case concentrations
that could be expected from the weathering of a mineral
deposit. The acid-sulfate-type water serves as a geochemical
baseline for what undiluted ground water draining a mineral
deposit may have been like prior to mining.

In a typical stream, water at any given point is a compos-
ite of ground water and surface-water runoff from a variety of
sources, and thus a contribution of acid-sulfate-type ground
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water would almost always be diluted by other contributions.
The spring water sampled in this study therefore represents
a bias toward the extreme end and should not be used to set
remediation goals for surface-water streams.

In figure 12, the sum of most common trace elements
(zinc, copper, cobalt, and nickel in pg/L), or “sum of metals”
is plotted against pH for different types of water that were col-
lected throughout the Animas River watershed study area. The
upper graph (A) shows the range of results for ground-water,
spring, and seep samples from the project database (Sole and
others, this volume). Sample descriptions indicate that these
samples were not obviously affected by mining activity. Base
flow during late-summer conditions from tributaries, largely
from the tracer studies by Kimball and others (this volume),
is also plotted, although many of the samples in this group are
from subbasins where mining occurred, and are likely affected
by historical mining to some degree. Both ground-water and
base-flow tributary samples plot across a wide range of pH,
with trace-element concentrations reflecting a wide range
of conditions, from springs fed by dilute snowmelt to older
ground water with as much as 1,200 pg/L for sum-of-metals
concentration. The upper graph (A) provides a watershed-
scale picture covering a broad range of pH and sum-of-metal
conditions that were sampled in the duration of the 5-year
investigation by the numerous coworkers on the project. The
lower graph (B) compares iron-rich ground water collected
in this study (table 1) with mine-affected samples from the
project database (Sole and others, this volume). In accordance
with the criteria of Mast and others (this volume), the iron-
rich ground water samples in graph B are not significantly
impacted by mining activities. In contrast, the acidity and sum-
of-metal content of the naturally occurring iron-rich water are
exceeded by a majority—although not all—of the database
samples coded as affected by mining. The lower graph (B)
gives us a clear indication of how the most extreme mine-
affected samples compare with the most extreme ground water
from unmined areas strongly affected by weathering of acid-
sulfate rock (this study, table 1). Based on the lower graph, a
reasonable geochemical baseline for acid-sulfate-type ground
water from the Animas River watershed study area is the max-
imum concentration of the sum of metals (Co, Cu, Ni, and Zn)
for the iron-rich ground water. A reasonable sum-of-metals
limit for a ground-water discharge leaving a mine-affected
site (an extreme condition) could be set at 1,200 pg/L for this
study area—a hydrothermally altered Tertiary-age volcanic
rock that has naturally weathered in a temperate alpine setting.
Limits for selected trace-element concentrations that are of
particular concern to aquatic life and human health, such as
copper and zinc, can be determined in a similar fashion. In
upper Cement Creek, the maximum values measured for iron-
rich ground water were 0.080 pg/L copper and 1,500 pg/L zinc
(table 1). Local guidelines could be developed on a site-by-site
basis for a given reach, depending on the hydrologic setting
and degree of hydrothermal alteration.
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Figure 12. Sum of trace metals (Zn+Co+Cu+Ni), versus pH for A, ground-water and tributary inflows, and
B, iron-rich ground water (this study) compared with mine-affected samples. Metals data include both filtered
and unfiltered water samples from database (Sole and others, this volume). Note log scale on y-axis.
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Conclusions

Comparison of ground-water pH conditions in the
Animas River watershed study area with mapped occur-
rences of ferricrete indicates that active ferricrete and bog iron
deposits are most likely found in areas where ground-water
pH is consistently less than 4.5. An exception to this finding is
that older, inactive ferricrete and bog iron deposits are locally
preserved above modern stream terraces (and the present-
day water table), such as the cemented paleo-stream gravel
deposits in Cement and Mineral Creeks. The greatest sources
of acid-sulfate water are the Red Mountain and OPAM areas
draining east to Cement Creek and west to Mineral Creek,
and the area surrounding the unnamed peak 3,792 m between
Middle Fork and South Fork Mineral Creek (fig. 1). The
alteration assemblages most commonly associated with acid
drainage are the acid-sulfate, quartz-sericite-pyrite, V-QSP,
and weak sericite-pyrite alteration zones. Ferricrete occurs
extensively along the valley floors and banks of Cement Creek
and Mineral Creek, directly down gradient from the great-
est occurrences of acid-generating rock types. The aqueous
and solid-phase chemistry of ferricrete environments can be
used as a geochemical baseline for an extreme but natural
condition—acid-sulfate-type ground water draining hydrother-
mally altered volcanic rock in a given climatic setting.

In this chapter we have investigated aqueous chemistry
of ground water in contact with ferricrete deposits, evaluated
solid-phase chemistry and mineralogy of ferricrete deposits,
and considered spatial relations with altered mineral assem-
blages and typical environments of ferricrete and bog iron
deposition. Lastly, we have developed geochemical baselines
for major and trace elements in a most extreme, but natural
condition—that of acid-sulfate-type ground water unaf-
fected by mining in close proximity to hydrothermally altered
mineral assemblages. The hydrologic processes, mineralogy,
and major-element chemistry governing the formation of fer-
ricrete have many analogies to the formation of iron precipi-
tates resulting from acidic mine drainage. The prevalence of
schwertmannite in a wide range of sedimentary deposits down
gradient from acid-sulfate rock assemblages is evidence that
pH of ground water in these localities was probably between
about 3.5 and 4.5 before mining began.

Despite the poor quality of these naturally occurring
acid-sulfate-type ground waters, mine-affected water samples
are commonly even more acidic with higher trace element
concentrations, some by as much as two orders of magnitude
(fig. 12). The most heavily mine affected water samples have
pH <3, which increases the solubility of iron, aluminum, and
most trace elements such as zinc, copper, nickel, cobalt, and
arsenic, resulting in sum-of-metals concentrations that com-
monly exceed 1,200 pg/L. Representative sampling of ferri-
crete deposits and acid-sulfate ground water provides a needed
strategy for our understanding of worst-case water-quality
conditions that are natural in origin. The water chemistry of
iron- and manganese-rich springs can be used as a premining
baseline of pH and trace-element concentrations in ground
water adjacent to mined deposits.
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