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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Multiply By To obtain

micrometer ({tm) 0.00003937 inch

millimeter (mm) 0.03937 inch
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
microliter (LL) 0.00003381 ounce, fluid
milliliter (mL) 0.03381 ounce, fluid
liter (L)  33.82 ounce, fluid
milligram (mg) 0.0000353 ounce
gram (g) 0.002205 pound
kilogram (kg) 2.205 pound
hectare (ha) 2471 acre
liter per second (L/s) 0.03531 cubic foot per second
meter per kilometer (m/km) 5.280 foot per mile

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929--a geodetic datum derived from a
general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Abbreviated water-quality units used in this report: Chemical concentrations and water temperature are given only in metric
units. Chemical concentration in water is given in microequivalents per liter (peq/L) or micromoles per liter (Wmol/L).
Microequivalents per liter and micromoles per liter are used because they are the most accurate and meaningful units with which
to report the chemistry of dilute waters. Microequivalents per liter is a unit expressing the concentration of chemical constituents
in solution as equivalent charges (equivalents) of solute per unit volume (liter) of water. One thousand microequivalents per liter
is equal to one milliequivalent per liter. Stable-isotope concentration is reported in per mille (per mil), which is equivalent to parts
per thousand.

Specific conductance of water is expressed in microsiemens per centimeter at 25 degrees Celsius (S/cm). This unit is

equivalent to micromhos per centimeter at 25 degrees Celsius (umho/cm), formerly used by the U.S. Geological Survey. pH is

given in standard units, which can be converted to microequivalents per liter of hydrogen ion (H*) by use of the following equation:
pH = [-log(H)][1 x 109].

Temperature is given in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) by use of the following equation:

°F = 1.8(°C) + 32.
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CONVERSION OF UNITS OF CONCENTRATION

Multiply the concentration of ionic chemical species in microequivalents per liter (leq/L) or micromoles per liter (umol/L) by
the appropriate factor given below to obtain the concentration in milligrams per liter (mg/L). Concentrations expressed in
microequivalents per liter, as they are in this report, are particularly useful when computing cation-anion balances.

Multiply microequivalent By To obtain milligram
per liter units: per liter units for:
Hydrogen (H*) 0.00101 H*
Calcium (Ca®*)  0.02004 Ca?*
Magnesium (Mg2*)  0.01215 Mg+
Sodium (Na*) 0.02299 Na*
Potassium (K*) 0.03910 K*
Aluminum (AP*)  0.00899 AP+
Iron (Fe?*)  0.02792 Fe?*
Ammonium (NH4*) 0.01805 NH,*
Chloride (CI’) 0.03545 cr
Nitrite (NO,") 0.04601 NO,”
Nitrate (NO%') 0.06201 NOjy
Sulfate (SO,%)  0.04803 SO4*
Bicarbonate (HCO5) 0.06102 HCOy
Silica (SiO,) (micromoles per liter) 0.06009 SiO,

Factors affecting stream chemistry on Catoctin Mountain, Md.

vii



Hydrologic and Geochemical Factors Affecting
the Chemistry of Small Headwater Streams in
Response to Acidic Deposition on Catoctin Mountain,

North-Central Maryland

By Karen C. Rice and Owen P. Bricker

ABSTRACT

A study was conducted by the U.S. Geolog-
ical Survey during 1990-93, in cooperation
with the Maryland Department of the Environ-
ment and the Maryland Department of Natural
Resources, to provide an assessment of the sus-
ceptibility of small headwater streams to epi-
sodic acidification and to evaluate the
hydrological and geochemical factors affecting
the chemical composition of the streams. Epi-
sodic acidification is of environmental concern
because it can seriously affect aquatic biota,
particularly finfish. The study was focused on
two small watersheds in the Blue Ridge Physi-
ographic Province of Maryland, on Catoctin
Mountain in Frederick County. The Bear
Branch and Fishing Creek tributary watersheds
are similar in area, vegetation, land use, soils,
geology, precipitation, and direction of stream-
flow. The watersheds are underlain by the
Weverton Formation, a siliciclastic rock type
that contains few reactive (weatherable) miner-
als; therefore, the watersheds are more suscep-
tible to acidification by acidic deposition than
are watersheds underlain by more reactive
rocks. Hydrologic, geochemical, and isotopic
data on precipitation, throughfall, two depths of
soil water, shallow ground water, and stream-
water during both base-flow and stormflow
conditions were collected from and near the
watersheds for various periods of time from
June 1990 through December 1993.

Geochemical data collected from the two
watersheds indicate that the streams undergo
episodic acidification. During base flow,
streams draining these watersheds are slightly
acidic (pH 5.5-6.5) with a low positive acid-
neutralizing capacity (5-60 microequivalents
per liter). During storms, the pH of the streams
decreases (pH sometimes below 5.0), the acid-
neutralizing capacity decreases, and in Bear
Branch, the acid-neutralizing capacity becomes
negative. Values of pH below 5.0 are believed
to be harmful to many aquatic organisms. Hy-
drologic and isotopic data indicate that the
changes in streamwater chemistry during
stormflow are caused by short, shallow flow
paths; that is, waters that have had a short resi-
dence time in the watersheds are routed to the
streams to become stormflow. The shallow,
short residence-time waters generally are acid-
ic because the contact time with watershed ma-
terials is short and because the highly
weathered, near-surface watershed materials
offer little buffering capacity. The streamwater
chemistry of the two watersheds studied is typ-
ical of watersheds throughout the Blue Ridge
Physiographic Province underlain by siliciclas-
tic rocks and of other watersheds, worldwide,
underlain by similar rock types.
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INTRODUCTION

Acidic deposition (or commonly, "acid rain") is
a well-known and controversial environmental
problem, particularly in the Eastern United States.
Acid rain can affect the quality of surface water in
two ways: by causing either chronic or episodic
acidification. Chronic acidification of surface wa-
ter results from repeated inputs of acid rain over a
period of years, which slowly cause changes in the
watershed chemistry so that the stream becomes
permanently acidified. A measure of the degree of
acidification of a stream is its acid-neutralizing ca-
pacity (ANC), where a large value for the ANC in-
dicates that the water is not acidified, and where an
ANC of less than or equal to zero indicates acidifi-
cation. Episodic acidification of a stream occurs
over a relatively short time period (hours or days) as
a result of an individual rainstorm or snowmelt and
causes a temporary decrease in water pH and ANC.
Most water bodies that are underlain by rock types
that weather slowly and where episodic acidifica-
tion takes place, eventually will become chronically
acidified (Wigington and others, 1990).

Episodic acidification is an environmental con-
cern because the short-term changes in streamwater
chemistry can have detrimental effects on aquatic
organisms, including finfish, even though the
streamwater chemistry is generally suitable for
most of the year (Baker and others, 1990). Episodic
acidification in streams throughout the United
States, Canada, and Europe has been well docu-
mented (Wigington and others, 1990, and refer-
ences therein; Rice and Bricker, 1992a; O'Brien and
others, 1993). Although episodic acidification is
widespread, the exact watershed mechanisms that
are responsible for episodic acidification are not
well understood. This report summarizes research
on the occurrence and causes of episodic acidifica-
tion of two small watersheds in the Blue Ridge
Physiographic Province of Maryland.

Small watersheds (those with an area less than
200 ha) are ideal study units because (1) it is less
difficult to measure the inputs by atmospheric dep-
osition and the exports by surface runoff in small
basins than in large basins; (2) small watersheds are

less likely to be affected by anthropogenic distur-
bances other than those that affect atmospheric dep-
osition, such as agricultural activity, deforestation,
development, and wastewater disposal, than are
large basins; (3) small watersheds may be confined
to single bedrock types, simplifying the identifica-
tion of watershed sources of dissolved solutes; (4)
much research has been done on small forested wa-
tersheds aimed at understanding streamflow-
generation mechanisms and the biogeochemistry of
throughfall, soil water, ground water, and surface
runoff; and (5) results of research on small water-
sheds could be extrapolated to larger basins for the
determination of more regional effects of atmos-
pheric deposition.

The Middle Atlantic States receive some of the
most acidic precipitation in the Nation (U.S. Na-
tional Acid Precipitation Assessment Program,
1991). The State of Maryland has recognized the
importance of acidic deposition in the region and its
effects on the quality of its waters and the health of
its aquatic resources. Four streamwater-quality
studies conducted in Maryland (Janicki and
Cummins, 1983; Janicki and Greening, 1987;
Knapp and others, 1988a, 1988b) prompted the
State legislature in July 1989 to establish the Mary-
land Department of the Environment (MDE)
Stream Acidification Monitoring Program
(SAMP), which has three components: (1) a long-
term trend study; (2) a yearly survey; and (3) a bio-
logical monitoring component. For these reasons,
two small watersheds in the Blue Ridge Physio-
graphic Province of Maryland were chosen by the
U.S. Geological Survey (USGS) for intensive in-
strumentation and water-quality monitoring to as-
sess the effects of episodic acidification in those
watersheds. This study, begun in 1990, was done as
a joint-funding agreement between the MDE, the
State of Maryland's Department of Natural Re-
sources (DNR), and the USGS. The watershed sites
established for the USGS study have been incorpo-
rated as part of MDE's SAMP long-term trend
study.
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compositions because of the mixed hardwood for-
ests that cover the watersheds. Deciduous species in
both watersheds include oak, maple, hickory,
beech, wild cherry, and poplar. In addition to the
dominantly deciduous species, the Bear Branch wa-
tershed includes approximately 10-percent hemlock
trees, and the Fishing Creek tributary watershed in-
cludes some mountain laurel shrubs. The effect of
the forest canopy in each watershed was measured
by collecting throughfall samples from beneath
each major canopy type (deciduous and coniferous)
and comparing the chemistry to that of precipitation
collected for the same time period (usually 1week).
The effect of the forest canopy on the chemical
quality of the water entering the watersheds is dis-
cussed in more detail later in the report.

Organic-Litter Layer

The organic-litter layer is the first component
that water contacts once it reaches the forest floor.
The layer consists of organic debris (leaves, roots,
twigs, bark, fruits, and stems), which accumulates
on the forest floor, as well as rocks and growing and
decaying organic matter. The organic-litter layers
in the Bear Branch and Fishing Creek tributary wa-
tersheds are from 0.10 to 0.15 m thick.

In general, the organic-litter layer samples from
the Bear Branch and Fishing Creek tributary water-
sheds have an average pH of 4.16, an average of
about 14-percent organic matter, an average CEC of
20 meg/100 g (milliequivalents per 100 grams), an
average of extractable Al of 46 mg/kg (milligrams
per kilogram), and consist of about 50-percent sand,
41-percent silt, and 9-percent clay. The results of
the analyses of the organic-litter layers are summa-
rized in table 3. The resuits indicate that the samples
from the Bear Branch watershed have slightly more
sand and slightly less clay in the organic layer than
the samples from the Fishing Creek tributary water-
shed, and that the samples from both watersheds
had similar pH's, percentage of organic matter, and
percentage of total S. The samples from the Bear
Branch watershed had less extractable SO,%, higher
CEC's, higher percentage of organic carbon, slight-
Iy less total Al but more extractable Al than the
samples from the Fishing Creek tributary water-
shed. Although little variability is indicated in the
results from the two lysimeter pits in the Bear

Branch watershed except in pH and extractable Al,
more variability is indicated between the two lysim-
eter pits in the Fishing Creek tributary watershed.
Pit 1 had higher pH, less organic matter, lower
CEC, and lower extractable Al. The difference in
the composition of the organic-litter layer from pit
1 to pit 2 may be attributable to the fact that pit 1 is
partially shielded by an outcrop of phyllite (fig. 4).

Mineral Soil

The mineral soil is the next watershed compo-
nent that water contacts as it travels through a wa-
tershed. The mineral soils in these watersheds are
residual soils derived from the underlying bedrock.
Soils are the product of bedrock that has been acted
upon by physical, chemical, and biological process-
es so that a watershed material is created that can
support rooted plants. In general, a vertical soil pro-
file is divided into three horizons: (1) an upper ho-
rizon, which has maximum organic accumulation
and from which clay minerals, aluminum, and iron
have been leached; (2) a middle horizon, which is
the zone of accumulation of clay, aluminum, and
iron; and (3) a lower horizon, which is the layer of
unconsolidated, weathered parent bedrock. The ho-
rizons vary in thickness, and not all horizons are
present in every soil profile. Most soil profiles con-
tain rock fragments of the parent bedrock, which are
scattered throughout each horizon. The rock frag-
ments tend to increase in size with depth, indicating
that the upper soil horizons are generally more
weathered than the lower horizons.

Mineral soils in the Bear Branch and Fishing
Creek tributary watersheds range in thickness from
0 (exposed bedrock) to about 3 m, and soil horizons
are poorly developed. The soils are described as
very stony loams (Matthews, 1960), and large
pieces of rock (less than 1 to more than 1 m in di-
ameter) were encountered during lysimeter and
well-point installation. Analytical results for the
soil samples collected during lysimeter pit excava-
tion are summarized in table 4.

The results from the soil analyses indicate that
the percentage of sand in the lysimeter pits
increases with depth below land surface, whereas
the percentages of silt and clay decrease (table 4,
fig. 7). In general, the pH of the soils increases
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Figure 7. Grain-size fractions of soils from Fishing Creek tributary lysimeter pit 2, Catoctin Mountain, Maryland.

slightly with depth because of an increasing content
of less-weathered parent material. The percentage
of organic matter, percentage of organic carbon,
percentage of total Al, and exchangeable SO,%,
CEC, and extractable Al all decrease with depth
(table 4). At a depth of 0.51 to 0.61 m below land
surface, the soils from all four lysimeter pits had an
average pH of 4.75, 1.1-percent organic matter, 8.8
meq/100 g CEC, 0.4-percent organic carbon, 0.01-
percent total S, 4.2-percent total Al, and 25 mg/kg
extractable Al. The largest difference between soil
samples from the Bear Branch and Fishing Creek
tributary watersheds was in exchangeable SO,%; the
Bear Branch watershed had an average of 18.7
meq/100 g, whereas Fishing Creek tributary water-
shed had an average of 41.6 meq/100 g at depths
ranging from 0.51 to 0.61 m below land surface.

Soil samples collected from specific depths
from one soil pit in each watershed were analyzed
by X-ray diffraction at the USGS mineral-water in-
teraction laboratory in Reston, Va., to identify the
dominant types of minerals present in the soils. The

location of the soil pits where these samples were
obtained is shown for the Bear Branch and Fishing
Creek tributary watersheds on figures 3 and 4, re-
spectively. In the Bear Branch watershed, soil sam-
ples were collected at depths 0f 0.10, 0.15,0.33, and
0.46 m below land surface. In the Fishing Creek
tributary watershed, soil samples were collected at
depths of 0.05, 0.20, 0.33, and 0.51 m below land
surface. The samples were first analyzed in bulk
scans; that is, a subset of the soil sample as it was
collected from the field was X-rayed. The results of
the bulk scans indicated that the amount of plagio-
clase feldspar increases with depth below land sur-
face in both watersheds. The samples then were
sieved to obtain a less than 1-um fraction and ana-
lyzed by X-ray diffraction to identify the dominant
clay minerals. In both watersheds, the dominant
clay mineral is hydroxy-interlayer vermiculite,
whereas kaolinite and smaller amounts of gibbsite
also are present (D.L. Webster, U.S. Geological
Survey, written commun., 1994).
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Bedrock

Bedrock underlies the soils in a watershed and
gives residual soils their original physical and
chemical characteristics. As water travels through
a watershed, it eventually reaches the ground-water
table, which may be located in the soil zone or deep-
er in the bedrock. If the bedrock has primary poros-
ity, the ground water is present in the interstitial
spaces between mineral grains. If the bedrock has
no primary porosity but is fractured, it is said to
have secondary porosity. In this case, the ground
water is present in the fractures in the bedrock.

The bedrock underlying both watersheds is the
Weverton Formation of late Precambrian or Cam-
brian age. The Bear Branch watershed is underlain
by the lower member of the Weverton Formation.
The lower member is characterized by quartzose
graywacke and graywacke conglomerate interbed-
ded with dark-colored phyllites (Fauth, 1977).
Fishing Creek tributary watershed is underlain by
the upper member of the Weverton Formation. The
upper member is characterized by interbedded pro-
toquartzite, graywacke, and quartzite, interbedded
with phyllite and quartz phyllite and overlain by
ferruginous quartzite and conglomerate (Fauth,
1977). An outcrop of a phyllite, which is either the
upper part of the Weverton or the lower part of the
Harpers Formation, is present near the streamflow-
gaging station on Fishing Creek tributary (fig.4).

The Weverton Formation has little primary po-
rosity because its individual grains are cemented
with silica, which is partially the result of metamor-
phism. The Weverton Formation is well fractured,
however, as a result of a long geologic history of
tectonic processes. Therefore, ground water in the
two watersheds flows through fractures in the bed-
rock and through the saturated, coarse regolith
overlying the bedrock.

Sampiles of bedrock and float (isolated, dis-
placed fragments of rock) from each of the water-
sheds were collected and submitted to the USGS
geochemistry laboratory in Denver, Colo., for
whole-rock analyses. Samples were analyzed for
10 major oxides by X-ray fluorescence and for loss
on ignition. Samples were analyzed for CO, by ex-

traction through coulometric titration and for FeO
by potentiometric titration.

The four quartzite samples from the Bear
Branch watershed submitted for whole-rock analy-
ses ranged from 75- to 90-percent SiO,, with the re-
mainder of the rock composed of Al,O;, Fe;O; and
K,0. The four quartzite samples submitted from
the Fishing Creek tributary watershed contained
more Si0,, with the percentage ranging from 95 to
97. One sample of massive quartz (vein quartz) was
submitted, which was almost pure SiO,. A sample
of the phyllite, which crops out near the stream-
flow-gaging station on Fishing Creek tributary con-
tained much less SiO, than the quartzite samples
submitted, with the balance of the rock consisting of
Al,0,, FeO, Fe;O;, MgO, and K,O. The results of
the whole-rock analyses are presented in tables SA
and B.

Thin sections were made from samples of bed-
rock and float collected from each of the water-
sheds. These rock samples were the same samples
that were submitted for whole-rock analyses. For
comparison, samples were collected from a Wever-
ton Formation outcrop exposed by a fresh railroad
cut in Thoroughfare Gap near The Plains in north-
ern Virginia. The thin sections were subjected to
petrographic analysis, cathodoluminescence, and
scanning electron microscopy for determination of
mineralogy. The results of the petrographic analy-
ses are summarized in table 6.

Cathodoluminescence techniques were used
specifically to examine for carbonate minerals in
the thin sections. Qualitative examination by
cathodoluminescence indicated no carbonate min-
erals but confirmed the presence of potassic feld-
spar. The feldspar is present as isolated grains and,
at places, in thin horizons along bedding planes.
The presence of potassic feldspar also was con-
firmed by scanning electron microscopy (SEM).
SEM with qualitative energy dispersive X-ray anal-
ysis was used to identify minerals present in the
Weverton Formation and to obtain qualitative
chemical compositions. In addition to the major
mineral component, quartz, small amounts of epi-
dote, ilmenite, rutile, sericite, tourmaline, and zir-
con were observed. Most of these minerals were
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Table 5a. Results of whole-rock analyses for Bear Branch watershed, Catoctin Mountain, Maryland

[ Values in percent; <, less than]

Sample type

Constituent Quartzite Quartzite Quartzite Quartzite

Silicon dioxide (Si0;,) 87.2 87.1 74.6 90.1

Alumium oxide (Al,0,) 5.65 492 11.4 4.1

Ferrous oxide (FeO) 0.48 0.6 0.89 036

Total iron, expressed as 1.72 243 3.55 1.11

ferric oxide (Fe;O,)

Magnesium oxide (MgO) 0.74 0.82 1.28 0.61

Calcium oxide (CaO) <0.02 <0.02 <0.02 <0.02

Sodium oxide (Na,O) <0.15 <0.15 <0.15 <0.15

Potassium oxide (K,0) 2.57 222 5.12 1.84

Titanium oxide (TiO,) 0.23 0.51 0.88 022

Phosphorous oxide (P,0;) <0.05 <0.05 <0.05 <0.05

Manganese oxide (MnO) <0.02 <0.02 <0.02 <0.02

Carbon dioxide (CO,) <0.01 <0.01 <0.01 <0.01

Loss on ignition (LOT) 1.16 1.06 1.99 1.03
Table 5b. Results of whole-rock analyses for Fishing Creek tributary watershed, Catoctin Mountain, Maryland
[Values in percent; <, less than]

Sample type
Constituent Phyllite Quartzite Quartzite Massive Quartzite Quartzite
quartz
Silicon dioxide (SiO,) 64.9 952 97.3 98.5 96.1 96.3
Alumium oxide Al,O, 18.1 1.58 0.94 0.29 1.06 1.06
Ferrous oxide (FeO) 3.61 0.23 0.07 0.02 0.21 0.06
Total iron, expressed as 5.61 0.59 0.16 <0.04 0.72 0.28
ferric oxide (Fe;O,)

Magnesium oxide (MgO) 1.47 0.27 <0.10 <0.10 0.2 0.17
Calcium oxide (CaO) 0.09 <0.02 <0.02 <0.02 <0.02 <0.02
Sodium oxide (Na,0) 0.92 <0.15 <0.15 <0.15 <0.15 <0.15
Potassium oxide (K,0) 4.11 0.54 0.4 <0.02 0.32 0.32
Titanium oxide (TiO,) 0.91 0.18 0.24 <0.02 0.17 0.36
Phosphorous oxide ( P,O;) 0.13 0.06 <0.05 <0.05 <0.05 <0.05
Manganese oxide (MnO) 0.03 <0.02 <0.02 <0.02 <0.02 <0.02
Carbon dioxide (CO,) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Loss on ignition (LOI) 3.26 0.44 0.15 0.02 0.33 03
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Table 6. Results of thin-section analyses of samples collected from Catoctin Mountain, Maryland

[BB, Bear Branch watershed; FCT, Fishing Creek tributary watershed; all values given in percent; --, none detected,; tr, trace]

Thin-section Quartz Mica/iltite Altered mica Fresh Orthoclase Zircon, Opaques
identification (chlorite or biotite rutile, ilmenite

number biotite or

vermiculite)

BB2 58 - 35 5 2 - -
BB3 43 - 55 - - - 2
FCT2 78 15 - - 7 tr -
FCT5 86 10 - - 4 tr -

present only in trace amounts and were not abun-
dant enough to be detected in the petrographic point
counts.

Streambed Sediments

Streambed sediment can give an indication of
the character of the watershed components that wa-
ter has passed through on its way to the stream.
Usually, in high-gradient streams such as those in
this study, fine-grained materials, such as soil parti-
cles, are carried from the streambed by streamflow.
However, coarser-grained materials, such as rock
fragments, are heavier and settle on the streambed.

Three streambed-sediment samples from each
watershed were collected near and just upstream of
the streamflow-gaging stations and sent to a USGS
laboratory in Reston, Va., for analysis. The sedi-
ment samples were sieved, and the sediment that
passed the 80-mesh screen but was retained on the
200-mesh screen was the part of the sample that was
analyzed. The sieved sample then was split into
two fractions: that with specific gravity greater
than 2.80 (the heavy-mineral suite) and that with
specific gravity less than 2.80 (the light-mineral
suite). For samples with specific gravity greater
than 2.80, the sample was divided again into opaque
minerals and non-opaque minerals. The types of
minerals in all samples were identified by visual ob-

servation with a binocular microscope and by mea-
suring the indices of refraction with immersion oils.
The results of the analyses of the streambed sedi-
ments are presented in table 7.

In the heavy-mineral suite of the samples from
both watersheds, the opaque minerals identified
were brown ilmenite, ilmenite, and leucoxene (al-
tered ilmenite) (James Owens, U.S. Geological Sur-
vey, written commun., 1992). The brown ilmenite
consisted mostly of iron oxides, the ilmenite was
present as unusual small cubic crystals, and the leu-
coxene was present as acicular crystals or as light
brown masses (James Owens, U.S. Geological Sur-
vey, written commun., 1992). Neither apatite nor
magnetite were present in any of the samples. The
non-opaque minerals identified were epidote, rutile,
tourmaline, and zircon. In general, slightly more
tourmaline and slightly less zircon were present in
the samples from Fishing Creek tributary than from
Bear Branch. The epidote was present in green
crystalline form. The rutile was present as pale-
yellow-colored grains. The tourmaline was present
as crystals with very little rounding. The zircon was
mostly subrounded and present less commonly as
metamict and more commonly as non metamict.
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Table 7. Results of streambed-sediment analyses of samples collected from Catoctin Mountain, Maryland

[--, none detected; >, greater than; <, less than]

Minerals identified Bear Branch Fishing Creek tributary
Sample 1  Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
Percent of sample passing 80-mesh screen but retained on 200-mesh screen
(specific gravity >2.80)
Opaque
Brown ilmenite 4 2 5 4 4 2
limenite 64 81 72 69 41 74
Leucoxene 33 17 23 27 55 24
Non-opaque
Epidote 3 4 6 5 1 3
Rutile 6 1 2 2
Tourmaline 1 1 4 11 18 5
Zircon 89 94 89 86 79 90
Opaque:Non-opaque 70:30 63:37 76:24 60:40 76:24 67:33
Percent of sample passing 80-mesh screen but retained on 200-mesh screen
(specific gravity <2.80)
Common quartz 28 26 O] 71 41 66
Plagioclase feldspar - - O - - -
Polycrystalline quartz - - Q) - - -
Potassic feldspar 5 9 ® - - -
Rock fragments 67 65 " 29 59 34
! Sample not collected
Of the light-mineral suite of the samples from Precipitation

both watersheds, the identified minerals were com-
mon quartz, potassic feldspar, and rock fragments.
Neither polycrystalline quartz nor plagioclase feld-
spar were identified in any of the samples. The rock
fragments were mostly a quartz-muscovite assem-

blage, with the muscovite content of the Bear

Branch samples significantly higher than the Fish-
ing Creek tributary samples (James Owens, U.S.
Geological Survey, written commun., 1992). The
Bear Branch samples also had more, though still
minor amounts of, potassic feldspar than the Fish-
ing Creek tributary samples (James Owens, U.S.

Geological Survey, written commun., 1992).

Precipitation is the ultimate source of recharge
to ground water in the small headwater watersheds
studied. Therefore, the quantity and quality of the
precipitation entering a watershed have significant
effects on the hydrologic and geochemical
responses of the streams. This section of the report
describes the long-term (1982-93) quantity and
quality of precipitation on Catoctin Mountain, as
well as information specific to the period of study
(1990-93). Detailed precipitation quantity and
chemistry data collected from the USGS Catoctin
Mountain precipitation-collection station for
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1982-91 are given in Rice and others (1993), and
for 1987-93 in Rice and others (1996, in press).

From 1982 through 1993, the average annual
amount of precipitation on Catoctin Mountain was
1,145 mm. This 12-year average compares favor-
ably with the long-term average (1931-80) for
north-central Maryland, which was 1,110 mm (Na-
tional Oceanic and Atmospheric Administration,
1981). For the 12-year period of record on Catoctin
Mountain, the variability in the annual amount of
precipitation ranged from a minimum of 937 mm in
1982 to a maximum of 1,485 mm in 1984 (table 8).
For the period of this study, 1990-93, the annual
amounts of precipitation ranged from a minimum of
964 mm in 1991 to a maximum of 1,243 mm in
1990, values that bracket the long-term average
amount of precipitation for the region.

Precipitation falling on Catoctin Mountain is
some of the most acidic in the United States (Rice
and Bricker, 1992b). The relations among SO,*
and NO; concentrations and pH in precipitation are
shown graphically in figure 8. Annual volume-
weighted concentrations of chemical constituents
for the 12-year period of record of precipitation
(1982-93) are shown in table 9. For the 12-year pe-
riod of record, the volume-weighted average field-
measured pH was 4.16, and the volume-weighted
average concentrations of SO,% and NO; were 51.3
and 23.6 peq/L, respectively (table 9). Examination
of the volume-weighted average concentrations in
table 9 reveals the annual variability of precipitation
constituents. No seasonal pattern in variability has
been observed in base-cation concentrations; how-
ever, H* ion, SO,* and NO;™ concentrations do
show a seasonal pattern, with the higher concentra-
tions during the summer months. Precipitation
chemistry data are shown on box plots for 1990-93
(fig. 5). The plots indicate that the H* ion and SO,*
have the greatest variability for the period.

Atmospheric wet-deposition loadings were cal-
culated for each year for the period of record from
the USGS Catoctin Mountain precipitation-
collection station (1982-93). The wet-precipitation
loadings, in moles per hectare per year, are shown
in table 10.

Table 8. Annual amount of precipitation recorded on
Catoctin Mountain, Maryland, 1982-93

[Data from Rice and others (1993, 1996) ]

Year Annual precipitation
(millimeters)
1982 937
1983 1,468
1984 1,485
1985 1,119
1986 944
1987 1,095
1988 951
1989 1,082
1990 1,243
1991 964
1992 1,232
1993 1,217

Annual average for period of record is 1,145 millimeters

Freshwater (streams, lakes, ground water) orig-
inates entirely from precipitation. Hydrogen and
oxygen combine to form the water molecule, and
their isotopic fractionations are usually covariant.
Thus, the spatial and temporal variations in isotopic
composition of precipitation can be used to investi-
gate ground-water recharge and the sources of wa-
ter contributing to streamflow. A number of factors
affect the isotopic composition of precipitation.
Dansgaard (1964) found that the delta deuterium
(0D) and delta O-18 (8'*0) contents of precipitation
are affected by altitude, latitude, distance inland
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Figure 8. Variation in laboratory pH of precipitation collected from 1982-93 and sulfate and nitrate concentrations,
Catoctin Mountain, Maryland.
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from the coast, temperature, season, and the amount
of precipitation. The linear relation between 3D
and 8'%0 in meteoric water is expressed by the
equation 8D =m 8'%0 + d, where m is the slope and
d is the deuterium excess parameter. The global
mean value of d for freshwater is 10 (Craig, 1961);
however, the value of d may differ appreciably from
area to area. In the Catoctin Mountain area of
Maryland, the value of dis 14.4, and the equation of
the local meteoric water line (calculated using pre-
cipitation data collected from April 1990 through
December 1993) is 6D = 7.9 830 + 14.4.

The slope of any meteoric water line is a func-
tion of humidity, temperature, salt concentration,
and other factors (Coplen, 1993). Two major pro-
cesses that can affect the slope of a meteoric water

line are evaporation and water-rock interaction.
Evaporation enriches D and 20 in the water and de-
creases the slope of the line. Therefore, waters that
have evaporated will plot to the right of the meteor-
ic water line on a graph showing the relation be-
tween 8D and 8'%0. Water-rock interaction at
earth-surface temperatures may increase the '80
content of the rock, decrease the '*O content of the
water, and increase the D content of the water if hy-
drated secondary minerals are formed. Waters that
have undergone extensive rock interactions will
plot to the left of the meteoric water line on a graph
showing the relation between 8D and 3'%0.

The Catoctin meteoric water line (CMWL) and
representative samples of the types of waters col-
lected from the watersheds are shown in figure 9.

20
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o SOIL WATER
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Figure 9. The Catoctin meteoric water line (CMWL) and representative waters collected from the Bear Branch and
Fishing Creek tributary watersheds, Catoctin Mountain, Maryiand, 1991-93.
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The data collected from the watersheds plot on and
in close proximity to the CMWL, which indicates
that evaporation does not significantly affect the 6D
and 8'®0 content of the waters entering these water-
sheds. The small amount of water-rock interaction
in these watersheds is overwhelmed by the large
amount of water passing through the watershed, so
that water-rock interactions do not significantly af-
fect the 8D and 8'®0 content of the waters. Thus,
the major variations in 8D and 3'30 in the samples
arise from differences in their compositions in at-
mospheric deposition.

Stable-isotope values of precipitation collected
from the Catoctin Mountain precipitation-
collection station show a seasonal pattern with the
isotopically lightest (most negative) values from
November to May and the heavier (least negative)
values from June to October. For April 1990
through December 1993, 8D and 8'%0 ranged from
-141.6 to +4.5 %o and -19.45 to -0.7 %o, respective-
ly. Volume-weighted average values of 8D and
8'80 in precipitation for 1991-93 are given in table
9.

Throughfall

Throughfall--precipitation that has contacted
the forest canopy--is the next type of water that af-
fects the hydrologic and geochemical responses of
a watershed. The quantity of throughfall was spa-
tially variable during individual rainstorms in both
watersheds. For almost every rainstorm, more
throughfall was recorded under the deciduous can-
opies than under the coniferous canopies, and as ex-
pected, as a result of canopy interception, the
measured quantity of throughfall in the watersheds
was less than the quantity of precipitation that was
recorded at the precipitation-collection station.

Individual samples from each throughfall col-
lector were not analyzed for water chemistry or iso-
topic composition due to limited resources.
However, it is suspected that had individual sam-
ples been analyzed, a large variability in water qual-
ity among the samples would have been observed
(Puckett, 1991). A large variability in the chemistry
of the composite samples was observed from storm
to storm, and a difference in chemistry was ob-

served between samples collected beneath decidu-
ous and coniferous canopies. In general, both
deciduous and coniferous throughfall was more
concentrated than precipitation in all constituents
analyzed, except for H*ion. Coniferous throughfall
at the Bear Branch study site was slightly more con-
centrated than deciduous throughfall, except for K*
and the ANC, which were slightly less in coniferous
throughfall, and Na* and SiO,, which were about
equal in throughfall collected under both types of
canopies (fig. 5).

Throughfall deposition loadings were
calculated for each full year that data were collected
for this study (1991-93). However, for 1991 and
1992, throughfall samples were not collected dur-
ing the winter months. For the periods of missing
throughfall data, concentrations of ions in precipita-
tion were used to calculate the loadings. The
throughfall loadings for the Bear Branch and Fish-
ing Creek tributary watersheds, in moles per hectare
per year, are shown in table 11. The throughfall
loadings must be considered as maximum loadings
because no attempt was made to quantify the
amount of internal recycling of nutrients through
the biomass in these watersheds.

Soil Water

Soil water--water that has drained by gravity
through a portion of the unsaturated zone in the soil
horizon--is another water type that affects the hy-
drologic and geochemical responses of a watershed.
The quantity of soil water collected from each
lysimeter was not accurately measured; only an ap-
proximation of the amount of water collected in the
3.8-L jug was recorded. For that reason, no rigor-
ous comparisons between the amount of precipita-
tion and the amount of water collected in the
lysimeters can be made. However, some generali-
zations can be made about the amount of soil water
collected.

In the Bear Branch watershed, more soil water
usually was collected from the upper pans in
lysimter pit 1 than from the upper pans in lysimeter
pit 2. Pit 1 is located on a much steeper slope than
pit 2. This suggests that additional water, perhaps
flowing from upslope more or less parallel to land

36 Factors affecting stream chemistry on Catoctin Mountain, Md.



L 68'801 LT'66T 86'1Ct z80¢cl LoLT Lyl 65°88 957991 €88y ;qrie vig €661

LA 6781 L6'96¢ 20'69C §TT0T 99'68Y L8'SL 66911 OI'sLT 9091y r9'18C 9€T1 661

(404 vl 78'95C £6'LET ¥9'801 o1'8¢1 660t T8'Ts 18°Cl1 16°08Y €TTTwe vv8 1661
11BJY3noayy snonpiosp Areynqin 3221 Juiysty

1ro1 £6'98C LSSy 80'1Cr 6TTIC 79°0L9 98'LST 65°0T1 95°T6C 80°SYS £L°00Y SLO't €661

ey L6'LYY 868V 10°90T 61981 6V V8L LLeL ILvel vT'18C 96'10€ 89°0CC vo1l T661

9L wu L9°TEE SE'65T ¥8'€01 y1°T8¢ 0s°ce LS'€9 ovevt SSveES 81°50¢ €06 1661
[18Jy3noiy; snonproop Youeigd ieog

€19 0SS yo1ES 86°1C8 $8'8SE 8L19¢ e v1°96 TSE0E  L6'TPIY £€8'81L £56 €661

U LE91 99619 Tr08s 66'C9C 1785 Ss'16 65°SEl 88VIE 01’605 SL8VE vo1‘l 7661

8SYy LAY 006€ €Tere Go'GEl 12: 3244 6v'GE 76'59 144! yS01S €6°6ST L88 1661
{[87Y3n01Y) SNOIJIU0D YousBIg JBog

Kyoeded UOT USBOIPAY] U0l UJ301pA] SISOUIIITUL
BO[IS  Buizijennou-pioy  9eJIng AeNIN SpuUOYD  wWnIsseod wnipog  winisouBey  wniofe) plo1g K10j810QE"] uonepdioard b 25 ¢
Jo unowy

s8uipeoy [[ejySnoiyJ,

[pozATeuB J0u “B'U ‘1BAA 12d 218)00Y Jod Sajow Ul sanfea Juipeo] J|v]

£6-1661 ‘PUBJAIBI “‘UTBJUNOIN UNOOIBY) “SpaljsIofem Areinqu) o210 Bulysi pue yousig Jeag oy} ut s3uipeo] [lejySnoxy], ‘11 9qeL

37

Factors affecting stream chemistry on Catoctin Mountain, Md.



surface, may have been intercepted by the pit 1
lysimeter. Additional evidence that this may be the
case is that no samples were ever collected from the
lower pans in pit 1. The upper pans in pit 2 usually
collected more water than the lower pans but not al-
ways. This suggests that precipitation that fell prior
to the week preceding lysimeter sample collection
may have drained by gravity more slowly and con-
tributed to the amount of sample collected.

In the Fishing Creek tributary watershed, more
soil water was usually collected from the upper
pans in lysimeter pit 1 than from the upper pans in
pit 2. Pit 2 is located on a steeper slope than pit 1.
The amount of soil water collected from the lysim-
eter on the steeper slope in the Fishing Creek tribu-
tary watershed is opposite to that collected in the
Bear Branch watershed, where the upper lysimeter
on the steeper slope appeared to intercept more wa-
ter than the upper lysimeter on the less-steep slope.
The upper pans in pit 2 of the Fishing Creek tribu-
tary watershed usually collected more soil water
than the middle pans of pit 2, but like in the Bear
Branch watershed, this was not always the case. No
samples were ever collected from the lower pans of
the Fishing Creek tributary pit 2 lysimeter. The
only conclusion that can be drawn from the
amounts of soil water collected from each of the
lysimeters is that the quantity collected was spatial-
ly variable--from pit to pit and with depth in an in-
dividual pit. This spatial variability probably
reflects an uneven distribution of macropores in the
soil profile.

Individual samples from each lysimeter pit and
depth were collected and analyzed. In general, the
upper soil waters were more acidic and more con-
centrated in NO5™ and less concentrated in Mg,
Na*, CI', SO.>, ANC, and SiO, than the lower soil
waters. Concentrations of Ca?*, K*, and AP¥* were
variable at different depths in all of the lysimeter
pits. Box plots showing major constituent concen-
trations in the upper and lower soil waters from the
two lysimeter pits in each watershed are shown in
figures 10 and 11, respectively. For Fishing Creek
tributary pit 2, samples collected from the middie
set of pans are shown as lower soil waters in

figure 11.

Ground Water

Ground water--water below the water table and
in the zone of saturation--is the final type of water
that can affect the hydrologic and geochemical re-
sponses of a watershed discussed in this report.
Depth to the ground-water table near the streams in
the two watersheds is generally shallow (fig. 6).
The depth to the water table fluctuates seasonally in
response to changes in rates of evapotranspiration
that affect recharge (fig. 12). In the Bear Branch
watershed, the water table annually ranges from
0.48 m below land surface in well point 2 to more
than 2.80 m below land surface in well point 3.
Short-term fluctuations in the ground-water table in
response to individual storms in each of the water-
sheds also were observed (fig. 12).

The ground-water system underlying the water-
sheds described in this report is considered to be un-
confined. In two other watersheds on Catoctin
Mountain, there appears to be hydraulic connection
between the fractured bedrock aquifer and the over-
lying regolith (Rice and Bricker, 1995a). The re-
gional direction of ground-water flow is toward
larger streams in the area, which represent base
level for the region. For the Bear Branch water-
shed, base level for the deeper ground water is
Hunting Creek (fig. 2), which causes most of the
ground water to flow parallel to Bear Branch and
discharge into Hunting Creek.

Superimposed on the regional pattern of
ground-water flow is the local pattern of ground-
water flow in the watersheds. Ground-water levels
in the near-stream wells (fig. 12) indicate that the
ground water that supplies base flow to Bear
Branch is the near-stream shallow ground water,
which follows local flow paths. Ground-water flow
in the Bear Branch watershed is probably similar to
the Fishing Creek tributary watershed, where base
level for deep ground water is Fishing Creek
(fig. 2). Just upstream of the streamflow-gaging
station on Fishing Creek tributary, the topography
is relatively flat, and the area is filled with boulders.
Beneath this broad, flat flood plain, near-surface
ground water flows parallel to the stream valley.
Where the shallow ground water intersects the
stream channel, it contributes to streamflow.
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Figure 10. Major inorganic constituent concentrations in upper soil water from lysimeter pits in the Bear Branch and
Fishing Creek tributary watersheds, Catoctin Mountain, Maryland, 1991-93.
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Figure 11. Major inorganic constituent concentrations in lower soil water from lysimeter pits in the Bear Branch and Fish-
ing Creek tributary watersheds, Catoctin Mountain, Maryland, 1991-93.
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Figure 12. Seasonal fluctuations in altitude of water table in Bear Branch well point 4, Catoctin Mountain, Maryland,

April 1991 through December 1993.

The chemistry of near-stream shaliow ground
water in the two watersheds is relatively stable
throughout the year and is similar in concentration
and composition, with the exception of the ANC
and the concentration of SiO,. The ANC and the
concentration of SiO, in shallow ground water in
the Bear Branch watershed are less than those in
near-stream shallow ground water in the Fishing
Creek tributary watershed (fig. 5).

Streamwater

For the period of record for Bear Branch
(1991-93), the annual runoff to rainfall ratio ranged
from alow of 0.42 in 1991 to a high of 0.63 in 1993.
For the period of record for Fishing Creek tributary
(1988-93), the annual runoff to rainfall ratio ranged
from alow of 0.35 in 1990 to a high of 0.62 in 1993.
For the period of record common for the two water-
sheds (1991-93), the annual runoff to rainfall ratio
was very similar between the two watersheds (for
1991, Bear Branch was 0.42, Fishing Creek tribu-
tary was 0.41; for 1992, Bear Branch was 0.52,
Fishing Creek tributary was 0.50; for 1993, Bear
Branch was 0.63, Fishing Creek tributary was 0.62).

The ratios for the period of record (1988-93) for
Fishing Creek tributary indicate that, on an average
annual basis, approximately 46 percent of the in-
coming precipitation runs off as streamflow, where-
as part of the other 54 percent of the precipitation is
evapotranspired and part of it recharged the ground-
water system.

The response of the streams to rainfall is rapid,
with a rise in stage recorded within the first 30 min-
utes after the inception of rainfall. Snowmelt usu-
ally does not produce as dramatic a rise in
streamflow as does rainfall; some snowpacks melt-
ed without producing any rise in stage. This indi-
cates that recharge to the soil-water deficit or to
ground water may occur during these times. The re-
sponse of these streams to snowmelt is in contrast to
that of streams farther to the north where a deeper
snowpack is present that, when melted, causes a
spring "flush out" of water and NO; from the wa-
tershed (Murdoch, 1991).

Annual exports of the constituents analyzed
were calculated for both watersheds for the appro-
priate periods of record. The exports were calculat-
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ed on the basis of the period-weighted method of
summing discharge. For example, when samples
were collected weekly, the mean daily discharges
for the 3 days prior to the sample date, the 3 days
after the sample date, and the discharge on the sam-
ple date were summed to give a total discharge that
was then multiplied by the concentrations of each
constituent. The products of the discharges and
concentrations then were summed and multiplied
by a conversion factor to determine the annual ex-
port of each constituent. The export calculations for
both watersheds for the periods of record are given
in table 12.

Base Flow

Base flow, which is the amount of streamflow
provided by discharging ground water, in both
streams shows strong seasonal fluctuations
(fig. 13). Base flow is highest during the winter and
spring and gradually declines throughout the sum-
mer and fall. Short periods of increased discharge
from storm-runoff episodes are superimposed on
the annual seasonal pattern of base flow. The
strong seasonal pattern of base flow is related to
seasonal fluctuations in the ground-water table,
which are related to evapotranspiration rates.
Evapotranspiration rates are highest in late spring
and summer and cause a decrease in the amount of
base flow in the stream during that time.

Base flow of the two streams was estimated
using a graphical hydrograph-separation technique.
On a hydrograph of the stream, a continuous line
was drawn that coincided with the lowest flows and
that included part of the stormflow peaks. The
mean daily discharge on the sample date then was
compared with the continuous line drawn on the hy-
drograph. If the discharge on the sample date was
equal to the discharge that the line represented, the
sample was considered to have been collected dur-
ing base-flow conditions. If the discharge on the
sample date was greater than the discharge that the
line represented, the sample was considered to have
been collected during stormflow conditions. Anex-
ample of the hydrograph-separation line for the first
year of Fishing Creek tributary streamflow record is
shown on figure 13.

On the average, approximately 69 percent of
total annual streamflow in both watersheds consist-
ed of base flow. Trainer and Watkins (1975) report-
ed that the base-flow contribution to total
streamflow in streams draining fracture-flow ter-
rain in the upper Potomac River Basin ranged from
39 to 61 percent. Box plots of major constituent
concentrations in streamwater base flow collected
from Bear Branch and Fishing Creek tributary are
shown in figure 5.

Stormflow

Stormflow of the two streams was considered
as any flow not defined as base flow and that caused
a peak in the hydrograph. On the average, approx-
imately 31 percent of total annual streamflow in
both watersheds consisted of stormflow.

The stormflow parts of the hydrographs indi-
cate that both streams have broader peaks during
the nongrowing season (mid-October to mid-May)
than during the growing season (mid-May to mid-
October). During the growing season, the storm-
flow parts of the hydrographs for both streams tend
to have sharp peaks and rapid recessions. Bear
Branch had a wider range in annual fluctuations in
mean daily streamflow than Fishing Creek tributary
(for 1991, Bear Branch was 1 to 102 L/s and Fishing
Creek tributary was 1 to 54 L/s; for 1992, Bear
Branch was 3 to 266 L/s and Fishing Creek tributary
was 2 to 226 L/s; for 1993, Bear Branch was 1 to
510 L/s and Fishing Creek tributary was 1 to 158
L/s). Bear Branch maintained a slightly higher
mean daily streamflow during the nongrowing sea-
son (1991 was 21 L/s; 1992 was 29 L/s; 1993 was
41 L/s) than did Fishing Creek tributary (1991 was
20 L/s; 1992 was 25 L/s; 1993 was 41 L/s). How-
ever, during the growing season, Fishing Creek trib-
utary maintained a slightly higher mean daily
streamflow (1991 was 6 L/s; 1992 was 15 L/s; 1993
was 8 L/s) than did Bear Branch (1991was 4 L/s;
1992 was 11 L/s; 1993 was 7 L/s). In general, both
streams discharge a greater amount of water fora
given rainstorm during the nongrowing season be-
cause the water table and, as a consequence, base
flow, is higher during the nongrowing season than
during the growing season. Less evapotranspira-
tion during the winter, when vegetation is dormant
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Figure 13. Mean daily discharge of Bear Branch, 1990-93, and Fishing Creek tributary, 1987-93, Catoctin Mountain,
Maryland, and example of graphical hydrograph separation into base-flow and stormflow conditions.
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and the temperature is cooler, results in a higher wa-
ter table than during the growing season.

Comparison of the data in figure 5 shows that
the chemical composition of stormflow in these
streams changes relative to that of base flow. In
general, concentrations of Ca**, Mg?+, K*, H*,
SO,%, NOy, and AlI** increase during stormflow,
whereas the ANC and the concentration of Si0O, de-
crease.

Comparison of Water Chemistry in the
Two Watersheds

The chemistry of all the types of waters sam-
pled in the two watersheds from 1990 to 1993 can
be compared by referring to figure 5. The box plots
for soil waters in figure 5 were created by incorpo-
rating all of the soil-water data from each level at
each site into one box plot in contrast to figures 10
and 11, which show the soil-water data divided into
separate box plots for each level in each lysimeter

pit.

All types of waters in both watersheds are acid-
ic but generally become more buffered as they
move through the watersheds, from precipitation to
throughfall, through the soil zone, to shallow
ground water, and finally to streamwater. The
changes observed in the chemistry of stormflow in
both catchments are similar, but a higher variability
in concentrations was found in Fishing Creek trib-
utary than Bear Branch. The "buffering" of the
acidic precipitation input to these watersheds,
largely due to weathering reactions, results in de-
creased H*-ion concentration and an increase in the
ANC and concentrations of base cations and dis-
solved SiO, by the time the water reaches the
stream. The "increased concentrations" of base cat-
ions, the ANC, and SiO, in streamwater, although
greater than concentrations in the acidic input water
to these watersheds, are relatively small compared
to the increases observed in other forested water-
sheds on Catoctin Mountain. This difference is di-
rectly related to the various types of bedrock that
underlie the watersheds on Catoctin Mountain and
reflects the low reactivity of minerals in the Wever-
ton Formation (Bricker and Rice, 1989).

Aluminum concentrations are higher in the soil
water in both watersheds and lower in ground water
and streamwater. Increases in Cl" concentrations as
the water moves through the watersheds indicate a
concentration factor from evaporation of two to
three times; therefore, evaporation does not greatly
affect these systems (also see fig. 9). Nitrate con-
centrations in the waters are variable as a result of
the role of NO; in the biological cycle. Sulfate con-
centrations progressively increase from precipita-
tion to throughfall through the soil zone. The
increase in SO,* concentration in throughfall rela-
tive to precipitation suggests that the tree canopies
act as receptors for dry deposition of acidic parti-
cles. Sulfate concentrations in the water increase
even more as water travels through the unsaturated
zone, indicating that a source of SO,> may be
present. The large decrease in SO,* concentration
from lower soil water to shallow ground water sug-
gests that SO,* either (1) becomes immobilized in
the soil zone through adsorption or precipitation as
SO,* salts between storms or (2) becomes reduced
in the zone between deep soil water and shallow
ground water. The fate of SO, in these watersheds
is discussed in more detail in the section entitled
"Geochemical Factors."

The ranges in stable-isotope concentrations of
the input waters decrease as the waters move
through the watersheds. Precipitation shows the
widest range in stable-isotope concentration, fol-
lowed by throughfall, upper soil water, lower soil
water, and ground water. The isotopic composition
of base flow is nearly identical to that of near-
stream shallow ground water. The isotopic compo-
sition of stormflow, however, shows a much wider
range of concentrations than the composition of
base flow.

HYDROLOGIC AND GEOCHEMICAL
FACTORS AFFECTING CHEMISTRY
OF HEADWATER STREAMS

Acidic deposition and its effects on small wa-
tersheds in general and specifically on the Catoctin
Mountain study sites are addressed in the following
sections. Interpretation of the hydrologic and
geochemical factors that affect the chemistry of the
headwater streams, the storm hydrograph separa-
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tions, and a comparison of storm data are given. A
discussion of the transferability and limitations of
the results of this study is included.

General Effects of Acidic Deposition

Acidic deposition affects watershed systems in
two ways. First, long-term continuing acidic depo-
sition depletes the buffer capacity of the watershed
and can cause chronic acidification of the water-
shed. Depending upon the characteristics of the
particular watershed, this process may take many
years but eventually can lead to the loss of aquatic
biota from streams and lakes. Second, in addition
to chronic acidification, streams can acidify episod-
ically. Episodic acidification occurs as an immedi-
ate result of acidic rainfall or, in regions that
develop a snowpack in winter, from spring snow-
melt. During episodic acidification, which may
have a duration of hours to weeks, stream pH and
ANC decrease; the decrease in pH can be accompa-
nied by an increase in dissolved Al** (fig. 14). The
combination of decreased pH and increased Al** is
toxic to aquatic organisms, and if severe, can result
in fish kills. A stream that has generally suitable
water quality throughout most of the year may be
devoid of fish or exhibit a depauperate community
if short-duration episodic acidification occurs in the
stream. In some streams, the repetition of episodic
acidification over a period of time can lead to
chronic acidification. Thus, sampling of streams
during stormflow and snowmelt, as well as during
base flow, is necessary to assess the effects of acidic
deposition on streamwater chemistry and aquatic
biota.

One of the underlying causes of acidification in
watersheds is the contribution of large amounts of
sulfate (in the form of H,SO,) to watersheds by way
of acidic deposition. Streams draining watersheds
with elevated H,SO, loadings from acidic deposi-
tion usually have elevated SO,* concentrations,
even if the watershed has no internal source of S.
As the H,SO, loading continues and acidification
progresses, SO,% concentrations in streamwater be-
come higher than the ANC. In some watersheds
with large soil anion-sorption capacities, acidifica-
tion of the streamwaters may be delayed by storage
of SO, on sorption sites. When the sorption capac-

ity is exceeded, SO,* passes directly through the
watershed system, at first balanced by base cations
(Ca?*, Mg?*, Na*, K*). AsH,SO,loading continues,
the watershed becomes depleted of the base cations,
and the SO,* in streamwater is balanced by H* and
AP*. When the base cations are depleted, the wa-
ters become acidic and usually contain elevated
concentrations of dissolved AI**. This is also ob-
served over short time periods when storms deposit
more water than can infiltrate into the deep regolith
and bedrock aquifer. The excess water is routed
through the shallow subsurface, where little anion-
sorption capacity is left, directly to the streamwa-
ters. This causes episodic acidification. Both the
Bear Branch and Fishing Creek tributary water-
sheds currently receive larger SO,> inputs from at-
mospheric deposition than are exported in stream
discharge. This means that the SO,* sorption ca-
pacity has not yet been exceeded in these water-
sheds. However, episodic acidification is indicated
in both streams.

Ground water and streamwater in watersheds
receiving the same atmospheric deposition may in-
dicate quite different chemical responses depending
upon specific watershed characteristics. Two of the
most important factors governing the effects of at-
mospheric deposition on water chemistry are: (1)
the type of bedrock underlying the watershed (for
example, Meybeck, 1984; Bricker and Rice, 1989),
and (2) the hydrologic pathways (shallow or deep)
along which water moves through the system (for
example, Pilgrim and others, 1979; Turk and Camp-
bell, 1984; Rice and Bricker, 1995a). The reactivity
of the minerals in the bedrock determines the capac-
ity of the watershed system to neutralize acidic in-
puts, and the pathways along which water moves
affects both the minerals the water contacts and the
residence time of the water in contact with the min-
erals. In most watersheds, even those that have
been subjected to severe weathering, usually some
reactive minerals are distributed through the re-
golith (Velbel, 1992). Therefore, some weathering
and neutralization of acids may occur in the re-
golith. The paucity of reactive minerals in the re-
golith relative to those in the bedrock and the
shorter residence time of water indicate that the re-
golith is less important than the bedrock with re-
spect to neutralization of acidic inputs.
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