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A major uncertainty in hydrologic and geochemical modeling of
stormflow generation in watersheds has been quantification of the
contributions of water and solutes from different sources and hydrologic
pathways to streamwater. Isotopic techniques have recently gained
widespread acceptance as useful tools in the investigation of sources of
stream flow, but considerable debate still surrounds the question of whether
the spatial and temporal variations in the isotopic and chemical compositions
of water components are negligible.

At Panola Mountain, Georgia, a 2-year study of temporal and spatial
variability in rain and throughfall has determined that average throughfall is
enriched by 0.5%o in 6O and 3.0%. in éD relative to rain; site-specific
differences in canopy cause up to 1.2 %o variation in §'*0 among collectors
for the same storm; and throughfall ®0 enrichment takes place throughout
the storm, not just at the beginning. Evaporative losses are greater and

throughfall is generally slightly enriched in '®O in conifer forests relative to




deciduous forests. However, throughfall " ows little - i* . of ..aporati..
fractionation; instead, the high deuterium-excess values suggest considerable
exchange with re-evaporated waters.

A 490-m? artificial catchment in China was used to investigate the
effects of temporal variations in rain composition, and temporal and spatial
variations in dominant water flowpath, on the development of isotopic and
chemical heterogeneity in soil waters and groundwater. In response to
changes in storm intensity, variability in the amounts of water transported via
piston versus macropore flow caused a 4%o range in 6"°0 of groundwaters.
Selective storage of early rain in shallow soils makes characterization of the
isotopic composition of infiltrating rain water problematic.

sonal and hydrologic differences in the sow s of alkalinity were
investigated at four watersheds at Catoctin Mountain, Maryland, by
analyzing the dissolved inorganic carbon in streamwater for 6’C. Because
of short residence times, the isotopic signatures of the two primary carbon
sources, calcite and soil-derived carbonic acid, do not appear to be
appreciably overprinted by exchange reactions, biological recycling, or
degassing; hence, 8"’C seems to be a useful semi-conservative tracer of water

flowpaths and carbon sources.
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Some of the data reported in this thesis have appeared in previously
pv* “ished works. In 1986, a year after I had initiated the study described in
Chapter 3 and knew that it was going to "work", a student of mine at
George Washir ~“on University analyzed a small subset of the available
samples for her master’s degree thesis (Mills, 1988). Short summaries of
some of the data in Chapter 2 (Kendall and Gu, 1992) and Chapter 3
(Kendall et al., 1992c) have appeared in symposium proceedings. In each of
these collaborative papers, I . __r pon-*“le for the design of the study, the
analysis of results, and the writing of the papers. I am grateful for the
assistance and comments which my co-authors provided, but the originality
of the material presented in those short articles and in this thesis is consistent

with the requirements for doctoral 1 earch.
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"The tragedy of science
is the heartless murder of beautiful theories

by ugly facts."

Gregory Benford
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IMPACT OF ISOTOPIC HETEROGENEITY
IN SHALLOW SYST®MS
ON MODELING OF S1UaMrrLOw GeVERALON

INTRODUCTION

The last few decades have seen increased interest in the topic of
streamflow generation, primarily due to concern about anthropogenic acid
deposition. Sensitive, low alinity surface watc... th__ghout North
America and Europe have already been acidified, and many streams not
currently acidic may suffer acid episodes during large rainstorms or spring
snowmelt (Wigington, 1989), causing serious damage to local ecosystems.
New awareness of the potential danger to water supplies posed by the use of
fertilizers, pesticides, and other potentially toxic materials deposited at or
near the earth’s surface has also focused attention on rainfall-runoff
processes. Determination of the amount of water potentially leaching the soil
zone during storm events is an important step towards understanding the fate
and transport of these pollutants in shallow unsaturated and saturated
systems.

Prior to the last few decades, studies of the sources of streamflow
during storm runoff were concerned only ....h the physics of the processes
involved. Horton (1945) developed the concept that streamflow is generated

by overland flow of the portion of rainfall which falls at intensities exceeding



the infiltration capacity of the soil. Hewlett (1961) showed that the water

buted tol = w. 1 (1964) st ed that

draining fro— the soil
only certain parts of drainage basins -- where the infiltration capacity is
frequently exceeded by rainfall - contributed runoff during most storms (the

partial-area contribution concept). Hewlett and Hibbert (1967) proposed that

( ¢ ;
flow and shallow subsurface runoff along their channels (the variable source
area concept), emphasizing the role of soil water and groundwater in
streamflow generation. In contrast, Dunne and Black (1970) determined that
stormflow is dominated by overland flow on areas where the water table had
risen to the s——“~ce, and introduced the te-— "saturated overland flow" to
distinguish this flow from that of Horton, which occurs on u...t.....2d soil.
In general, the Hortonian model is now considered to be inappropriate for
humid temperate areas. Although there has been considerable debate on the
role of soil water and groundwater in stormflow generation, on the whole,
these physically-based models came to the conclusion, reasonable to any
layman, that new rainwater was the dominant source of streamwater during
most storms.

The relative contributions of rain and groundwater to streamwater can
also be estimated by monitoring selected chemical species in streamwater
during storm events; such determinations are called chemical hydrograph
separations. The basic premise is that since rain is usually more chemically
dilute than the groundwater that feeds streams during baseflow conditions,
the dilution of the streams during storms should be a function of the relative
amounts of rain and groundwater in the streamwater. In contrast to the

many early physically-based models, most chemical hydrograph separation




studies to date have found less-than-expected dilutions in stream water and
therefore have concluded that groundwater was the dominant source of
runoff (Pinder and Jones, 1969; Neal et al., 1988; Wels et al., 1991).
Kennedy and Malcolm (1977) and Pilgrim et al. (1979) have suggested that
the smaller-than-expected dilutions may be a result of underestimation of the
concentration of solutes in pre-event water, and that subsurface flow can
rapidly acq * : a load of solutes from brief contact with the soil. F e, it
is better to regard chemical tracers as indicators of water flowpaths, and only
indirectly as indicators of water sources (Kennedy et al., 1986; Wels et al.,
1991).

Because of the questions about .__. _conservative behavior by chemical
tracers, the use of naturally-occurring isotopes and chemical solutes to track
the movement of water has gained widespread acceptance in recent years.
The basic principle behind isotope hydrograph separations is that if the
isotopic compositions of the sources of water contributing to streamflow
during storm events are known and are different, then the relative amounts
of each source can be determined. In most low-temperature environments,
deuterium (D) and oxygen-18 (*®0) in water behave conservatively in the
sense that any reactions with matrix material will have a negligible effect on
the D and 'O content of water. As parts of the water molecule, these
isotopes are ideal hydrologic tracers of water sources. In contrast, solutes
are only carried by the water and can be gained or lost by passage through
the matrix materials along different flowpaths. Natural variations in the

isotopic compositions of precipitation, surface waters, and groundwaters

enable storm water runoff to be separated into pre-event water” - (old



water(s) that existed in the watersl 1 prior to the storm) and "nt water
(new rain water).

The conclusion generally drawn from isotope hydrograph studies is
tt-* pre-storm groundwater is by far the domin- * source of runoff in humid,
temperate environments (Sklash et al., 1976; Pearce et al., 1986; Bishop,
1991). This is opposite to what was previously concluded from physically-
' 1 ‘udies and is in general agreement with chemical h* * >~ 1" st "3s;

however, the contributions of groundwater to stream water estimated using
both isotopic and chemical tracers for the same storm may vary in magnitude
(Hooper and Shoemaker, 1986; Obradovic and Sklash, 1986; Sklash et al.,
1986).
In its earliest and traditional applications (Fritz et al., 1976; Sklash
and Farvolden, 1979, 1982), the use of isotope techniques to runoff studies

required several assumptions:

1. Groundwater and baseflow can be characterized by a single
constant isotopic composition,
2.. Rain or snowmelt can be chéracten‘zed by a single isotopic
composition, or the variations are documented.
3. The isotopic composition of rain water is significantly different
from that of groundwater/baseflow.
4. Contributions from soil water are negligible, or the isotopic
composition is identical to that of groundwater.
5. Contributions from surface-water bodies (such as ponds) are

negligible.




If these assumptions are assumed to be valid, then one can write two

mass balance equati 3 for the composition of stormflow at any time, one for

water flux and one for isotope flux:

Qs Qr + Qg

Qsas = Qraf + ang

where Q is streamflow in terms of discharge; & (Delta) is the D or 0
content, in permil (%o) or parts per thousand, defined as 6  [(Rx/Rs)-
11/1000, where Rx is the ratio of D/H or **O/*°O of the sample and Rs is the
comparable ratio for the standard VSMOW (Vienna Standard Mean Oceanic
Water; Hut, 1987); and the subscripts s, r, and g represent the stream, rain,
and groundwater, respectively. These equations can then be solved for the
amounts of stream water contributed by rain and groundwater (ie., new
versus old water).

The utility of these equations' for any particular storm event is a

function mainly of the magnitude of (8, - &,) relative to the analytical error of

the isotopic measurements, and the extent to which the aforementioned

assumptions are indeed valid (Pearce et al., 1986). Clearly the relative

amounts of new versus old water are affected by many environmental

parameters, including soil thickness, ratio of rainfall rate to infiltration rate,
getation, antecedent moisture

steepness of the watershed slopes, ve




conditions, lateral permeability of the soil, amount of macropores, and

storage capacity of the catchment.

In the last de e, the validity of s~ of the simp tions for

the use of the isotope hydrograph separation technique has been evaluated by

a number of investigators, including Sklash and Farvolden (1979), Kennedy

et al. (1986), McD. ™ et al. (1991), Bishop ~~"91). First and fore st,

rain is not constant in isotopic composition over storm events, as was
assumed, and temporal variations in rain isotopic composition have been
fou 1to have an apprec’ ° le effect on hyc. _graph separations (M ~onnell et

al., 1990). In addition, several investigators have concluded that soil waters

are not only an important component to storm runoff but often are
isotopically or chemically ¢._.inct from groundwater (Kennedy et al., 19¢.,
DeWalle et al., 1986; Hooper et al., 1990). A few recent studies have
determined that shallow soil and groundwaters can be sufficiently
heterogeneous in isotopic composition for hydrograph separations to be ill-
advised (McDonnell et al., 1991; Ogunkoya and Jenkins, 1991). Although
none of these re-evaluations of the assumptions behind use of the hydrograph
separation method has caused any significant change in the basic conclusion
of most isotope and chemical hydrograph studies to date--namely, that most
stormflow. in humid-temperate environments is old water (Bishop, 1991),
there clearly is a need to address the potential impact of natural isotopic

variability on the use of isotopes as tracers of water sources.

This thesis focuses on the question of how much spatial and temporal
variability there is in the isotopic compositions of new and old water in small

catchments, and how this variability impacts our ability to model how the

catchments "work". The first two chapters focus on the main types of éD



and 6'*0 variability in small catchments. The third chapter suggests a
possible solution to the problems raised by the 8®0 and 6D variability of
subsurface waters -- an alternative, independent isotopic method for
determining the relétive amounts of water flowing along different subsurface
flowpaths.

Chapter 1 investigates the possibility that the §'*0 and 6D composition
of rain may be significantly affected by interception with the tree canopy at a
USGS research watershed at Panola Mountain, GA. Some 30 storms over a
2-year period were analyzed to assess intrastorm and spatial variability in
rain and throughfall under deciduous and coniferous canopy. Currently,
most isotope hydrology studies use the 60 and 8D compositions of rain
samples collected in open areas as indicators of the isotopic composition of
recharge water entering the system. But much of the land surface is forested
and if interception of rain with the tree canopy significantly affects the
isotopic composition of the rain water, then we might be incorrectly
estimating the composition of the actual recharge water. This might be
important for paleoclimatic reconstructions, groundwater-recharge studies,
and atmospheric water budget calculations--as well as for isotope hydrograph
separation studies. '

Chapter 2 investigates the development of isotopically heterogeneous
subsurface waters in the Hydrohill catchment, a small (490 m?) artificial
catchment in China designed for the investigation of storm runoff. Rain
water showing a 4%o intrastorm range in 8'%0 from a 12-cm storm was
monitored as it moved through the soil zone and was discharged from
various soil horizons; flow through preferential flowpaths plus mixing with

pre-storm water results in the development of persistent temporal and spatial



variability in the chemical and isotopic composition of pore waters. The
Hydrohill catchment contains an impressive number of piezometer wells,
neutron probe access holes, and lysimeters at several horizons allowing the
independent determination of the amounts and compositions of surface and
subsurface waters flowing along different pathways in the catchment, and the
calculation of isotope mass balance budgets.

The extent of temporal and spatial isotopic variability in rain,
throughfall, and shallow subsurface waters, as documented in the first two
chapters, poses serious problems for the use of isotopes for quantitative
determination of the relative amounts of stormflow contributed from different
sources. In addition, chapter 2 examines the problems with attempts to
determine sources and flowpaths of water using combinétions of isotopic,
chemical, and hydrologic data and models. At this point, it seems likely that
it will be very difficult to adequately estimate the isotopic composition of soil
water in many normal-sized catchments. Hence, if soil water is an important
source for stormflow, our isotope hydrograph separations will necessarily be
less accurate than hoped. | _ |

One sdiution to the problem that our current isotope tools seem

inadequate for determining how catchments "work" is to try some new

isotope tools. In a series of abstracts (Mills and Kendall, 1987; Kendall and

Mills. 1989: Kendall, 1990; Bullen and Kendall, 1991; Kendall et al., 1992a;
Kendall et al. 1992b) and a short symposium paper (Kendall et al., 1992c) I

have suggested that carbon isotopes, possibly combined with strontium

isotopes, appear to be useful for distinguishing between deep and shallow
flowpaths, and combined with oxygen isotopes, for distinguishing between
water sources. In particular’, the stable carbon isotopic composition (83C) of




dissolved inorganic carbon in waters in the soil zone appears to be
d‘istihctively different from waters derived from deeper gr« 1dwater. If this
holds true elsewhere, we might be able to use the carbon isotopic
composition of streamwater as an indicator of the relative amounts of water
from these two sources, providing a method that is independent of the
oxygen and hydrogen isotopic compositions

However, before advocating the use of carbon isotopes as a way of
improving the accuracy of isotope hydrograph separations and other models
of stormflow genefation, it is necessary to demonstrate that carbon does
indeed behave semi-conservatively in small catchments. A tracer
intermediate in conservativeness between chemical tracers and water
isotopes, with some attributes of both, would be useful. Unlike oxygen and
hydrogen isotopes, reactions of carbon-bearing species at low temperatures
usually involve measurable changes in the isotopic compositions of both the
reactant and product (ie., isotope fractionation). The focus of chapter 3 is
the demonstration that 6°*C values of dissolved inorganic carbon are useful
tr. rs of sow s of stream al” ™" "/ in small catchments. This paper
necessarily precedes the planned papers actually °~  the combined isotope

approach to determining hydrograph separations.



Chapter 1

T™MF"T ‘", SPATIAL, AND SPCIF<-RF™ ‘T
VAPTATIONS ™ TVT §30 AND 6D OF ™"™QUC™ """

INTRONTTTION

Most isotope hydrology studies use the 8D and 6'®0 of rain samples
collected in open areas as the indicator of the isotopic composition of
recharge water entering the system. But much of the world is forested and if
interception of rain with the tree canopy significantly affects the isotopic
composition of the rain water, then we might be incorrectly estimating the
composition of the actual recharge water. This might be important for
paleoclimatic reconstructions, groundwater-recharge studies, stormflow
hydrograph separations, and atmospheric water budget calculations.

If the isotopic composition of throughfall is significantly different than
rain, we should either be measuring the isotopic composition of throughfall
instead of rain or we need to be able to correct the measured rain isotopic
compositions for the effects of canopy interception. Obviously, accurate
information about potential canopy effects is more critical in areas with dense
tree cover than in bare arid zones. Post-infiltration processes in the
subsurface such as evaporation or exchange with soil vapor may also alter

the isotopic composition of percolating recharge, hence compounding the

10






Air masses of different geographic origin have v “er vapors with different
d-excess values (Hubner et al., 1978) and frontal and convective storms have
entiso pee 7 ient patterns (Muyal etal., 1¢..). P
affecting the d-excess value of rain in a partially closed system include ratio
of precipitation to evapotranspiration, temperature of precipitation, degree of
rain-out, humidity, amount and isotopic composition of evaporated water.
Seasonality in d-excess values can be generated by two mechanisms: higher
d-excess values in the vapor source of the rain (perhaps derived from
evaporation under low-humidity conditions), and evaporation of falling
raindrops under low-humidity conditions (Rozanski et al., 1982). The lower
d-excess values seen in the summer have been explained by seasonal
differences of water balance over the continent; in the summer, transpiration
returns to the atmosphere substantial amounts of water isotopically enriched
in the heavy species relative to air moisture derived from oceanic sources.
This backwards flux of vapor reduces the effect of rain-out and the
corresponding isotopic depletion of rain during the summer (Rozanski et al.,
1982).

Although it has been realized for a long time that there are large
variations in the isotopic composition of precipitation over short time scales
(Dansgaard, 1953; Epstein, 1956), there have been surprisingly few studies
of intrastorm variations. Bleeker et al. (1966) correlated intrastorm
variations in isotopic composition with movements of warm and cold fronts
into the area. Matsuo and Friedman (1967) also found that sequential

samples of rain varied isotopically over short time intervals, especially at the

12



beginning of storms when rain intensity was low; during intense rain,
isotopic compositions were more constant. In contrast, Pionke and DeWalle
(1992) found that the 6"°0 values changed most rapidly during high intensity
storms. The first shower of a storm often was enriched in D and ®O relative

L -

to later wers; this was attributed to progr v 1 o * of enriched rain
from the cloud combined with partial evaporation of raindrops in the
undersaturated air (Ehhalt et al., 1963). Nativ and M~ Hr (1987) also found
that the first part of a rain storm is often isotopically enriched and termed
this the "front effect”. Rains associated with the passage of a frontal system
are often characterized by a V-shaped pattern (or W-shaped pattern for
multiple fronts), with depleted rain values associated with peak rain intensity
(Rindsberger et al., 1990). Falling rain droplets rapidly reach approximate
isotopic equilibrium with the atmospheric vapor (Friedman et al., 1962;
Stewart, 1975)). Studies of the changes in the isotopic composition of rain
with elevation are common (Dansgaard, 1964; Smith et al., 1978) but little is
known about small-scale (<1 km?) spatial variations.

Studies of the isotopic variations in throughfall are even more rare.
Gat and Tzur (1967) estimated that enrichments in 80 of recharge waters
due to evaporation of rain water on tree canopy probably do not exceed
0.5%o, and predicted that such samples would plot along a slope of about 5
on 6D-6"%0 plots. Pearce et al. (1986) reported an enrichment in *O of
0.11 %o of throughfall relative to rain for one storm. Saxena (1986)
measured the amounts and §'®0 values of rain and throughfall during summer
storms in a pine forest in Sweden and found that throughfall was generally

enriched in 0 by a few tenths of a permil relative to the original rain for

13



interception losses of about 40%; a few storms showed comparable isotopic
depletions instead. He developed a model incorporating mixing of rain with
a Rayleigh-fractionated evaporated component; using estimated humidity and
temperature values, model simulations agreed well with observed
fractionations. Gat (1988) also developed a theoretical model of isotope
enrichment during canopy interception, based on the mixing of new rain with
partially evaporated remnants of water on the leaves.

Several studies have attempted to use the isotopic compositions of
water in the soil-plant-atmosphere system to estimate the contributions of
evapotranspiration (ET) from various sources (Bariac et al., 1983; Walker
and Brunel, 1990). Although transpiration does not cause any significant net
isotopic fractionation and returns to the atmosphere water isotopically similar
to the soil/groundwater utilized by the plants (Zimmermann et al., 1967), the
isotopic compositions of different components of plants may be fractionated.
The higher the transpiration rate, the greater the enrichment of leaf water

relative to the water source and consequently the further the leaf waters are
from equilibrium with atmospheric vapor (Walker et al., 1989). Other

factors such as temperature, humidity, uptake patterns, and species

differences have also been linked to enrichment (Leaney et al., 1985; Allison

et al., 1985: Cooper and DeNiro, 1989). Evaporation, on the other hand,

vapor and isotopically enriched residual water

produces isotopically depleted
teps: an equilibrium fractionation

via two consecutive isotopic enrichment s
caused by the phase change and a kinetic fractionation during transport.

Depending mainly on the humidity, kinetic fractionations result in slopes as

low as 3 below the GMWL in oD-6"%0 space.
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The purpose of the paper is to explore whether interception with the
tree canopy significantly affects the isotopic composition of the recharge
water, how the fractionation between rain and throughfall varies over the
storm, how this fractionation depends on plant species and local
environmental conditions, and how significant this fractionation is to studies
of isotope hydrology.

For this study, two dii it k..._s of sampl were co 1:
incremental sequential samples during individual storms and total event

samples. Both kinds of samples were collected in the open and under two

kinds of canopy (deciduous and coniferous).

SITE DESCRIPTION

The Panola Mountain Research Watershed, a 41-ha catchment
established by the USGS in 1984 within the Panola Mountain State
Conservation Park (Panola), is located in the Piedmont province of Georgia
(84°10°W, 33°38’N), about 25 km southeast of Atlanta in Rochdale County
(Figure 1). The watershed is underlain pﬁmarily by the so-called "Panola
Granite"; a prominent 3-ha granodiorite dome is exposed in the headwaters.
Soils are classified as Entisols near the base of the dome and as highly
weathered Ultisols on hillslopes and ridges (Hooper et al., 1990). The
temperature averages 16.3°C, -the mean annual precipitation is 112 ¢cm, and

winds come mainly from the northwest (Cappellato et al., 1992). The site is

15






completely forested, except for the dome, and is characterized by 29%
deciduous (oak, hickory, and tulip poplar), 22% loblolly pine, and 31%
mixed coniferous/deciduous forests (Cappellato, 1991).

Four 0.04-ha plots each were selected in the deciduous and coniferous
forests for the installation of throughfall, stemflow, and litterfall collectors
(Figure 1). The throughfall and stemflow collectors were designed to collect
bulk intercepted water for individual events. Each plot contained four

throughfall collectors, for a total of 16 deciduous and 16 coniferous
collectors. Open-air precipitation was collected for each event from a
collector located about 40 m from the deciduous plots.

Sequential incremental rain, deciduous throughfall (site 610), and
coniferous throughfall (site 110) samples were also collected using
custom-made collectors located near the plots; the timing and amounts of
throughfall were measured using adjacent tipping-bucket recorders. Rain

amount was measured at five sites, and climatic parameters such as
temperature, humidity, solar radiation, and wind speed were measured at

several sites within the watershed; in addition, a WMO station is located 13

km west of the site.

METHODS

A storm "ev

fell and was collected. At Pan

17

ent" is operationally defined as the time during which rain

ola, the rain gages operated continuously and



whenever a rain storm dropped more than about 0.3 mm of rain, the water

was removed the n.... weekday at the __1 of the st

Over a 2-year period October 1987 to November 1989, 29 storms
were sampled for spatial and species-related variations in the chemistry of

throughfall and stemflow by Cappellato (1991), and doze1 of storms were
and analy: 1 for i ty in v lem’ ‘ry. Samples
were archived for most storms and a subset of 15 storms with incremental

samples and 16 storms with spatially distributed samples were later  =cted

and analyzed for 8D and §'°O for this paper; four of these storms had both
incremental and spatial samples. Two-thirds of these selected storms were in
the growing season (April to October) and one-third were in the dormant

season (November to March). All storms had at least 0.4 cm of rain, up to

a maximum of 8 cm. The dates used for the storms in this paper are the
dates the rain storms started.

Precipitation quantity was determined by weighing the sample in the

automatic wet/dry collector (Aerochem Metrics 301") for each event; these

amounts were verified by comparison with the several tipping-bucket

records. Solute fluxes were determined by adjusting the solute
concentrations for the collector area.

The storm-event throughfall collectors each consisted of a 16.8-cm
diameter screen-covered funnel that was connected to a 1-L collector bottle
by 1-cm-diameter tubing looped to reduce evaporation. Stemflow was
collected from polypropylene collars 20-cm wide wrapped around tree trunks
at breast height. The collars were attached to 220-L carboys with 3-cm

tubing. Twelve collectors were installed on the most important deciduous

18



species and four on loblolly pines. The isotopic composition of stemflow
was analyzed for three storms.

All the spatial collectors were rinsed with distilled water immediately

before each storm and air dried; the amount of water remaining in the

collectors was negligible. All samples w : retrieved from the collectors

within about 12 hours after the storm ended (Cappellato, 1991). Within 24
hours after collection, all solutions we analyzed for pH and conductivity,
and then refrigerated; splits for isotope analysis were usually archived a few

days later. The isotope samples were completely full 16-ml glass bottles

with tightly sealed polyseal caps; all bottles were waxed to prevent
evaporation.

Three types of incremental sequential samples were collected:
incremental rain, incremental coniferous throughfall, and incremental
deciduous throughfall. The incremental samplers were identical and
consisted of a 28.6-diameter funnel located within the wet-side of an
Aerochem sampler which was attached to a set of 12 polyethylene bottles
connected in series with 1-cm-diameter Tygon tubing. The first eight bottles
collect the equivalent of 0.18 cm of rain each, followed by two bottles of
0.33 cm each, and then two bottles of 0.66 cm each. During a storm, each
bottle fills in turn, overflows, and new water is routed to the next bottle. On
the basis of several tests with chemically different waters, the amount of

cross-contamination of the incremental samplers is less than 5% (N.E.

mmunication, 1989). The incremental sample bottles

Peters, personal co
ctor within 24 hours of the end of the storm,

were removed from the colle

and capped; isotope samples were archived as above.
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The incremental-sample collection system had several flaws. First and
foremost, exact times for when each bottle was filled are not available
because the tipping bucket recorders that recorded the time of each
one-h 1Iredth of an inch (0.7""4 cm) of precit” ©°~  were adjacent to, but
not connected to, the water collectors. Although spatial variability in
throughfall intensity, and to a lesser extent, rain intensity, would cause the
recorders to measure slightly different amounts of rain than was collected in
the samplers, it had been expected that it would be very simple to use the
tipping bucket records to assign times for the cumulative volumes of water
collected in successive bottles in the sequential s  >slers. However, in " >
losses with the sequential samplers and leaks in the hose connections caused
considerable uncertainty in assigning times to when the bottles were filled.
Times were assigned to the incremental samples by normalizing the
cumulative volumes to the amount that was measured by the adjacent
recorder and distributing the "losses" evenly among bottles; by this method,
the losses are treated as though they were all in-line losses (due to water
trapped in the tubes connecting the bottles). The samplers frequently failed
to collect complete sets of samples for storms that dropped more than 2.5-4.0
cm of rain,

The samples were analyzed in the U.S. Geological Survey-Water
Resources Division stable isotope laboratories in Reston, VA and Menlo
Park, CA. Water was prepared for oxygen-isotope analysis by equilibration
with carbon dioxide (Epstein and Mayeda, 1953). About 10% of the

oxygen-isotope samples were prepared in duplicate, on different days. Most
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waters were prepared for 6D analysis by the zinc reduction technique

(Kendall and Coplen, 1985); the rest v prep: by (uilibration with

hydrogen gas (Coplen et al., 1991). All 6D samples were prepared and

analyzed at least in duplicate, on different days. All gases were subsequently

analyzed on double-collecting stable isotope mass spectrometers.

All the isotopic com ~ ns tott V7 TTW T T

scale and are expressed as ¢ values in units of permil (%o or parts per
thousand) relative to the standard VSMOW (Hut, 1987). Analytical
precisions and long-term reproducibility (20) were 0.10%o for 6"*0 and
2.0%o for 6D. Isotopic enrichment factors () are the differences in the
isotopic compositions between two samples, eg. throughfall and rain. Details

of the analysis procedures are included in Appendix 1. All the isotope data

are t:* ilated in Ap 7 2.

RESULTS

Two kinds of meteoric water were collected at Panola -- precipitation
(P) in open areas and throughfall (T) under tree canopy. Both incremental

() fractions of the storm and the total event (E) samples were collected for

both rain and throughfall. Incremental throughfall (TI) was co. 1 “ir

both deciduous (dec) and coniferous (con) canopy; multiple samplers were
located under the two canopy types to detect any spatial variations in

throughfall during individual events. Accordingly, the different types of
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water samples are abbreviated as PE (precipitation event), PI (incremental
precipitation), TEcon (event throughfall under conifers), etc.

All precipitation events (PE) larger than about 2 mm from July 1986
to July 1989 were collected and analyzed for isotopic composition; the local
meteoric water line (LMWL) derived from a linear regression of these data
is 6D = 7.386'%0 + 9.48 (n=176, r*=0.94) (Table 1). This slope is
slightly lower than the slope of 8 generally regarded as reflecting equilibrium
condensation (Craig, 1961a). Based on the isotopic compositions of these
176 storms over three years (222.3 cm of rain), the volume-weighted
average 6'®0 and 8D values of precipitation at Panola are -5.38 %o and
-29.5 %0, respectively; the averages for the individual years were within -

0.28 %o of the 6'®0 value and + 4.2%o of the 6D value of the 3-year

average. Storm size significantly affects the equation of the LMWL (Table

2). Selection of different size fractions can shift the slope of the linear

regression by about 0.5 and the y-intercept by about 7%o. Despite this,
there is very little correlation of storm size and §'°0 or 6D, with 1 values of
0.14 and 0.11 for n = 176, respectively.

Figure 2 shows the isotopic compositions of event and incremental
samples of both rain and throughfall collected at Panola. A number of linear
regressions can be derived from thése data (Table 1). The equations for all
these different types of meteoric water are almost identical but, in general,
the throughfall data have slightly higher slopes and y-intercepts t" -~ the rain,
and incremental samples have slightly higher slopes and intercepts than the
vent samples. The standard errors (S.E.) for the y-intercepts all overlap but

e
a few of the equations have slopes that are statistically distinct.
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Table 2. Effect of Storm Size on the Linear Regression Equations of the 6D
and 6"0 of Rain.

Storm size  Percent Linear regression r
All (n=176) 100 6D = 7.38 60 + 9.48 0.94
> 0.5 cm 93 6D = 7.67 60 + 11.49 0.95
< 0.5 cm 7 6D  7.18 60 + 8.25 0.89
0.2 cm ~n 7.71 8~ + 11.81 0.95
< 0.2 cm 2 oD = 6., 6%0 + 4.96 0.88
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Figure 2. Isotopic compositions of event rain (PE) and incremental rain
(PI) samples (a); spatial throughfall (TE) and incremental throughfall (TT)
at Panola (b). The linear regression through the PE data, the Local

Meteoric Water Line, is labeled LMWL. Analytical uncertainties (20) are
smaller than the symbols.
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A broad data envelope around the local meteoric water line is an
indication that humidity conditions showed considerable variation and/or
water sources were variable in a locality. Hence, to investigate processes
responsible for fractionating throughfall relative to rain, it would probably be
more use” ' to compare the rain and * » ~hfall isotopic composii®  from

the same storms (Table 3).

Spatial variations in throughfall:

The spatial variations in throughfall amounts and chemistry were
determined for the 16 deciduous (TEdec) and 16 coniferous (TEcon)
storm-event collectors for 29 storms (Cappellato, 1991). However, only a
subset of these were analyzed for 6'®0 and 8D: three conifer and three
deciduous samples semi-randomly chosen for each of 16 storms. Later,
complete suites of samples were analyzed for five of the storms which
spanned the range of responses observed. Given the variability in isotopic
composition and water amounts for the different collectc.., it is possible that
biases were created in the data by the sample selection. However, frequency
diagrams of water amounts for the entire set and for the subset analyzed for
isotopes showed that the subset reflected the distributions of water amounts
in the entire set.

The water yields of the individual throughfall collectors were

generally less than the yields from the open-air (bulk) rain collectors. For
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the subset of c-""ectors analyzed for isotopes, the average interception losses
((PE-TE)/PE*100) and 1o standard deviations for the deciduous and
coniferous collectors were 10.6% + 9.9% and 21.1% + 7.4%, respectively.
These values are similar to the average losses determined for the entire set of
throughfall collectors for these same 16 storms, 14.2% =+ 12.0 and 20.3%

+ 8.8 (Cappellato, 1991).

These water losses are not true (total) interception losses because they
do not take into consideration the amount of rain which is intercepted by the
trees and runs down the trunks as stemflow. For the storms analyzed for
isotopes, the average amounts of the total rain intercepted as stemflow are
1.1% and 2.0% for deciduous and coniferous tr , respectively. For
specific storms, the average amount of stemflow (SE) collected under the
two canopy types varied from 0.2 to 5.4% of the total rain, with little
correlation with season. Therefore, the average interception losses caused by
evaporation and canopy storage ((PE-TE-SE)/PE) for all the collectors for
the 16 storms are 13.1 aﬁd 18.1% for deciduous and coniferous canopy,
respectively.

The isotopic compositions of the throughfall event (TE) samples
(Figures 3a-c) form "clumps” in 8D-6'°0 space rather than trending parallel
to the local meteoric water line because the range in isotopic compositions
for different collectors for the same storm is relatively small. The average
range in 6'*0 for a set of collectors is 0.5%e but for some storms was as
high as 1.2%. (Figure 4). Almost all the throughfall sampleé for each storm
180 and D relative to the corresponding PE samples. Some

are enriched in
of the variability might be due to small amounts of water remaining on the
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Figure 3. Isotopic compositions of spatial throughfall and corresponding
event samples for the 16 storms: (a) Dormant season storms, November -
March; (b) Growing season storms, April - October. Analytical
uncertainties (20) are smaller than symbols.
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canopy from previous storms. Two of the storms with the largest variability
(8/30/88 and 4/9/89) occurred within 12 hours after a previous storm; the
other storms show no correlation of variability and hours since the previous
storm.

The volume-weighted 6'®0 and 6D values of ™ samples (from the
multiple collectors) for each of the 16 storms (Table 3) are ~riched in '*O
and D relative to the rain samples for almost all storms (Figure 5); only
throughfall for the 7/21/88 storm shows depletion in © " isotopes relative to
rain. Conifer throughfall is enriched relative to PE by 6'*0 = +0.43%0 +
0.59%0 and 6D = +2.2%0 + 2.4 (n = 115). Deciduous throughfall is
enriched relative to PE by 60 = +0.32%0 + 0.61%. and 6D = +3 ~ %o
+ 2.8%0 (n = 115). Hence, throughfall collected under conifers is enriched
in '*0 by an average of +0.11%. and enriched in D by an average of 1.0%o
relative to throughfall under deciduous trees. These average differences are
well within the 20 analytical error bars, but are nonetheless real; one-sided t
tests indicate that the differences are significant at the 2.5% level for %0
and the 0.25% level for 6D. The volume-weighted 6'*O values of coniferous
throughfall are enriched in 'O by an average of 0.2%o relative to deciduous
throughfall for about 55% of the storms, are identical (£ 0.05 %0) for 30%,
and are depleted by an average of 0.2%o for 15% of the storms.

There is no correlation between % water loss and the
volume-weighted average throughfall enrichments for the entire set of
samples for the 16 storms (r* <0.1 for both isotopes and both canopy types).
For the five storms where almost-complete sets of TE samples were

analyzed, only one (11/16/88) showed a moderate positive correlation
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Figure 5. Histogram of the enrichments in *O of coniferous and
deciduous throughfall collected for entire events, relative to rain collected
for the same time periods. The 2¢ error bars are 0.14%o.
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( = 0.3) of % water loss and isotopic enrichment of samples (Figure 4b).
The other four storms (Figure 4a,c,d,e), and the storms where only about six
samples each were analyzed, showed correlations of less than r*=0.1. In
general, the coniferous collectors showed more isotopic enrichment and
higher water losses than the deciduous collectors.

For the three storms where stemflow samples from the *” collectors
were analyzed for isotopic composition, all the SE samples were enriched in
0 and D relative to the rain (Table 4), and showed more variability in
composition than the corresponding TE samples. The 1/1/88 storm showed
the most variation: more than 1% in 6O and 10%o in 8D, and a good
positive correlation (= 0.51) of water amount and §"*0. In 6D-8"0 space,
the three sets of stemflow samples plot along slopes of 10 + 0.5 with y-
intercepts of 20 + 5%o; as a group, stemflow samples have a d-excess value
of +16%o. The stemflow data plot above the lines formed by other rain and

throughfall samples for the same storms.

Problems associated with incremental collectors:

The total amount of PI collected in the sequential collector should be
only slightly less than the amount of PE (because of edge-effects with small
funnels), and the amounts of TI should only be slightly smaller than the PI
because of the additional losses resulting from evaporation and storage; the
isotopic compositions of PE and volume-weighted PI should also be very

similar. Because differences between PE and PI amounts and isotopic
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compositions should be solely a function of sampler problems, comparison of
the PE and PI data should allow a realistic evaluation of the magnitude of
any possible biases introduced by these two types of collections. Sample
recovery problems with the incremental collectors could cause various biases
in the amounts and isotopic compositions of waters, making determination of
strictly canopy-effects of incrementally collected throughfall samples
difficult.

There is an excellent correlation (2= 0.98) between total PE and PI
amounts for 50 storms 1987-89 (Figure 6a) selected by the following criteria:
(1) both PE and PI were collected; (2) there were no known problems with
the collectors; (3) it was clear that the PI and PE samples w__: collected for
identical time intervals; and, (4) PE > PI. The average water loss
associated with the incremental rain collector for these 50 storms is 19% (+
10.7%) of the total PE. There is no correlation (Z < 0.1) between the size
of the storm and the percent water loss.

The amounts of precipitation collected by the PI, TIdec, and TlIcon
samplers are plotted relative to the amount of PE on Figure 6a; the line
derived from the correlation of PI and PE for the 50 storms is plotted here
for comparison. Except for the 7/27/88 storm where the PI sampler failed,
all the other PI amounts plot close to the line; hence, the PI sampler was
behaving "normally" for all but one of the storms analyzed for isotopic
composition.

The percent of the total rain (PE) collected by the incremental rain
samplers for the 15 storms ranged from 70.9 to 99.3%, with an average of

83%. It is unclear how much of this difference was due to: (1) problems
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Figure 6. Comparison of amounts of water collected in throughfall
samplers with amounts collected in rain samplers. (a) Volume-weighted
averages of incremental rain (PI), incremental coniferous throughfall
(TIcon), and incremental deciduous throughfall (TIdec); (b) Linear
equations derived from volume-weighted throughfall event (TE) data. See
text for more detailed explanations.
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with collecting rain in a small funnel (i.e., wind effects, edge effects, etc.;
Crockford and Johnson, 1983); (2) water remaining in the tubes connecting
the bottles; and, (3) water leakage through the vent hoses on each bottle.
Samples were collected and appropriately bottled within 24 hours after the
end of the storm so evaporative losses were probably negligible.

The volume-weighted average 6*0 and 6D values of * ) al
samples for the 15 storms are listed in Table 5. Problems with the collectors
caused substantial losses for several storms, particularly for the 7/27/88 and
9/3/88 storms (Figure 3a). Unfortunately, the volume-weighted isotopic
compositions of the PI samples are not identical with those of the
corresponding PE samples (Table 5). For the 13 storms where the collectors
behaved normally, the average volume-weighted 60 value for PI is 0.17 %o
(£ 0.37) heavier than for PE, with a range of +0.76 to -0.65 %o for specific
storms; for a third of the storms, the PI §'®0 values are within + 0.2%o of
the PE compositions. The average volume-weighted 6D value for PI is
+2.5%0 (+ 2.9%0) with a range of +7.2 to -3.7%0. There is no correlation
(* < 0.1) between percent water loss and the shift in §'*0 or 6D of the PI
samples relative to the PE samples; hence, evaporation does not appear to be
the main cause of the frequent enrichment of the PI samples relative to PE.

The PI data show that neither the amounts of water collected in the
incremental samplers nor the volume-weighted isotopic compositions
accurately represent the original rain. Because the incremental throughfall
and rain collectors were identical and hence have the same kinds of potential
biases, detailed comparisons of the TIcon or TIdec incremental data with

either the PI or PE data are unwarranted. However, given that the average
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storm showed a 3.5%o (+ 2%o) decrease in 6'®0 over the event, the average
total offset of +0.17 %o is relatively unimportant for evaluating intrastorm
changes in composition. There is no correlation (r* < .01) between amount
of intrastorm variability and the AG(PE-PI) values. The seemingly erratic
nature of the water losses prevents prediction of how any sampler will
behave isotopically during a storm. However, error bars on the probable
shift in 6'®0 of any specific sequential sample can be estimated as follows:
If the water loss is indeed proportional to the volume collected (as
Figure 6a implies), then the isotopic effect of a 20% loss in each bottle can
be calculated. The 6'®0 values of successive PI samples change gradually
over time and, in general, decrease during the storm (Figure 7a-c).
Volume-weighted PI has a slight tendency to be heavier than PE and since
evaporation is apparently not the cause, slightly more of the loss must occur
in bottles collected at the end of the storm than at the beginning. The
maximum intrastorm change in 6'®0 observed during the storms studied is
7 %o ; the biggest shift in 6'®0 between any two successive bottles is about
3%o. If I assume that the isotopic composition changed monotonically by
3 %o during the time a bottle is filling and that all the loss occurred either at
the beginning or ending of the filling time, this loss would cause a shift in
6'%0 of about 0.5%0 (20 = 0.1%0) from the "true" composition of the
incremental sample. The corresponding worst-case shift in D is about
4.0%0 (+20 = 2.0%0). This worst-case scenario is probable because the
overflow water between the filling of adjacent bottles has the highest
likelihood of being lost either by venting through the air hoses or by in-line

losses. For the more average 6®*0O change of 4%o over the storm, a 20%
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Figure 7. Intrastorm changes in 6D and 880 for: rain (PI); deciduous
throughfall (TIdec), and coniferous throughfall (TIcon) for the 2/27/89
storm. Successive samples are labeled in numerical order. 2¢ error bars
may be as high as 0.6 %o for 6"*0 and 6 %o for 6D because of collector

problems.
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loss would cause a shift of about 0.1%.. Depending on whether the | oSS
occurs at the start or end of the bottle filling, the shift in %0 would be
positive or negative. Hence, the error bars on the 6'®0 values of individual
incremental samples due to leakage and in-line loss are probably less than

0.5%o; these same error bars also apply to the identical throughfall

collectors.
The deciduous incremental collector has both larger water losses and

greater enrichments in *0 and D relative to the PE samples than observed
for the coniferous incremental collector; in contrast, the TE samples
generally show greater water losses and enrichments under conifers. The
opposite finding with the two incremental samplers is probably an example
of the type of site-specific effects seen in Figure 4; not all the conifer sites
showed more water loss and greater enrichment than all the deciduous sites.
However, greater water losses are generally correlated with greater
enrichments. The coniferous TI collector was located under much sparser
canopy than was typical for the spatial TE collectors. Comparison of Figure
6a with 4, which shows the relation between amounts of PE versus TE
amount for the deciduous and coniferous collectors, suggests that the amount
of variability seen for TI collectors in Figure 6a is not necessarily due to

problems with the incremental samplers but, in part, represents natural sjte

and storm-dependent variability.
For the storms analyzed for isotopic composition, the average water
losses for the coniferous and deciduous TI collectors relative to PE are 27

and 35%, respectively, compared to the average loss of 17% for PI. Thus,

assuming that the TI collectors suffered the same types of leakage and in-line
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water losses as the identical PI collectors, the canopy interception losses for
the deciduous and coniferous collectors are about 10 and 17%, respectively;
these values are within the range of losses observed for the 32 , 3 collectors
(Cappellato, 1991). The volume-weighted 6'®0 values of TI for individual
storms range from 2% enriched to 2%o depleted in 'O relative to the PE.
This is considerably more variability than was seen in the AO(PE-PI) valyes
and much greater than the estimated error bars for leakages --sociated with
incremental collectors; hence, this greater variability probably reflects
interactions with the canopy, not just collector problems.

In summary, the unfortunate leakage of the incremental collectors
limits the potential usefulness of the incremental data. ..ven though there ig
a 10-17% water loss associated with the TI samples that cannot be explained
by collector problems and a general isotopic enrichment of volume—weighted
TI relative to PE or volume-weighted PI, I cannot determine if the TI for
storms is truly isotopically distinct from the PE or PI for the same storms
because the Ad values fall within the range of deviations caused by collector
leakages. Given that the 6"*0 of volume-weighted PI differs from PE for the
same storm by an average of +0.17%o, comparisons of gmg%m
of incremental samples is probably unwarranted. However, intrastorm
patterns among the three incremental collectors are still interpretable becayse
the 8'%0 of individual samples are probably shifted by less than + (.59,
Hence, the best use of the TI and PI data is to investigate intrastorm

processes where trends are more important than absolute isotopic

compositions.
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intense rain, the rapid changes in the isotopic composition of PI are closely
mimicked by the TI, both forming bow-shaped curves. For frontal storms,
the TI tracks the PI only moderately well, showing the same types of
oscillations as the PI but generally damped and not exactly in phase with the
PI.

The equations of linear regressions derived for PI, TIdec and TIcon
for the 15 storms are slightly different (Appendices 5 and 6), but no trends
are apparent and the 95% confidence bands for the different equations for the
same storm generally overlap. For storms where 8D and 6'*0 are highly
correlated (* = 0.80), the slopes of the linear regressions range from 3 to
11, with average slopes of 8 to 9. When "Yorkfit" linear regressions --
which weigh each point according to its x and y errors plus any x-y error-
correlations -- are derived for the same data (Appendix 7), the equations are
similar to ones derived using normal linear regressions, again with average
slopes of 8 to 9. These equations are indistinguishable from those of PE and
TE samples (Table 1) at the 95% confidence level. Because rain formed by
equilibrium condensation generally plots along a slope of 8, the variability in
slope indicates that there is more going on than just equilibrium

condensation.

DISCUSSION

Although rain condensation is generally thought to take place in

isotopic equilibrium with the atmospheric vapor (Dansgaard, 1964), as the



rain drops fall through a lower air mass with a different air temperature,
humidity, and vapor isotopic composition, the drops are subject to both

Cvaporation and isotopic exchange. Plotting rain data on éD-§%0 plots often

provides useful information about the evolutionary controls on the isotopic
compositions of these waters. Evaporation, for example, usually causes the
residual waters to plot along so-called evaporation lines of slopes less than 8;
the resulting evaporated vapor typically has a higher d-excess value than the
ambient atmosphere. Equilibrium evaporation at humidities close to 100%
causes the residual waters to become progressively enriched along the MWL
Atmospheric vapor with a large component of evaporate is characterized by a
higher d-excess than the original vapor, and precipitation from this mixed air
mass or exchange of rain droplets with it will produce rain with a higher
d-excess value. Hence, it is possible to use the d-excess value as a
diagnostic tool for recognizing the addition of evaporated moisture into the
local atmosphere (Gat and Matsui, 1991; Gat et al., 1993).

The same evaporation-exchange processes later affect the isotopic
compositions of the intercepted rain water on the tree canopy, part of which
drips down as throughfall or drips down the tree trunk as stemflow, and the
rest evaporates back into the atmosphere. Hence, the isotopic composition of
the throughfall which reaches the soil and eventually may result in storm
runoff or recharge, may not be the same isotopic composition as the original
rain. The magnitude and direction (i.e., enrichment or depletion in the
heavy isotope) of the isotopic change of throughfall relative to rain is a
function of evaporation rate, temperature, humidity, and the difference

between the isotopic compositions of the rain and atmospheric vapor,
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Intrastorm variability in rain and throughfall:

Similarity " 4TI The general similarity of the PI and TI equations
(Appendices 5 and 7) and their curves in 6D-6"°0 space (Figure 7) for sets of
samples from the same storm is unexpected and not easy to explain. One
conclusion to be drawn is that the throughfall samples show little evidence
for any additional post-rainfall kinetic fractionation resulting from additiona]
evaporation on the canopy surfaces. Not even the first samples of each
storm, which are almost always enriched in *O and D relative to the
remaining rainfall and often plot below the other storm samples in oD-§1%0
space (but not much below the LMWL), show any evidence for evaporative
enrichment. The linear regression through the first samples of TI and PJ
(n=39) is 6D = 8.046"0 +12.22 (r*= 0.94), similar to the equations for
various linear regressions in Table 1. Thus, although there has been an
average 10-17% loss of water for TI samples relative to PI samples, and a
general isotopic enrichment of TI relative to PE, the TI samples do not
generally plot along evaporation lines in 8D-6"0 space.

The PI and TI curves are most similar during convective storms,
particularly in the winter. This makes sense because one would expect Jegs
opportunity for enrichment if the storm is intense and the canopy is sparse,
The main differences between the winter PI and TI data are that the first T]

samples are not as enriched, nor are the last TI samples as depleted, as the
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rain. For the deciduous collectors for several of these storms, the amount of
water lost to evaporation was small--less than or equal to the amount stored
on the canopy (Table 7); hence, the early depletion of TI samples relative to
PI samples could be explained by evaporation of part of the first
bottle-volume of rain on dry leaves, and the 1-“>r enrichment could be
caused by storage of the final rain water. However, for Tlcon the
evaporative losses were 5-10 times greater than the amount of water stored.
During frontal storms in the growing season, the first PI samples
occasionally fall very slightly below the LMWL. Otherwise, the oscillationg
seen in PI, both parallel to the LMWL and erratic movements away from the
LMWL, are usually broadly mimicked by the TI. Because 60 values
varied during these storms, selective storage of various waters could cause
all sorts of variable isotopic patterns in the resulting throughfall. Despite
large evaporative losses - particularly by conifers -- relative to open rain

samples, the TI samples are not always enriched relative to the PI samples,

Incremental vs spatial samples: There are systematic differences between

incremental and event data. Inspection of Table 1 reveals that PI samples
plot on a line in 8D-6'*0 space with a higher slope and y-intercept than PE
samples; although the 1o standard error values for the y-intercepts overlap,
the slopes of the PE and PI lines are indeed different at the 95% confidence

level. The d-excess values for PE and PI are +11.95%0 and +13.97 %o,

respectively. The TI samples also plot along lines with higher slopes (at the
95% confidence level) and y-intercepts than the TE samples; the d-excess

values are +13.50%o for TE and +14.32%0 for TI. While the higher slopes
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and intercepts of incremental samples could to son :xtent reflect data
scatter, or some storm-specific or seasonal bias, most of the linear regression
equations determined for PI and TI from individual storms (Appendix 5) also
have slopes and intercepts higher than the LMWL defined by the PE and TE
samples.

The observation that incremental samples fairly consistently plot along
lines with slightly greater slopes and y-intercepts than 1 * samples points
to the existence of processes operating on different time scales that cause
different fractionation effects. The effects of processes acting on meteoric

waters during storms may be camouflaged in sets of event data by

volume-weighting, larger-scale spatial vari-**Jns, or seasonal effects. A
possible explanation for different equations for incremental samples lies with
the bow-shaped, concave-down nature of incrementally collected data in
8D-8'%0 space. Each equation for incremental samples is defined by very
few points, and the bow-shaped nature of the curves in 8D-6'°0 space causes
the slope to be strongly affected by the position of single points. Because the
isotopic composition changes rapidly during the initial high-intensity portion
of the storm, most of the data points lie on the lower end of the bow-shape,
thus causing relatively high slopes to be calculated.

The early PI and TI samples lie near or above the LMWL, the last
samples lie on or below the LMWL, and the intermediate samples always lie
above the line. The close match of curves seen with the three incremental
collectors argues that leakage problems have had minimal effect on the basic
pattern of decreasing isotopic composition during the storm. It is curious

that the first PI and TI samples fail to plot significantly below the LMWL,;
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because the ambient airmass was probably relatively unsaturated at the
beginning of the storm, it might be expected that these samples would be
substantially affected by evaporation of falling raindrops.

Exchange of falling rain with atmospheric vapor cc~*-ining a large
f-tion of evapor ©~ "m( " * 2 could explain the higher d-excess values of
rain during the middle of the storms. At the beginning and end of the
storms, the evaporative enrichment, however minimal, appears to have a
stronger effect than does exchange. Perhaps the slight evaporative signature
at the beginning and end is a result of "edge effects" between moving air
masses. In any case, the wide range of slopes in 6D-6"30 observed for PI
and TI samples indicates that there has been significant amounts of exchange
between the falling raindrops and local air masses of variable isotopic
composition and humidity; in general, the slopes with values significantly
different from 8 demonstrate that equilibrium condensation effects have been
overprinted by isotopic exchange.

An alternate explanation for the bow-shaped curve of successive
samples of rain is that it is an inherent product of the condensation process.
The global meteoric water line is a remarkably straight line for what is
generally assumed to be a continuous fractionation process. Gat (1980)
noted an explanation for the straightness of the GMWL and its slope of 8 in
6D-6"*0 space proposed by Harmon Craig: that the GMWL represents a
mixing line between marine moisture and drier air from the top of large

cloud systems that is very depleted in both isotopes.
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Causes of enrichment in throughfall samples:

The degree of isotopic enrichment e in throughfall samples does not
seem to be controlled by any single envirc - 1ental factor. There is a sl" "it
correlation of e and season (Figure 8). For both the spatial and temporal
storms, the amount of enrichment is slightly greater in the winter than in the
summer. There is little correlation (* < 0.2) between the 8'°0 of PE,
which has a seasonal change in composition, and €. There is little
correlation between e and the storm size (> < 0.2 for both isotopes).

It is surprising that: (1) there isn’t a greater correlation of ¢ and

season, and (2) that throughfall samples are not more enriched relative to

rain in the summer than in the winter rather than the reverse. It had been
expected that enrichments would show a definite seasonal cycle, with greater
enrichments in the summer for deciduous trees because of their greater leaf
surface area, and lesser enrichments or maybe no enrichments for deciduous
trees in the winter when the trees are bare. An explanation for the first
oddity is that the enrichment process seems to be affected by a number of
factors besides canopy density and that 16 stc....s may be too small a number
for the effects of these factors to be accurately distinguished. The inverse
seasonal relation suggests that evaporative enrichment is not well correlated
with canopy surface area.

It has been suggested that if the leaf surfaces were still wet with the
water from an earlier shower, the first throughfall samples of the new storm

could contain small amounts of highly evaporated water (Gat and Tzur,
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1967; Gat, 1988). Only three storms with TE data (8/30/88, 4/9/89, and
6/5/89) had a storm large enough to fill the canopy storage capacity (= 0.1
cm) less than 24 hours earlier; however, the TE for these storms are no
more enriched relative to PE than the other storms nor is there any
correlation between the composition of the previous storm and the degree of

enrichment.

Seven storms with TI data had 5 to 24 hour hiatuses between showers
where water presumably remained on the canopy for extended periods of
time before being washed off the leaves by a subsequent shower. The
subsequent samples were never enriched relative to samples prior to the
hiatus, nor did they plot along slopes in 6'®0-6'*0 space below the linear
regression equation derived from the storm data. This contrasts with the
2%o0 maximum overall enrichments predicted by Gat and Tzur (1967) for
rain washing highly evaporated remnants of water from leaf surfaces.
Therefore, there is no evidence that remnants of presumably highly
evaporated water from a previous storm have any effect on subsequent
throughfall samples. Perhaps if smaller fractions of water had been
collected, an evaporative effect might have been observed. The first 8
bottles each collected 0.18-cm fractions of rain; this is greater than the

storage capacity of the leaves.
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Processes causing water loss but little kinetic fractionation:

Processes that might explain the water losses and frequent isotope
enrichment of volume-weighted throughfall relative to PE without observable
kinetic fractionation include: (1) evaporation followed by exchange with leaf
water; (2) loss of the last isotopically light rain to canopy storage at the end
of the storm; (3) simultaneous evaporation and isotopic exchange with
atmospheric moisture in isotopic equilibrium with the rain; and, (4)
simultaneous evaporation and exchange with atmospheric moisture dominated
by evaporated-water vapor. Selective loss of depleted water in sequential
samples because of collector-design problems cannot be ruled out as an
explanation for the enrichments of PI relative to PE, but cannot alone explain
the much greater water losses and enrichments observed in TI samples

relative to PI and PE samples.
Leaf membranes are semi-permeable and water continuously passes

through the walls during transpiration. Although the net isotopic
composition of transpired vapor is equivalent to the isotopic composition of
the water taken-up by the plant roots (Zimmermann et al., 1967),
transpiration causes 150 enrichments in leaf water in the range of 10 to 409%,
(Gonfiantini et al., 1965; Walker and Brunel, 1990). Leaf waters plot along
lines with slopes of 1.3 to 4.4 in 8D-6"*0 space (Cooper and DeNiro, 1989).
In theory, small additions of this water to throughfall could cause significant

There have been few studies of diffusion rates of isotopic

enrichments.
species across leaf membranes; Walker and Richardson (1991) report
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incomplete equilibration of lettuce leaves and surrounding water in 12 hours.
The fraction of leaf water in equilibrium with atmospheric water is inversely
related to the transpiration rate and changes rapidly during active
transpiration (Brunel and Walker, 1990). Since water films on leaf surfaces
effectively inhibit transpiration (Dunin et al., 1988), the leaf water is
probably in equilibrium with the mosphere during storms and hence similar
to the composition of the rain; thus, there should be little impetus for

diffusion and exchange with leaf water is unlikely to be a dr—"-ant process.

Enrichment of throughfall relative to r: ° by selective storage:

The percentage of rain water lost to storage on the tree canopy ranges
from 1-35% of the total PE (Table 7). Unless PE has a relatively constant
composition during the storm, then the net TE composition may be affected
by the selective loss of this fraction of the rain. All the storms examined
show intrastorm changes in isotopic composition. It is possible that loss of
the last fraction of water, which is usually depleted relative to the rest of the
storm, could be the cause of the persistent isotopic enrichments seen in TE
relative to PE samples. The four winter storms (Table 6) where both TI and
TE data are available, were used to test this hypothesis.

All four of these storms show the typical winter intrastorm monotonic
decreases in 80, with shifts in 61%0 in the range of 4 to 7%.. TE samples
are enriched in '*0 by 0.19 to 0.9 %o relative to the corresponding PE

samples. To cause an enrichment in *0 of 0.2%. would require the loss of
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the last 6 to 9% of the PE for storms with intrastorm 6"*0 shifts of 7 to 4 %o,
respectively. However, the estimated storages based on Figure 6b range
from 1 to 5% of the total PE for these storms. Hence, loss to storage cannot
be the cause of most of the enrichment in these winter storms (Table 7). For
the other winter storms, only the enrichments under deciduous canopy for
the 11/16/88 and 3/30/89 storms could be mostly explained by selective
Storage. ‘

The amounts of water lost to stemflow (SE) are comparable to the
amounts of watér lost to storage. For these four storms, the SE yields range
from half to twice the amounts in storage, with an overall combined loss of 4
to 7%. Even if all the water lost to stemflow also occurred at the end of the
storm, an unlikely prospect, the combined loss is still insufficient to account

for the enrichments observed.
Although conifers show little seasonal difference in storage, deciduous

trees have variable storages ranging from twice as large as the storage on
conifers in the winter to up to 5 times as high during the growing-season
(Cappellato, 1991). Although none of the summer storms have both TE and
TI data, it is reasonable to assume that the 60 ranges of about 2 to 79,
seen in summer storms where TI samples were collected is typical. Becauge
of the larger amounts of water stored on the deciduous canopy during the
summer, most of the enrichment in %0 seen under deciduous canopy for
eight storms and under coniferous canopy for two storms (Table 7) could be

explained by selective storage, assuming the worst-case intrastorm §!80

However, there is little correlation between percent water

variation of 7%o.
loss to storage and degree of enrichment, with r* values of 0.20 and 0,23 for
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deciduous and conifer trees, respectively, and no significant difference in
correlation between summer and winter storms. Hence, although selective
storage cannot be ruled out as an explanation for the enrichment of many
storms, especially under deciduous canopy during the summer, there is no
real evidence that this mechanism causes significant enrichment. In addition,
if tl storms had only 2 © 4%o intras’ n variation, the amounts of water

lost to storage in most of these storms is insufficient to explain the

enrichments.

Enrichment or depletion of throughfall relative to rain:

The 7/21/88 storm is the only one of the storms with TE data where
the 6D and 60 compositions of the TE are depleted relative to PE (Table
3). This storm dropped only 0.4 cm of rain, making it the smallest storm in
this study. Saxena (1986) also noted several summer storms where the
throughfall was depleted relative to the rain. He developed a model which
predicted whether throughfall would be enriched or depleted relative to the
rain based on knowledge of the humidity, temperature, and difference
between the isotopic compositions of rain and atmospheric vapor. His model
correctly identified the four storms out of 24 where depletion occurred, but
had tw.o false predictions of depletions when enrichments occurred and four
false predictions of either enrichments or dépletions when throughfall was in

fact identical to rain; hence, the model made correct predictions 75% of the

time.
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Modeling the effects of canopy interception:

When rain falls onto a forested area, some rain misses the leaves
completely and falls -“-aight = the g | and some is by -
tree canopy before it reaches the ground. With continued rainfall, eventually
the leaf storage capacity is exceeded and the intercepted water drips to the
ground too. Throughfall (T) is defined here as the combination of the rain
that goes through the canopy (T}) plus the rain that is intercepted by and
later drips from the canopy (To). The amount of throughfall is generally less
than the amount of incoming rain due to the combined effects of storage (S)
of water in the canopy at the end of the storm plus evaporation (E).
However, if the leaf storage was already filled with water from a previous
storm, net throughfall could exceed rainfall.

In theory, the isotopic composition of rain that misses the canopy
should be the same as the original rain. In contrast, the isotopic composition
of rain that is intercepted by the canopy can be affected by a number of
processes including: (1) evaporation; (2) mixing with evaporated water
remaining on the leaf surfaces from a recent prior storm; and (3) exchange
with atmospheric vapor. To distinguish among the effects of these
processes, the observed data can be compared with the results of simple
models incorporating only evaporation or evaporation plus exchange. Such
models should shed some light on why coniferous throughfall has greater

water losses and enrichments than deciduous throughfall, the relationship
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The storage S can be approximated as the negative y-intercept of a linear

regression of rain and throughfall amounts (Rutter, 1975):
T=C*P-S

where C = the empirically derived multiplicative factor relating precipitation
and throughfall amounts. From linear regressions of the data in Figure 6b,
the C values are 0.95 for deciduous trees and 0.83 for conifers, and the
values for storage on leaf surfaces range from 0.102 cm for deciduous trees
to 0.026 cm for conifers. An alternate calculation method is to set T = 0,
and solve for S: for the equations on Figure 6b, the results are almost
identical.

Let’s consider a series of showers being intercepted by the canopy. At
the beginning of the storm, the canopy storage capacity S is completely filled
by rain water of isotopic composition &, and amount P, = S. If this water
is then partially evaporated so that only a fraction (f) of S remains, the
isotopic composition of the remnant f in storage (ds) can be described by a

Rayleigh equation (Craig and Gordon, 1965):
05 = Op, - €ln(f,)

where € = ¢* + Ae. Many texts have the Rayleigh equation incorrectly
written with a positive sign because of confusion about definitions for ¢* and

€ (see below). The equilibrium fractionation ¢ = (1 - ¢*)1000 > 1 for
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at = (1000 + &)/ (1000 + 8,) > 1, where ¢, and d, are the isotopic
compositions of liquid and vapor, respectively, in isotopic equilibrium at
some temperature. The variable Ae¢ is an additional diffusive (kinetic)
isotope fractionation which results from the different diffusivities of the
isotope water molecules in the liquid-air boundary layer. According to the

Craig and Gordon model (1965), Ae = (1 - h)¢,, where the kinetic
fractionation ¢, = 15%o for oxygen and 13%. for hydrogen (Merlivat, 1978)

and h is the relative humidity written as a fraction <1. Values for a* can

be calculated from Majoube (1971).

Suppose now another shower of amount P; and composition §;; falls on
the leaf surfaces and mixes with the evaporated remnant from the previous

shower. The composition of the water on the canopy now can be described

by a mixing equation:
6si = {PiaPi + foPo [6Po - dn(fo)]} / (Pl + foPo) .

One possible scenario at this point is that this water then evaporates, leaving

only a fraction f; of (P; + f,P,), whose composition can be described as:

Os; = Og; - eln(f) .



An g'*~-~~*= scenario is that, instead of evaporating, after mixing with the
remnant f P,, an additional amount of rain Py, of composition 6P, falls onto
the leaf surfaces and exceeds the storage capacity so water drips off: the

system can then be viewed as:
Sbs; = (S - £X)0p; + fXds;
Tede = 0p[Py - (S - £X)] + X(1 - £)dg;

where X = (P; + f,P,) = the amount of mixed water on the canopy before
the latest shower P, f; is the fraction of mixed water X that remains on the
canopy after being washed off by P;, and T is the amount of throughfall
dripping from the canopy. The remaining water on the canopy can then
evaporate, be mixed with rain from another tiny shower, be washed off, etc.
Obviously, attempts to model the evolving composition of throughfall during
a storm as a long series of irregularly alternating steps like the above
equations become complicated very fast. Therefore, let’s try a few
simplifications.

If the canopy storage is completely filled during each incremental
shower step, partially evaporates to leave behind a remnant f v~ ":h is
completely displaced by the next incremental rain step (with no mixing of
waters) which again fills the canopy storage, and this new rain also partially
evaporates away to leave a remnant f, etc., calculations are vastly simplified.

Of course, this scenario is rather unrealistic in that all the old water is
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displaced at each step, instead of mixing with the new water; also, the new
water probably overflows instead of mixing because the storage is already
full.,

Let’s try an alternate approach: suppose that the tree canopy is so
dense that ALL the rain is intercepted by the canopy and is consequently
partially evaporated before dripping to the ground; then there is no T, term

and hence & can be calculated usii the equations below:
P=T.+S+E

6r = 05 = 0c = 0p - eln(f)

where f = T/P-S. The fraction f was calculated from T./(P-S) rather than
as T./P because the last water left on the leaves does not contribute to the
isotopic composition of T.. This equation is not valid for variable rain
isotopic compositions because the Rayleigh equation is logarithmic, not
linear. This model produces minimum amounts of enrichment because all
the rain is assumed to intercept the canopy to form T, and, hence, f values
are larger than if there was some Tp; more accurate models would produce
greater enrichments.

The amount of the total PE that is lost as stemflow (SE) is comparable
to the amounts in storage and evaporated; hence, a term for SE must be
included in the water budget. Because a large component of stemflow
probably occurs as overflow from the partially evaporated leaf storage

capacity, I assume that T = TE + SE for this calculation. Actual average
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stemflow losses for each storm and canopy type from Cappellato (1991) were
used.

Table 8 compares the actual and calculated values for the isotopic
compositions of throughfall events for the 16 storms. The volume-weighted
amounts and isotopic compositions f--n Table 3 were used for PE ... ._
values in the above equations. The average measured values for temperature
and humidity during each storm were used in the calculations. For some
storms, temperature and humidity showed considerable variation; substitution
of the actual values at + lo of the average values changes the calculated
6'%0 values by < 0.3%o and 8D values by < 0.6%0. The value of 0.03 cm
determined from Figure 6b was used for the conifer canopy storage capacity.
Separate linear regressions were made to calculate the deciduous storage
capacities for the growing and dormant seasons, producing values of 0.14 cm
and 0.06 cm, respectively; a factor of 2 difference between winter and
summer storages is typical (Rutter, 1975).

For the deciduous data there is a close match of actual and calculated
6 values for TE. The calculated 6'°0 valueé of TE have an average of
+0.59%0 and range from +4.66 to -1.34 %o relative to actual TE. The
average enrichment in D was +4.4%o, with a range of +32.3 to -6.2%o.
Four of the storms in the growing season (10/31/88, 4/9/89, 6/5/89, and
7/2/89) had estimated values of f> 1, meaning that all the rain could be
accounted for without having to invoke evaporation (i.e., E = PE-TE-SE-S
< 0). However, for all four of these storms, the actual TE was enriched
relative to PE, suggesting evaporative fractionation. These were

average-sized storms, with normal humidity, temperature, and wind speed
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values. Two of them, 4/9/89 and 6/5/89, occurred less than 24 h after
another storm, so there might have been water re —ants on the leaves;
addition of some antecedent moisture to the water budget could make the
"true” f<1. Other explanations for the high f values include

non presentative values for E, S, —..1 SE. For the purj

the lov  winter storage amounts were substituted for the summer values so
that f< 1. Of the remaining 12 storms, the calculated values for 1. were
enriched relative to the actual values for eight storms and depleted for four
storms. The 7/21/88 storm, where the measured TE values were depleted
relative to PE, had the highest calculated TE values. The storms with
depleted calculated values tenc - _ to be larger in size than the average. For
the ~~=*fa=~:~ data, in contrast to the deciduous results, the actual and
calculated 6 values for TE were significantly different, with average
enrichments in 80 and D of +1.94%0 and +14.7 %o, respectively, and wide
ranges in values. The calculated 6D values for all storms were enriched
relative to the actual TE values; the calculated 6'®%0 were also enriched for
all but one storm. Again, the most enriched calculated TE values are for the
7/21/88 storm.

The average "measured” f value for conifers is 0.84, suggesting that
about 0.16 or 16% of the PE has evaporated. In contrast, when the actual
isotopic compositions of PE and TE are used to calculate f, the calculated f
values for both isotopes are about 0.97, suggesting that evaporation of only
about 3% of the total PE is required to account for the measured enrichment
of TE relative to PE. Using the same reasoning for deciduous data, the

average "measured" f value is 0.94, suggesting that about 0.06 or 6% of the
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PE has evaporated. However, use of actual deciduous data to calculate
evaporation produces a value of about 2.5%. Combining the above
coniferous and deciduous data, there is a discrepancy of 3 to 13% between
the measured and calculated percentages of PE lost to evaporation. Oddly
enough, the lowest -—-*—"-*- percentages of evapo: ** ~ occur in the
summer, in general agreement with the behavior of the actual values (Figure
8).

The significantly lower values for calculated f relative to measured f
are an alternate way of expressing the observation that the model shows that
more water has evaporated away than can be accounted for in the magnitude
of isotope enrichments of TE samples. And because this simple evaporation
model underestimates the enrichment of TE, the "true" enrichments should
be much higher. Therefore, some process other than evaporation has acted
to decrease the kinetic evaporative fractionation. As a result, TE (and TI)
samples do not fall along evaporation lines as might be expected for the
amount of water lost to evaporation.

The previous models assumed that Rayleigh evaporation was occurring
in isotopic equilibrium with the rain but that the evaporate was being
continuously removed from the system with negligible back reaction.
However, under dense tree canopy, the system is more closed than this
model envisions and the local humidity increases by the processes of
transpiration and evaporation. Hence, isotopic exchange between
evaporating water and ambient vapor is a likely possibility. Transpiration
returns water to the atmosphere unfractionated by the plants (Zimmermann et

al., 1967); this vapor should be similar to the average soil-water or
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ground-water composition (White et al., 1985) and, consequently, generally
considerably enriched relative to vapor in equilibrium with the rain.
Evaporate, on the other hand, is considerably depleted relative to transpired
water and is closer to the composition of the atmospheric vapor in
equilibrium with the rain. The generally higher d-excess values of the TE
and TI samples support interaction with re-evaporated w: * (Gat and
Matsui, 1991)

According to the Craig-Gordon evaporation model (1965), the isotopic

composition of the evaporate (i.e., evaporated vapor) can be formulated as:

85 = (o', - ho,-€)/[(1-h) + Ae/1000] = (3, - hd,-€)/(1-h)

where 6§, and 8, are the isotopic compositions of the water on the leaf surface
and the atmospheric vapor, respectively, a" = l/a*, ¢ = € + A¢, and " =
(1 - «")1000, with all parameters in permil units; h = humidity.

If the equation is solved for both 6D and 60, the isotopic
compositions of E can be compared with those of PE for the 16 storms to
produce evaporation lines in 6D-6"*0 space. It was assumed that: (1) the
environmental data in Table 8 were valid for conditions at the leaf surface;
and (2) the atmospheric water was in isotopic equilibrium with the PE.
Probably neither of these assertions is completely correct but were made
because of lack of data to the contrary. The average slope of the calculated
evaporation lines for each storm is 4.2, with a range of 3.4 to 5.2. The

slopes showed no correlation with season. As a group, the 0y values fit the

equation 6D = 6.13 6"*0 +53.4 (©*= 0.65, n = 16), plotting above the
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LMWL with a d-excess value of about 120. The Craig-Gordon model was
developed for steady-state evaporation of open-water bodies and hence is not
entirely appropriate for the physical conditions on the canopy; nevertheless,
it provides a crude estimate of the composition of re-evaporated moisture
being added to the local atmosphere.

The isotopic compositions of the evaporate calculated using the
Craig-Gordon model plot in a much tighter band than the 6g values calculated
by mass balance from the PE and TE amounts and isotopic compositions
(Figure 8). Both estimates of the isotopic éomposition of evaporated water
have higher d-excess values than the calculated compositions of atmospheric
vapor (8,) in equilibrium with the rain. Exchange of TE samples with this
evaporate would cause the TE samples to plot along lines in §D-6"*0O space
that are higher than any evaporation-derived slope.

The above simple models all make the assumption that the water on
the leaf surfaces behaves like a well-mixed body of water. In actuality, the
water on each leaf is separate and leaves may even contain several distinct
evaporating raindrops. What is the effect of all this potential small-scale
variability? As an example, let’s suppose that two droplets of identical size
each partially evaporates and loses a different fraction of its water. If the
fraction of water remaining in drop A is f = 0.75 and in drop B is 0.5, for
rain with a 6'®0 value of 0%0 and € = 12%o, the 6'°0 values of drops A and
B are +3.45%0 and +8.32%o, respectively. If the water remnants in these
two drops mix and drip from the leaves to form TE, the volume-weighted
6'%0 value of the total TE has a 6'30 value of 5.40%.. However, if one
calculates the net 'O value for the net loss of 37.5% of the PE (f = .625),
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the resulting 6'®0 is +5.64%0. These 60 values are different because the
Rayleigh equation is logarithmic instead of linear. Hence, accurate a priori
calculations of the expected throughfall enrichments for a given overall loss
of water are not possible. The larger the fraction of water remaining on the
leaves after each stage of evaporation, the smaller the difference between
linear and logarithmic additions. For fractions of remaining water in the

range of 0.8 to 0.95, the difference amounts to less than 0.05 %o .

Slopes of evaporation lines:

The slope of an evaporation line (or a tie-line connecting the 6 values
of PE and TE samples in 6D-6'®0 space) is dependent on several factors,
including humidity, the isotopic compositions of liquid and vapor, and the
equilibrium and kinetic fractionation factors at the observed temperature
(Gat, 1971). The ambient humidity is an indication of how open the system
is (i.e., how much isotopic back-reaction is possible), and is often viewed as
the main control on the slope of the evaporation line. Slopes less than 8
reflect differences in the relative amounts of equilibrium and non-equilibrium
evaporation taking place. Slopes greater than 8 reflect exchange with air
masses of higher d-excess values (Gat and Matsui, 1991); such lines can be
called "exchange lines". Hence, the range of slopes seen for the tie-lines in
this study reflect a large range of environmental conditions under which

throughfall enrichment may take place.

76



The average slope of the tie-lines between volume-weighted PE and TI
or TE samples for entire events (n=31) is 8.5 for deciduous trees and 8.9
for conifers, and the range is very large (1 to 16 for TE samples). For the
complete set of individual throughfall (TE) samples, the average slope for
coniferoug throughfall is 10.9 £ 9.3 (n=101) and for decidr ~1s throughfall
is 6.5 + 13.1 (n=102). A one-sided t test indicates that the slopes for
conifer samples are significantly greater, at the 99.5% level, than for
deciduous samples. This level of significance is surprising considering the
estimated value of 6 for the non-parametric "2¢" analytical error associated
with each slope determination. These average slopes for throughfall samples
contrast with the slope of about 5 predicted by Gat and Tzur (1967) and the
slopes of about 4.2 calculated using the Craig-Gordon model.

Although several factors influence slope, the best correlations are
found with the 6'®0 of PE. There is a moderate positive correlation (2 =
0.45) between slope and 60 of PE for PE > -5%o, and a weak negative
correlation (r? = 0.15) of slope and 6'0 of PE for values < -5%o
(excluding one sample where the slope > 15) (Figure 9). This separation of
slopes at -5 %o does not necessarily reflect any seasonal change; several of
the winter storms are enriched relative to -5 %o and several summer storms
are depleted relative to -5%o. It is not clear why the correlatién between
tie-line slope and 6'®0 changes from positive to negative at about 6'*0 =
-5 %o ; this is approximately the volume-weighted average composition of rain

at Panola.
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Figure 9. Relation of the slope of evaporation/exchange lines for
throughfall samples relative to rain in 8D-6'®0 space, and the §'%0 of
event rain. The lines represent linear regressions through the data points

(see text). The 20 error bars on 60 and slope are 0.1 %0 and 6,
respectively.
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There is a moderate positive correlation (2 = 0.37) of slope and the
percent difference (AE) between E (determined by difference) and calculated
E for the 16 storms with TE data. The value of E was calculated using the
Rayleigh equation and assuming that all the enric* ~ - ** was due to
evaporation, This value represents the minimum amount of water loss
necessary to explain the observed fractionation (see above calculations). In
almost all cases, the calculated E values are less than the actual E values,
indicating that there is more water lost than can be accounted for by
Rayleigh evaporation alone (or that there is less enrichment and apparently
more isotope exchange than would have been caused by the evapo ** n of
the water lost). The correlation of slope and AE indicates that storms with
higher slopes have less enrichment than expected, which supports the idea
that exchange, which tends to reduce the degree of enrichment, is the
mechanism responsible for the higher slopes.

So, why do the TE values as a group plot along a line with a higher
slope and intercept than the PE values (Table 1)? A partial explanation
might be because of seasonal and intrastorm processes that affect the
enriched end of the MWL more than the depleted end. For example, the
slopes of tie-lines connecting volume-weighted average rain (PE or PI) and
throughfall (TE or TI) values in 6D-4'*0 space are higher at the high (-1 %o)
and low (-9%o) ends of the 6'*0 scale (Figure 9) than at mid-range values
(-5%0). This pattern causes the linear regression equations derived for

throughfall samples to be rotated slightly counter-clockwise relative to the
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LMWL derived from rain data, producing a higher slope and y-intercept for
the throughfall samples.

Examination of the TE data on Figure 9 shows that, in general, the
slopes are higher for enriched storms, characteristic of the summer than for
more depleted storms, characteristic of the winter. This implies that there is
more exchange between canopy water and the ambient atmosphere during
summer-type storms than winter-type storms, which is why the throughfall
samples appear to be more evaporatively fractionated in the winter than in
the summer. The slopes are also higher for storms where there has been
more exchange as determined by larger differences between true ... and
TEcalc values. The higher slopes of tie-lines in the summer is probably a
result of the increased amount of re-evaporated water being added to the
local atmosphere in response to the higher summer evaporation rates;
because of higher summer temperatures, larger amounts of water can be
stored in the atmosphere than during the winter. The local canopy
environment may also be more closed to mixing with outside air during the
summer when the canopy is denser; a more closed environment facilitates

back reaction and reduces the kinetic fractionations.

Species effects:

Conifer throughfall is generally isotopically enriched relative to

deciduous throughfall. Although the average '*O enrichment for the 16 TE

sites is 0.11 %o which is within analytical uncertainty, use of a sign test
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shows that the enrichment is "real", at the 97% level for 6'®0. The conifer
sites also generally have greater water losses relative to PE than the
deciduous sites, although in detail the correlation of degree of enrichment
and water loss is poor. The TIcon site is unusual in that the throughfall
enrichment and water loss are both less than at the TIdec site. One
explanation for this is location: the TIcon site was located at the edge of the
forest where the canopy may have been much less dense than usual for the
TEcon sites (personal communication, R. Cappellato, 1992), resulting in less
interception than usual for conifer sites.

The greater water loss at conifer sites is somewhat unexpected. ine
leaf-area-index of the deciduous trees .. to be lai_ - than for the
conifers (personal communication, R. Cappellato, 1990), and the canopy
storage values for deciduous trees are always greater than for conifers;
hence, one would have expected greater water losses for deciduous trees.
One explanation for the greater water losses under conifers might be
somehow related to the way droplets get caught between needles on conifers,
with their large surface areas exposed to the air. An alternate explanation is
that micro-climatological conditions under the conifer canopy favor increased
evaporation rates; lower ambient humidity, higher temperature, greater
windspeed, and more nucleation inhibitors (or fewer nucleation sites) under
conifers are all possible contributing factors. The fact that conifer TE is
even more enriched relative to deciduous TE in the winter when the storages

are more similar than in the summer when storages are most is a
strong indication that relative storage capacity has little relation to degree of

enrichment.
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The simple model calculations suggest that deciduous ™™ isotopic
compositions are just slightly more depleted (on average: -0.59 %o for 6*0
and -4.4%o for 6D) than expected for the amounts of water lost to
evaporation; hence, only a small amount of isotope exchange must be
invoked. In contrast, the conifer TE is depleted by -1.9%0 in 6'®0 and
-14.7 %o in 8D relative to the calculated values (Table 8), suggesting large
amounts of exchange. Sites where significant amounts of exchange take
place should have higher slopes in 6D-6"%0 space.

The average slopes in 8I "0 space between PE and individual TE
samples for coniferous sites are higher than for deciduous sites (Figure 10).
To eliminate the scatter due to analytical error, slopes were not plotted for
TE samples where the A§"®0 < 0.1%o0 or ASD < 2.0%0 between individual
pairs of PE and TE ¢ values because these differences were within the
analytical error bars; this omitted group consisted of about 25% of the
conifer samples and 40% of the deciduous samples. The remaining set of
data in Figure 10 are largely derived from the five storms where almost all
the samples from the 32 collectors were analyzed and may not be a good
representation of any true yearly pattern. With these caveats in mind, the
average slopes of the remaining samples are 9.5 (n=62) for deciduous
samples and 12.6 (n=77) for conifer samples. For the 11 storms where the
volume-weighted averages fit the same criteria for acceptable * © values, the
average deciduous slope was 9.5 + 3.8 and the average coniferous slope was
10.3 £+ 3.6. Hence, average slopes are significantly greater than the slope

of 8 characteristic of equilibrium condensation or evaporation, 1 pairs of
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Figure 10. Frequency distribution of slopes between event rain and
individual event throughfall samples for all 16 storms with spatial data.
The 20 error bar on slope calculations is about 6.
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Effect of interception on 6"°0 of recharge:

The net effect of interception on the 6'®0 of recharge can be estimated
by calculating the volume-weighted isotopic compositions of total PE and TE
from the 16 storms where there are spatial data (Table 9). These absolute
compositions are not representative of the actual yearly mean composition of
rain (6®0 = -5.4%o0) but do illustrate the net effect of the -~ opy enrichment
over a span of time. The differences between the calculated values of
recharge for rain and throughfall are very small and are well within the 2¢
range for cumulative errors 6f measurement and calculations for the
throughfall samples, which are 0.4%o for 60 and 8§ %0 for 6D. An even
large potential source of error is the assumption that the throughfall collected
over an area of 0.07 to 0.35 m? (the interception area of 3 to 16 collectors)
adequately represents recharge on a catchment scale. Nevertheless, recharge
waters under tree canopy appear average about 0.5%o enriched in '*0 and
3 %o enriched in 8D relative to total PE during the same period. There were
insufficient stemflow data to incorporate the enrichments seen in stemflow in
this calculation; however, the total calculated enrichments should be even a
little larger to account for the stemflow. This calculated '*O enrichment is
identical to the value estimated by Gat and Tzur (1967) for the "probable”
maximum enrichment in recharge waters intercepted by trees. However,
unlike their prediction, the data do not plot along a slope of 5 in §'*0-6D

space. Because of exchange with atmospheric vapor during evaporation,
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Table 9. Estimated Isotopic Compositions of Recharge for the 16 Storms.

<veponent  §°0 (%) D (%o)

PE -5.04 -25.95
TEdec -4.58 -22.98
TEcon -4.51 -22.72
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throughfall samples plot along approximately the same slope as the LMWL

but have a d-excess value 2 to 3 %o greater than local rain.

CONCLUSIONS

Interception by the canopy results in an average water loss of 15 %
and significant fractionation of the isotopic composition of rain. On a yearly
basis, throughfall at Panola appears to be enriched in '*0 by about 0.5, and
enriched in D by about 3 %o relative to rain collected in the open. For
almost all storms, throughfall is enriched relative to rain; the maximum
enrichments seen for volume-weighted average throughfall for an event are
+0.91%0 for $*0 and +8.1%o for 6D. ruroughfall during small s___mer
storms is occasionally depleted in O by up to 0.2%o relative to rain. Many
of these storms were so small that they barely exceeded the canopy storage
capacity and the isotopic depletions can be partially explained by selective

storage of initial enriched water on leaves. Summer storms are also

frequently characterized by rapid oscillations in isotopic composition due to
the isotopic depletions of such storms may be a regyj¢

rapidly moving fronts;
of both selective storage and exchange with atmospheric vapor of rapi dly

changing composition. For many storms, the amount of water evaporated op
s was Very small compared with the amounts lost to storage
e, loss of the last isotopically light rain to storage could

e enrichment. However, the losses under conifers are

deciduous tree
and stemflow; henc
explain much or all th

. n 11
too great for this explanation to "hold water".
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Site-specific differences in canopy density and micro-climate result in
an average 6'°0 spread of 0.5%0 among collectors for the same storm, with
a maximum range of 1.2%0. On average, there was a persistent 0.1 %o
enrichment in ®0 of throughfall at conifer sites relative to deciduous sites,
and specific sites appeared to be characterized by throughfall that was
consistently enriched or depleted in **O by 0.1 to 0.2 %o relative to the
average; however, on a storm by storm basis, the enrichments were erratic.
Therefore, any single throughfall collector is inadequate to characterize the
composition of intercepted water in forested areas. A better solution in
mixed forests is to put out several collectors under different trees and

combine the collected waters for isotopic analysis as is done by DeWalle et

al. (1988). In semi-uniform canopy types, use of a large trough to collect

throughfall may be adequate. If only one collector is to be used, I
recommend putting it in the open and correcting for "average" canopy effects

rather than using a single collector under a tree. This is most critical during
summer storms when throughfall enrichments/depletions can be especially
erratic.
The greater isotopic enrichments seen at conifer sites at Panola are
related to the greater interception losses, although there is only a weak
positive correlation of water loss and isotopic enrichment on a site-by-site
basis during storms. The greater water Josses under conifer canopy is not
due to storage on the canopy but may instead be related to local differencesg
in micro-climate. Throughfall samples typically do not plot along
evaporation lines in 8D-8"°0 space; instead the average slope of sequential

intrastorm samples is about 8. Slopes of pairs of rain and throughfal]
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samples for individual storms range from 1 to 16, with most slopes in the
range of 8 to 12. The average slopes for deciduous and coniferous trees are
about 9 and 12, respectively. These high slopes suggest that exchange with
atmospheric vapor containing re-evaporated water is the dominant process
controlling the isotopic composition of throughfi ™'  any kinetic evaporative
effects have largely been overprinted.

Simple evaporative models have shown that coniferous throughfall,
and to a much lesser extent deciduous throughfall, exhibit much less
enrichment than would be expected for the amounts of water lost to
evaporation. This finding underscores the importance of isotopic exchange
in the canopy environment. The small enrichments observed suggest that
evaporation occurred under humidities near 100%, and that the local
atmospheric vapor contained large amounts of re-evaporated water with
higher d-excess values than in the open atmosphere. The different
enrichments seen under conifers and deciduous trees, and the different slopes
of local evaporation/exchange-lines, suggest that different micro-climates
developed under different canopies during storms and that these
environments control the isotopic evolution of the throughfall.

It is curious that there is almost an inverse relation between amount of
water lost to evaporation and the degree of kinetic fractionation seen in the &
values. Much more water is lost under conifers than deciduous trees, and
conifer throughfall is often enriched relative to deciduous throughfall, but the
coniferous throughfall data generally plot along higher slopes in 6D-6'*0
space and, hence, exhibit higher degrees of exchange than is seen in the

deciduous data. Also, more water is evaporated during summer storms than
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that are similar to rain whereas coniferous throughfall samples are enriched
relative to rain throughout the storm. Throughfall samples show slightly
larger enrichments relative to rain after short pauses between showers. The
higher d-excess values of samples during the middle of the storms is
probably due to increased exchange with re-evaporated water produced
earlier in the storm.

To verify the role of re-evaporated water in determining the isotopic
compositions of throughfall would require more detailed information than
was available in this study, including: collection of atmospheric vapor for
isotopic analysis at canopy height during each storm, for each canopy type;
development of better incremental samplers for rain and throughfall; and
measurement of micro-climatological information in the two types of canopy.
An ISCO-type sampler with the inlet tube removed from the pump so that no
rain is purged, adjusted to collect samples based on times not amounts, and
connected to a tipping bucket recorder so that timings and amounts are both
accurate, would probably be adequate.

The 1-2% of the intercepted rain water that falls to the ground as
stemflow may be a major component of macropore flow because it is
delivered directly to the tree roots where macropores are common. The few
stemflow data in this study are enriched relative to both rain and throughfall,
and have d-excess values around +16%c. This water may be the earliest
"new" water to reach the stream. Very often streamwater at the beginr™ -3
of a storm temporarily is enriched relative to either the rain or groundwater.

Plotting large amounts of data on 8D-6"%0 plots camouflages a lot of

interesting meteoric-water behavior taking place on smaller time/space
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scales. The trends for indiv" "1al storms are often entirely different from the
trends for the entire set of storms. It is easy to get very different equations
of lines whenever any process affects samples at the light and heavy end of
the MWL differer’- - this can cause rotations of the new lines, sometimes
in a direction opposite to what occurs during an individual storm.

The average oxygen and hydrogen isotopic compc " “on of deep
homogeneous groundwater at Panola are -5.21%0 + 0.2%0 and -27.3 %0 +
1.8 %o, respectively, slightly enriched in both isotopes relative to the 3-year
volume-weighted average composition of rain (-5.38 %o, -29.5%0). The
groundwater values are less enriched than the 0.5%0/3 %o enrichments
predicted for canopy interception. One possible explanation is that Panola
has a large unforested granite dome in the catchment that may be the main
source of recharge. However, the most probable explanation is that
exchange processes in fhe soil zone and/or selective recharge have
compensated for the effects of canopy interception. But it is also possible
that a study of only 31 storms is insufficient to characterize the effect of
canopy interception on recharge water.

If the enrichment of throughfall seen in these storms is "real", one can
expect the development of persistent isotopic differences in the recharge
waters under different tree species and under areas with different ratios of
intercepted to straight-through rain. These differences may affect the
isotopic compositions of water taken up by trees and preserved as cellulose,
the compositions of carbonates developed in the soil zone, the relative
percentages of new and old water determined by isotope hydrograph

separations, the compositions and calculated amounts of recharge to
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groundwater, and the isotopic compositions of ambient airmasses. Because
of the extent of exchange with throughfall, the d-excess value of the local
airmass decreases, resulting in airmasses looking less "recycled” than
expected for the amounts of water evaporated.

The average 0.5 %o enrichment of throughfall relative to rain may be
of minor significance for paleoclimatic studies because the fractionation
between rain and throughfall is equivalent to a 1° C change in temperature

for relevant climate indicators. M___ proxy it ** ‘ors of climate, such as
snail shells or tree cellulose, derive their water primarily from throughfall,
not rain. Thus, when the 6'®0 values of these materials are used to estimate
the temperature of formation, these temperatures will higher than for the

same organisms in nearby open areas that utilize rain instead of throughfall.
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Chapter 2

A LOOK INSIDE BLACK-BOX MODELS OF
STORMFLJUW ( N:
ISOTOPIC, CHEM"CA"Y AND HYDROLOGIC
MODELING AT AN ARTIFICIAL CATCHMENT

A S/ oWl N Sfalaat FaX ¥4

Several approaches have been developed for the modeling of
streamflow response to catchment precipitation. From a hydrogeochemical
perspective, they can be divided into two basic categories of hydrograph
separation methods: hydrologic response models and tracer -~—--ce models.
Time series models such as ‘- instantaneous unit hydrograph (IUH) models
(reviewed by Chow, 1964) separate streamwater sources by their hydrologic
response; usually only two responses can be identified, one quick and the
other slow. Isotope hydrograph separation (IHS) models using conservative
tracers like 60, 6D and tritium also generally separate streamwater into two
components, new rain water and old pre-storm water (Sklash et al., 1976;
Sklash and Farvolden, 1982). Chemical hydrograph separation (CHS)
models using a variety of chemical tracers (Cl, SiO,, conductivity, etc.) also
distinguish between types of old and new waters, but are more prone to

interpretation problems because there is always a very real possibility that
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the solute in question may be continuously reacting with matrix material
along various flowpaths (Sklash et al., 1976; Bottomley et al., 1984;
Kennedy et al., 1986; Wels et al., 1991) instead of behaving conservatively.
In general, it is better to regard chemical tracers as indicators of water
fi~-paths, and only indirectly as indicators of water , (Kennedy et
-1, 1986; Wels et al., 1991).

In theory, rain water whicht r - off " soil ¢ face 1r-"1 which
has been transported rapidly to the stream via macropores should both be
chemically "new" water. Studies that compare chemical and isotopic
separations often find no consistent difference between the percentages of old
water calculated by the two approaches, but generally the : © " ulated
using chemical tracers are higher (Wels et al., 1991). New water traveling
through relatively deep macropores may not pick up much of a dissolved

1, and thus the waters will isotopically and chemically resemble new
water traveling along shallow flowpaths. Therefore, it has been suggested
that isotope separations may only give lower limits on the amounts of water
from deeper subsurface flowpaths that may contribute to streamflow (Wels et
al., 1991).

All of these hydrograph separation models use a "black box" approach
to understanding how catchments "work". Generally only "external”
information is available--the amounts and/or compositions of the *~nuts: rain
and baseflow, and of the output: streamwater. There usually is little direct
information about "internal" functions of the box (i.e., what is going on
inside the black box) such as: distribution of subsurface flowpaths, spatial

variations in the amounts and/or compositions of subsurface waters, or how
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these factors change during a storm. Use of black-box models requires
implicit assumptions about hydrologic and geochemical behavior within the
box, perhaps the most common of which is that flowpaths and other
hydrologic properties are homogeneously distributed. In addition, input
waters are commonly assumed to have uniform compositions. Invalid
assumptions can, of course, significantly affect the interpretation of the
results of the studies.

Tracer hydrograph separations are based on solutions of two simple

mass- balance equations for stormflow:

Qs = Qo + Qu
Qs Cs = Qo Co + Qu Cy

where Q is stream discharge, C represents the concentration of the tracer,
and the subscripts s, 0, and n indicate stream water, old pre-storm water,
and new rain water, respectively. Several simple assumptions must be made
to use these equations to solve for the new and old water contributions to
stormflow. First and foremost, the old and new waters must have distinctive
compositions. Other typical assumptions are that water stored in the

unsaturated zone is either negligible in amount or similar in composition to
groundwater, and that rain and groundwater can be adequately c! racterized
by constant compositions (Sklash et al., 1976; Sklash and Farvolden, 1982).
These simple assumptions are often adequate for general characterization of
catchment response to bulk storms, but separations made using them do not

have sufficient resolution to help answer questions about intrastorm changes
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in flowpaths and water sources, and processes occurring along the various
flowpaths. Concern about environmental problems such as acid deposition
has focused attention on episodic behavior in catchments, hence creating a
demand for more accurate methods of hydrograph separation.

In the last decade, the validity of the simple ass_.. |

evaluated by a number of investigators, including Sklash and Farvolden

has been

(1979), Kennedy et al. (1986), McDonnell et al. (1991). Temporal
variations in rain isotopic composition (McDonnell et al., 1990; Kendall and
Gu, 1992) and interception of rain by the tree canopy (Kendall and
Cappellato, 1993) have been found to have an appreciable effect on
hydrograph separations. Several investigators have ____:luded that soj]
waters are not only an important component to storm runoff but often are
isotopically or chemically distinct from groundwater (Kennedy et al., 1986;
DeWalle et al., 1986; Hooper et al., 1990). A few recent studies have

determined that shallow soil and groundwaters can be sufficiently
inhomogeneous in composition to make their use in hydrograph separations

ill-advised (McDonnell et al., 1991; Ogunkoya and Jenkins, 1991).
None of these refinements to the hydrograph separation method hag

caused any significant change in the basic conclusion of most isotope and

chemical hydrograph studies to date--namely that most stormflow is old
water (Bishop, 1991). In contrast, most hydrologic response studies find that

quick-flow dominates (Rodhe, 1987; Bishop, 1991), although it is unclear
what mechanism is responsible for the rapid response. One answer to the
dilemma of rapid catchment response to rain when the dominant source of

streamflow is pre-storm old water, is recognition of how much water s
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stored in the soil zone (Kennedy et al., 1986) and how quickly this water can
be delivered to the stream via macropores and other types of bypass flow as
a result of infiltration of new rain water at the top of the unsaturated zone
(Bishop, 1991; Stewart and McDonnell, 1991; McDonnell et al., 1991;
Sklash et al., 1993).

The 490 m* Hydrohill artificial catchment was designed to be
intermediate between the complexities of natural watersheds and the idealities
of soil columns. The large number of wells and lysimeters for sampling
subsurface waters make this catchment a very suitable location for testing
some of the assumptions concerning runoff generation (Gu, 1988). This
Catchment is "real" or natural in the sense that it has intersecting slopes, a
soil layer, and grass - but it is artificial in that it was constructed with 3
homogeneous soil above a concrete aquiclude, a built-in drainage system
comprised of stacked lysimeters, and impermeable retaining walls on aJ
sides. The flow draining from different layers is separately funneled through
weirs at the bottom of the catchment, making accurate determination of water
balances relatively simple. Budgets in natural catchments can be very
difficult or impossible to evaluate because of problems with real-time
monitoring of water flow at different horizons in the unsaturated zone, lateral
variations within the basin, and interactions between local and regiona]

roundwater systems. At this experimental catchment we have the advantage
groundw .

of independent knowledge of the spatial and temporal variation in the
amounts and compositions of waters at different depths. Hence,

determinations of the relative amounts of old/new and slow/quick water
etermina

i i be compared. Furthermore, in most
using a variety of models can p
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catchments, accurate separations of old groundwater and old soil-water
contributions to streamflow are difficult to achieve. In theory, this problem
is elir * ~*"d in this experimental catchment because it drains so rapidly that
generally no groundwater is present between storms and the old component
of the groundwater that develops dvr-i~g storms is derived from soil water.

Samples collected from the experimental catchment were used to
examine temporal and spatial heterogeneity of flowpaths and water
compositions, to compare isotopes and different chemical species as tracers,
and to illustrate the sensitivity of models to variability inside the "black
box." In contrast to most other isotope hydrograph studies, at Hydrohill the
dominant source of quick-flc.. will be shown to be new water; this ..as t.._
both at the beginning of the storm when there was no groundwater and late
in the storm when soils were saturated. Large amounts of old water are
stored in the silty loam soils of the unsaturated zone and are delivered
(displaced and/or mixed with new water) to the saturated zone during storms
by various combinations of macropore and matrix flow (Kendall and Gu,

1992).

TERMINOLOGY

This paper discusses the isotopic and chemical composition and
movement of subsurface waters. Because there is some variation in the
literature about how to describe these waters, the definitions used in this

paper are listed below:
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Figure 11. Plan view of the surface topography of the Hydrohill #2
experimental catchment showing the locations and numbers of wells and
neutron probe access holes, and the central stacked lysimeter troughs.
The numbers to the left of the map indicate the row number; eg., well
number 1 of row D is well DI, etc.
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flow of water between the bare and artificial catchments. A silty loam that
w -~ free of concretions was slowly piled on the aquiclude to a depth of about
1 m. During infilling, the bulk density of the soil was d to

apprc imate the ~ tuv s ~ profile. 7 . was then p' ~*:d over the
surface. After letting the soil settle for 3 years, a drainage trench was dug at
the intersection of the two slopes and the water-s -~ *'ng = “ru ©*Hn was
installed.

Five troughs, each 40 cm wide and 40 m long and constructed of
fiberglass, were installed longitudinally in the trench. These troughs were
stacked on top of each other to create a set of long zero-tension lysimeters
(Figure 12). Each trough has a 20-cm aluminum lip t-~* extends
horizontally into the soil layer to prevent leakage between layers. Waters
collected in the troughs are routed through V-notch weirs located in a gaging
station under the "' where discharge is continuously monitored on strip
chart recorders. Water samples are collected manually above the ponding at
the weirs.

As illustrated in Figure 12, the uppermost trough collects rain; the
next lower trough collects surface runoff. The next three troughs collect
subsurface flow from soil layers spanning the depths of, respectively, 0-30
cm, 30-60 cm, and 60-100 cm; these troughs will be referred to as the
30-cm, 60-cm, and 100-cm troughs. The source of the water in these
troughs (i.e., whether the water is derived from interflow = ted flow)
varies locally and during storms. The lowermost trough collects either
saturated flow or interflow, depending on the height of the water table.

When the water table is high, saturated flow may be collected in both of the
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LYSIMETER TROUGHS

Rainfall trough

Aluminum

Subsurface flow

Figure 12. Schematic cross-section of rain, surface runoff, and
subsurface flow collectors at the Hydrohill catchment.
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lower two troughs. The troughs are analogous to throughflow gutters located
in hillslope pits in that water can only pour from the free face into the trough

if there is a wedge of saturated soil ex* ding upslope ~~ m the trough

(At'~son, 1978).

v

Two smaller pan lysimeters were installed at 1-m d _ h. “ys._.._| 1
and lysimeter S a constructed of 4 by 8 m and 1 by 2 m sheets,
respectively, placed almost horizontally (< 5°), that drain into the gage
house under the hill. Lysimeter S was located in the bare catchment adjacent
to Hydrohill.

A network of 21 ac. s tubes for neutron moisture gages (Gu, 1987)
and 22 piezometer for water-table measurements and wa.__ sample collection
were installed (Figure 11). The piezometers were drilled to the aquiclude
and are slotted for the lowermost 20 cm. After installation of the piezometer
pipes, the spaces around the unslotted lengths of the pipes were packed with
clay balls to prevent vertical leakage along the outsides of the pipes. The
neutron probe access holes were positioned adjacent to the piezometers and
were numbered the same. An «...2ricium-beryllium neutron probe was used
at depths of 30 and 60 cm to determine average moisture contents within a
radius of about 25 cm. The uniform soil depths and relatively homogeneous
soils (Table 10) made calibration of the probe by conventional gravimetric
methods very simple. Water contents of surficial samples (0-5 cm) were
determined by conventional gravimetric methods and the vi*  reported in
volume % water.

Rain amounts are continuously monitored using a standard WMO

gauge located in the catchment, and samples are collected for analysis during
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Mayeda, 1953). All isotopic compositions are expressed in %o relative to
SMOwW by laboratory calibration to V-SMOW and SLAP reference waters,
with a 1g precision of better than + 0.05%.. Chloride (CI) concentrations

were determined using a 2120A Dionex Ion Chromatograph, with 14
Precisions of + 0.3 ueq/L. Silica (SiO,) concentrations were measured with
an autoanalyzer with a 1o precision of + 0.8 um/L.

Determining accurate time-discharge relations was very difficult at
Hydrohill because of problems the field workers had with the discharge
recorders. Field engineers in China "picked" the stage values at changes ip
slopes on the hydrograph strip charts, made any necessary adjustments for
recorder problems, and calculated discharge for each trough. The stages
were later digitized from the strip charts because the picked data did not
have sufficient resolution for computer modeling. The picked and digitized
sets of data were interpolated to determine values at 0.1 hr intervals, and the
higher resolution digitized hydrographs were normalized to the picked
records to convert stage values to discharge values. A number of sma]j

adjustments were then made to correct obvious timings problems. The times

of samples collected during the storm starting on July 5 are given in hours

after July 5, 1989 00:00.
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"ydrologic response:

Prior to the July 5, 1989 storm which is the subject of this study,
there had been no flow from any of the troughs at Hydrohill for about four
days since the last previous storm on July 1 had dropped 7 mm of rain. This
tiny shower produced minute amounts of s~ face runoff and saturated flow
from the 100-cm trough. Over a 22-hc _. period starting at 4 h on July 5,
two storm pulses produced 115 mm of rain at Hydrohill, with 40 mm in the
first three hours of the storm, gentle rain for about 10 h, and then the second
pulse starting at about 21 h (Figure 13). The storm resulted in flow from the
troughs starting at 6.7 h, after the first 20 mm of rain went into storage in
the soil zone (Figure 13), and eventually in measurable water in all the
piezometers. Because there was no saturated zone when rain started on July
5, the subsurface waters that subsequently appeared in the troughs and wells
must consist of various mixtur  of pre-storm soil water and new rain water.
This catchment is very responsive; the hydrographs of interflow and
saturated flow closely resemble the hydrograph of surface runoff (Figure 14).
Arrival times for peaks are slightly later for the deeper troughs than for the
shallow ones, as expected. For example, flow peaks at the 100-cm trough
are 30-90 min later than at the 30-cm trough. However, because of timings

problems noted above, detailed discussion of small differences in arrival
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Figure 14. Discharge hydrographs for the July 5, 1989 storm.
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times are probably not warranted. Tiny showers at 12 h and 17 h caused
discharge increases at 30 cm, 60 cm, and 100 cm, but not surface runoff.
Hence, the continuous gentle rain at a rate of about 1.7 mm/hr during this
entire period (13 to 17 h) was insufficient to maintain surface saturation by
offsetting water losses due to gravity draining and mid-day evaporation.

The maximum total flow from the catchment du -7 the two major
rain pulses was about 3 L/s. During rain showers, about 50-80% of the flow
was surface runoff, 30-40% interflow from 30 cm, 5-10% saturated flow
from 100 cm, and <5% interflow from 60 cm (Figure 14). While the
catchment drained between show..., 70-90% of the total discharge was
saturated flow from 100 cm. The catchment was still draining from the July
5 storm at 50 h when another storm started; at this point in time, the
percentages of total discharge collected from each of the four flow t__.ghs
are (in order downward): 36%, 38%, 3%, and 23%. The discharge volume
is equivalent to 57% of the total new rain.

Groundwater levels were monitored frequently during the storm.
Figure 15 has contour diagrams of elevations of the water table above the
aquiclude for six different monitoring times. Contouring water table
elevations with so few control points necessarily involves a lot of
““lagination; to minimize bias, all contours were made by octagonal kriging
of the 5 to 10 nearest points (depending on data density). It is unclear how
to contour the water table near the center trough; as a first approximation,
the elevations are plotted as dropping to zero at the elevation of the bottom
trough when in fact there may have been flow into the trough from the face

of a saturated wedge of water several tens of cm high. The wavy contours
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Figure 15. Contour diagrams of water table height above the aquiclude
for six monitoring times after July 5, 1989 00:00. The waviness of the
contours near the central troughs is an artifact of the contouring.
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near the center troughs are an artifact of the ' *~. contouring; the contours
adjacent to the troughs should probably parallel the troughs.

Before the storm, the entire soil layer was unsaturated; saturated zones
later developed unevenly. The first well to become saturated was D3
(Figure 11) at 6 h, and the 1 * was Bl between 23 and 30 h. Hence, a
laterally continuous water table did not develop until after 23 h and water
levels continued to rise in most wells until about 30 h  * =n ceased.
Water table e vations (above the aquiclude) ranged from 20 cm in the A and
B wells on the left side of the trough to a large zone near the E and F wells
where the elevations were in the range of 60-70 cm, with an average water
table rise of about 35 cm. In general, upslope wells achieved saturated
conditions first, and wells at the bottom of the catchment (A and B wells)
last. Samples were collected at 10, 17, and 34 h (Figures 15 and 16d). The
unevenness of the saturated zone is a product of the spatial and temporal
variability in modes of transport of water (i.e., piston versus matrix flow)
arising from permeability variati s in the soil.

The water table did not develop as a wedge of water progressively
rising up the catchment slopes. It is clear from the contour diagrams that
steep water mounds rapidly developed at several locations very early in the
storm (eg., to an elevation of 40 cm by 7 h, at well D3). Some of these
mounds were transient and some were stable. For example, the water table
at D3 rose during the first pulse of rain, collapsed when rain ceased and the
soils drained (21 h), and rose rapidly again from 23 to 30 h during the
second rain pulse, and then declined again at 33 h as the soils drained. In

contrast, the water table rose steadily at mounds centered around D1 and D2,

114



Rain (mm)

3180

S.

Figure 16. (a) Amou

| N
_-—r [ 1
0 . Surface runoff )
- ‘-,_/«Rain trough .
- k) -4
T |
L ]
i Lysimeter LN ST ® == Interflow
- g N7 o 60-100 cm -}
',---4...‘......:.;-ka/---.-\-..;.,oﬂ- ........ ,\ ............... -
I Lysimeter S
- T E1 1 T
r o % ]
8 - C4,
[ D1 D. : vz, D4,
E2 E1, E3,
FO_M [154 J_
| 0 Go— - c2 D3
i - o
I 03 03 Ground-water wells
T - T
0 10 20 30 40
Hours after July 5 00:00

of rain collected at the rain gage at two-hour
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lines to clarify the different isotopic patterns; error bars are smaller than
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and around the E and F wells, throughout both rain pulses and did not
decline at either mound until 33 h. The rapid rises of the water table rises in
this silty clay soil suggest that either that there was a thick capillary fringe
zone (not unreasonable for clayey soils) or that bypass flow must be an
important transport mechanism, or both; hence, calculation of hydraulic
properties with these data is risky.

Knowledge of the water table elevations at several times during the
storm allows determination of when the waters seen in the various troughs
are derived solely from interflow and when saturated flow might contribute
to the water seen in the troughs. Although the water table near the D and E
wells is high enough by 21 to 23 h to have possibly intersected the lip of the
60-cm trough and water levels continued to rise along the length of the
troughs for the rest of the storm, the low flow in the 60-cm trough (about
3% of the total flow from the catchment) suggests that little saturated flow
could have drained into the trough from the soils between 30-60 cm.
Discharge in the 60-cm trough was relatively constant during the entire
storm, showing only minor increases when discharges increased in the other
troughs. Before 21 h, the water in the 60-cm trough was all derived from
interflow. The water table never rose high enough to intersect the lip of the
30-cm trough; hence interflow contributed all the water to this trough. The
large amounts of flow seen in the 100-cm trough before the water table rose
and saturated flow developed along the aquiclude boundary may be due to
lateral flow along bedding/packing planes; for example, there is a marked
change in soil characteristics at about 75 cm (Table 10), with larger grain-

sizes and probably increased permeability below. Also, large cracks were
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common in the clayey soil; these macropores may have allowed the creation

of local saturated zones (ponding) which could have contributed saturated

flow to the troughs via kinematic flow.

Water budgets:

Moisture contents were measured several times during the storm in
order to calculate changes in water stored in different horizons. Volume %
water contents of soils from 0-5 cm deep were determined gravimetrically
(Table 11) and water contents from 5-100 cm were determined by neutron
probe (Table 12). The moisture c___ents suggest that about 2/3 of the
available porosity (Table 10) in the soils was filled with water once the
catchment had wetted-up. Because the catchment soils became saturated
unevenly and the neutron probe averages water contents over a large (25-cm)
radius, the average moisture contents in Table 12 may hide a lot of spatial
variability.

Table 13 shows water budgets calculated for three overlapping periods
of time when soil-water data were available. The periods all start at about
10:00 on July 4 (a day before the storm) and end at: 12 h (high flow during
a shower); 20 h (at the end of a several-hour pause between the first and
second pulses of rain); and, 34 h (several hours after the end of the second
rain pulse when the catchment was still draining). These three water budgets
attempt to account for both the amounts of new rain water that have been

added to different soil layers, and the amounts that have drained from these

117



"¢ £q pordnnu usaq SeY WO G- [BAISIUL AU} IOF JUDJUOO IJem ur d3ueyo YL, 4
BB Y G] PUB Y 9 wolj pajejodiojur sanfep

Svi+ yTl+ ‘TR0,
€L+ a0’S+ Tyl+  S91+ L9 0ov £9¢ §TC SO7
9'¢+ ge+ 9t+ See+ L'8S $9 £9¢ T TOA]
9'¢+ I'v+ 79+ Lov+ L'8S 9 ¥'09 T 1990
407 q ST yg
yoz  uul 40z Wi 21 Ay cAmg  gAmp ¢ Amg (o)
(ww) s owe (9) IUU0d (9 awnjoA) pdaq
jusreAmbe-urey 191eM UL 93uey) JUSIUOD JINISION

‘(A[TeoLowiiAeIS pouTWIo)ap) STIOS [BIOLHNS JO SJUAUO)) ANISIOW *TT d[qeL

118



A2
Cl
cé6
D4
E2
E5
F2

aable 12, ¢ Mc’
(determined by neutron probe).

28.3
27.5
28.0
26.3
30.3
29.3
27.6

‘ure

inV ’

31.3
28.7
29.7
29.6
33.6
31.1
31.2

32.1
29.1
29.6
29.5
30.2
30.6
30.7

o~ 11 oo

32.5
29.2
30.6
28.3
32.8
32.5

n 7

119

%

Y._1_. £ hN.EL

32.2
29.9
30.2
29.3
324
30.9

21 2

1

32.3
31.1
31.3
323
33.5
33.7

eV o









in wat_contents for the four t.* 5 are ™ "byt g
factors to calculate the volume % change in water content, which is then
multiplied by the total depth of the interval for which the averages are being
applied (i.e., 550 mm and 400 mm for the intervals 5-60 cm and 60-100 cm,

respectively) to calculate rain-equivalents in mm. The inte :ption area of

the catchment has t  n corrected for the area of the troughs (= 3 %) because

the rain water collected in the upper trough did not contribute to flow frc ™
the catchment.

There is excellent agreement between the calculated water budgets and
rain amount at 12 h and 20 h (Table 13), with 105% and 99%, respectively,
of the rain wa ¢ our’ ' for in terms of discharge or increases in water
content. The agr ment for the 1___| iod (to 34 h), when the evaporative
water loss in shallow soils could only be estimated and the deeper soils were
contributing large amounts of discharge, is good, with about 91% of the rain
accounted for in the catchment components.

The amc-~ts of new water present in the 1-m soil zone at various
times (Table 13) can be estimated by a slightly different method. Instead of
using the neutron probe data to estimate water contents for the entire 60-100
cm zdne, the average depths of the water table as contoured in Figure 15 can
be used to divide this interval into an unsaturated zone where the neutron
probe data can be used and a saturated zone where the water content can be
estimated using the porosity. The contoured water table elevations at 1063
evenly spaced nodes were averaged to produce the average elevations in
Table 14. If the measured porosity of 39% (Table 10) is used to calculate

amounts of new water in the saturated zone, the total amounts of water
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Stored in the soil (0-100 cm) for the three time intervals are about 50%
higher than the values in Table 13. Because the total water budgets in Table
13 for 12 h and 20 h are already in such good agreement with the rain input,

the validity of these new estimates seems questionable. Possible explanations

for the discrepancy are that pore spaces are much less uniformly and
Completely filled than estimated (i.e., less than the porosity of 39%), and
that the saturated zone is much less continuous than Figure 15 would
suggest. If the maximum water content of 34% seen in Table 12, which
may be close to the maximum volume % of water possible in the 5-100 cm
soils under the kinds of saturated conditions created in this catchment, is
used instead to calculate the water contents in the saturated zone, the total

Calculated amounts of new water for the three time periods are 107%, 101%,
and 92%, almost identical to the previous estimates; hence, perhaps only

87% (34/39%100) of the total porosity in the deep soils can be saturated.
The amount of pre-storm soil water present in the catchment on July 4
iS estimated to be 290 mm (using the measured water contents in Tables 11

and 12), The maximum volume of water stored in the soil during the two
Storm pulses when soil data are not available can be estimated using the deep

(3-100 cm) soil values at 34 h when the deeper s
Saturated and the 0-5 cm values observed at 14 h when surface runoff and

oils were thoroughly

0-30 cm flow were near their maximum discharge values, to get 315 mm.
ater filled approximately 92% of the pore space

Therefore, the pre-storm W
eventuauy filled during the storm. If under saturated conditions the pore

contain 34 volume-% water, the

Spaces in the interval 5-100 cm can
-m soil zone is 357 mm.

Maximum possible storage for the 1
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Isotopic compositions:

To use 6'™0 as a tracer of intrastorm changes in wat  sources and

flowpaths in a catchment, the new water must (1) be different from the old
Water, and (2) the intrastorm variation in rain and old water "0 values must
either be small enough that a constant composition can reasonably be
assumed, or the rain compositions must show a simple gradational pattern
Over time. Because there rarely is enough information to assign lag times to
inﬂltrating fractions of rain, the oscillating isotopic compositions
Characteristic of frontal storms adds considerable uncertainty to the
determination of the composition of rain reaching the stream during storms.
Other assumptions are often listed (Sklash and Farvolden, 1979), but these
are the critical ones. If the 6®0 values vary erratically, tracing the
infiltration of this water can be extremely difficult. Fortunately, the storm
on July 5, 1989, fit these criteria reasonably well.

The volume-weighted 8'%0 of the rain storm was -11.3%o. The
isotopic composition of the 14 sequential samples of rain collected gradually
change from an initial -8.3 %o, to -12.5 %o duﬁng peak rainfall, to -9.65%, at
the end of the storm. The 14 " grab" samples collected from the rain trough
showed almost identical variability; for clarity, the 6O values of the rajn

trough samples are plotted in place of the sequential rain samples in Figure

16b,
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in two areas located on either side of the central troughs. Groundwaters in
these two areas are depleted relative to the rest of the catchment throughout
the storm, although they gradually become more enriched at 20 h and 34 h
as the water table rises. Groundwaters elsewhere also become slightly more
enriched in **O from 10 to 34 h; areas that were most enriched in **O at 10 h
are still enriched relative to most wells at 34 h.

There is no consistent relation between changes in water table level
and changes in 60, Comparison of Figures 15 and 17 shows that although
the depleted waters at D4 are associated with a transient water mound, the
other depleted zone located near C2 is associated with a steadily rising water
level. The —-

nes where waters are most enriched include areas where the

water table rose rapidly (E and F wells) and areas where the water table

never rose very high (A and B wells).

Cher cal variability:

Concentrations of Cl in rain collected in the rain gauge were 2 to 3
times higher than in rain samples collected in the rain trough; this may be a
consequence of using poorly rinsed collection bottles in the gauge.
Therefore, the rain trough samples were used for estimating the composition
of "new" water. Although the high concentration of the first sample may be
partially due to dissolution of salt deposits in the rain trough, in addition to
atmospheric washout, the volume-weighted Cl and Si0O, concentratlons of

rain are 7 peg/L and 8 pm/L, respectively. Concentrations of Cl and SiO,

130



are low in surface runoff, which is sometimes almost as dilute as rain, and
high in subsurface flow (Figures 18a and 18b), with an average of about 30
peq/L for Cl and 200 um/L for SiO,. Concentrations of SiO, in surface
runoff are similar to those of subsurface samples only at times of high rain
intensity and peak flow; the high concentrations at this time may result from
return flow through the upper soil layers.

Groundwater samples did not have consistent chemical comj sitions
(Figure 19a); in fact they showed considerably more variation in Cl and SiO,
concentrations than was seen in the trough samples. The CI and SiO, data
weakly support the observation made with 80 that the groundwater wells
can “- divided into two categories. The wells with constant enriched 6*0
values have a wide range of Cl values, but the changes in Cl over time for
any individual well are small and erratic and there is no correlation between
changes in 6'*0 and in Cl. In contrast, all the wells that became more

enriched in 80 during the storm also showed a strong inverse relation

between Cl and 6'%0.
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Figure 18. Chloride (a), and silica (b) concentrations in trough samples.

Data points are connected with lines to clarify the different patterns.
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Figure 19. (a) Chloride, silica, 6'®0 in groundwater samples; the dashed
lines show what the calculated concentrations of chloride and silica (with
various choices of pre-storm water compositions) in groundwater i
be, assuming the amounts of new water determined with 8'®0 are accurate
and that the chemical tracers behave conservatively. (b) Calculated
chloride and silica concentrations of pre-storm water in groundwater,
assuming that the amounts of pre-storm water calculated using 60 (using
cumulative rain) are accurate. Error bars are smaller than symbols.
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Figure 20. Estimates of the percentage of subsurface flow at the 60-100
cm collector that is derived from rain, calculated using soil water =
-6.5%o, and using both the sequential rain values (dots) and the
volume-weighted cumulative values (circles). The shaded areas represent
the amount of total discharge derived from rain.

137















Comparison of hydrograph separation methods:

As the blind men learned about the elephant: when trying to identify
something in the dark, the more approaches made the better. Or in other
words, when using black box models like hydrograph separation models for
understanding catchment response to storms, use of e
advisable. As noted earlier, hydrologic, chemical, and isotopic models can
provide information about catchment responses, flowpaths/residence times,
and water sources, respectively. All three types of hydrograph separation
models -~ applied to the July 5 storm.

Figures 21-24 compare the hydrograph separations made using the
IUH method, the IHS method using 6'®0, and the CHS method using CI and
Si0,. The values used for end-member compositic—- are shown in Table 15.
Because of the rapid response and the dominance of new water in this
catchment, the 6'%0 values of sequential composition of rain (with no lag)
were used for the new-water composition. The rain showed very little
variation in Cl or SiO, after the first couple samples, so volume-weighted
average values were used for new-water compositions.

Separations were made for surface runoff, 30-cm subsurface flow,
100-cm subsurface flow, and total flow from the catchment. Data for the
60-cm trough were not modeled separately because the flow was insignificant

(3% of total) compared to the other troughs (Figure 14) and because
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Figure 21. Hydrograph separations for surface runoff using four
methods: the instantaneous unit hydrograph method, the isotope
hydrograph method with §'*0, and the chemical hydrograph method with
both chloride and silica.
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Figure 22. Hydrograph separations for subsurface flow at 0-30 cm using
four methods: the instantaneous unit hydrograph method, the isotope
hydrograph method with 60, and the chemical hydrograph method with
both chloride and silica.
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Figure 23. Hydrograph separation for subsurface flow at 60-100 cm
using four methods: the instantaneous unit hydrograph method, the
isotope hydrograph method with 6'*0, and the chemical hydrograph
method with both chloride and silica.
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Figure 24. Hydrograph separation for total flow from Hydrohill using
four methods: the instantaneous unit hydrograph method, the isotope
hydrograph method with 'O, and the chemical hydrograph method with
both chloride and silica.
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Table 15. End-Member Compositions Chosen for Hydrograph
Separation Models.

End-memt 6'%0 Chloride Silica

(%) (peg/L)  (um/L)
new water sequential 7 8

r~*1 samples

pre-storm water ~75
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separations about 45-55% old water. Tl I \tages are unusual; in most
catchments studied to date, the quick-flow is predominantly derived from old
water.

It is interesting that the two chemical separations are so similar to
each other for the various troughs. In the a > of "
data, the similarity of 7' and SiO, separations could have been used as
confirmation that the solutes were behaving conser i+ */. On the contrary,
the IUH mor'-' results and the §'%0 separation make it very clear that the
new quick-flowing water is picking up sizable amounts of +. and SiO, during
rapid, very surficial contact with the soil before being collected as surface
runoff and 30-cm interflow. The additional solutes could be derived frc

1. waters with concer * ations higher than estimated for old wa -,
which is reasonable in surficial soils subject to evaporative concentration, or
from desorption or dissolution (Kennedy, 1971; Kennedy et al., 1986).

It has been argued that some chemical tracers can provide an estimate
of the amount of flow *--ived from overland or shallow subsurface
stormflow because the limited contact time with the soil should permit little
alteration of the chemical content of rain (Wels et al., 1991); this premise is
not valid at Hydrohill. The Cl and SiO, concentrations in quick-flowing
surface runoff and 30-cm interflow are 2 to 10 times the concentrations seen
in rain. This very rapid uptake of solutes would tend to cause
underestimation of the amounts of st mflow derived from sl = w»
flowpaths and new water sources calculated using chemical tracers.

In natural catchment studies, the composition of baseflow is used as an

indicator of pre-storm water and generally there is little information on the
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chemical compositions of soil waters or groundwaters to confuse the issue.
However a few recent studies (Ogunkoya and Jenkins, 1991; McDonnell et
al., 1991) demonstrate that there may be considerable variability in old-water
chemical or isotopic composition. So, why is baseflow so constant in
composition? One possibility is that flowing from one soil environment to
another changes the chemical composition of water (Christophersen and
Neal, 1990); for example, passage through the hyporheic zone may
homogenize or reset chemical compositions due to reaction with organics or
minerals present in this zone. Another possibility is that heterogeneous
conditions develop early during storms because of rapid infiltration of dilute
waters through reactive soils, but these waters become relatively well-mixed
as water levels rise through the soils and later drain back to baseflow
conditions. The explanation could also be a simple matter of large-scale
homogenization: each well may have its own site-specific variability which
is damped to a relatively constant composition in aggregate.

The close match of the separations estimated using the two chemical
tracers, in this study and in previous studies, may be largely fortuitous. In
this catchment, there was no baseflow and other indicators of pre-storm
water had to be used. Other choices could have been made for pre-storm
water, resulting in different percentages of new and old water (McDonnell et
al., 1991). For example, inspection of the groundwater data (Figure 19a)
suggests that two types of pre-storm soil water might be present in the
catchment: a more mobile water with a Cl composition of 30-40 ueq/L and
a less mobile water with a Cl concentration of 70-100 ueq/L. Using a value

of 100 ueg/L results in twice as much new water in total flow as using the
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lower value for Cl. Slow-moving water has a SiO, concentration of about
400 peq/L; use of this value instead of the value of 275 peq/L typical of
fast-moving water produces about 50% more new water in total flow. If
concentrations of 100ueq/L and 400ueq/L had been chosen for Cl and SiO,,
respectively, the two chemical hydrograph separations would not have agreed
and one or both solutes would have been considered to be behaving
nonconservatively.

In theory, these same concentrations can also be used to itimate the
percent of new water in groundwater. Although neither choice for SiO, is
satisfactory for such calculations because the groundwater is generally more
saline than either, only the value of Cl=100ueq/L for the pre-storm
concentrations of Cl appears to be satisfactory. If Cl and SiO, were
behaving conservatively, there should be linear relations between the §'*0
and solute compositions of groundwater. Thus, the amounts of new and old
water determined using §'®0 values can be used to calculate what the Cl and
SiO, concentrations in groundwater SHOULD be if the solutes were
conservative tracers of rain versus pre-storm water; these theoretical linear
relations for groundwater are shown as dashed lines on Figure 19a. It is
clear that there is no correlation of the actual and these theoretical values;
the chemical compositions of pre-storm water in zones that deliver water to
the troughs are apparently different from the compositions in zones that are
tapped by the wells.

So what were the solute concentrations of pre-storm water in the
pore-waters that were displaced by new rain to become groundwater? These

concentrations can be estimated using the percentages of new water
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calculated with $'*0 (using cumulative rain), to produce the data in Figure
19b. The wells that contained high and approximately constant amounts of
old water throughout the storm (i.e., wells enriched in **0) had pre-storm
water of a relatively constant chemical composition of Cl=100peq/L and
Si0,=1000pm/L. The wells with '%0 values that increased during the
storm (i.e., had increasing amounts of pre-storm water), show a negative
correlation between chemical concentration of pre-storm water and the
amount of old water. The more old water there is in these wells, the lower
the solute concentration in the original old water mixing with the rain water.
The calculated pre-storm Cl and SiO, concentrations are highly correlated
with an r* value of 0.89. The apparent higher salinities of the pre-storm
waters in wells with higher concentrations of new water (.e., 0 < -7 Jo0)
could be explained by some initial flushing of salts from the walls of
macropores by early infiltrating rain water. Alternatively, the pore-waters
that are displaced early in the storm by rain wafer are more saline than the
ones displaced later. In either case, the solutes are definitely not behaving
conservatively.

In this catchment, we have independent knowledge of the amounts of
water flowing as surface and subsurface flow and can compare these amounts
with estimates calculated with the chemical hydrograph separation models
(Table 16). For the total discharge up to 32 h, 38% of the discharge is
surface runoff (i.e., chemically "new") and 62% is subsurface flow from the
three subsurface troughs (i.c., chemically "old"). The amount of chemically
"new" water in the total flow from the catchment, which should be

equivalent to the amount of surface runoff (Wels et al., 1991), ranges from
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36 to 45% for calculations made with SiO, and Cl; these values are in
excellent agreement with the discharge measurements.

However, closer inspection of the percentages of new water collected
in the different troughs shows that there is a problem with this apparent
agreement: 20 to 35% of the surface runoff which should be all chemically
"new" water (because of the shallow flowpath) is chemically "old", and
about 35% of the subsurface flow that should be all "old" water (because of
the deeper flowpaths) is chemically "new." Therefore, the agreement
between the actual amounts of discharge collected from surface runoff and
subsurface flow, and the total amounts calculated by the chemical separations
appears to be largely fortuitous; hence, these chemical tracers do not give
accurate estimates of the amounts of water flowing along different pathways
at Hydrohill. The differences in the amounts of "new" water calculated
using 8'*0 and solutes suggests that the chemically "old" water component of
surface runoff is probably an artifact of the high salinity of surficial
pore-water and/or dissolution of surficial salts. Comparison of the four
separations for 100-cm flow (Figure 23) suggests that a part of the
new-water component of subsurface flow is probably a result of large
amounts of dilute rain water flowing in macropores and responding as

quick-flow.
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Isotope mass balances:

About 98 4+ 7% of the new rain inputs td the catchment at 12 h, 20 h,
and 34 h (Table 13) can be accounted for in increases in soil moisture
contents or discharge; these water mass balance agreements are generally
good enough that isotope mass balance calculations are feasible. For these
calculations, the water mass balance is formulated in terms of the total
amounts of water present in the system, instead of accounting for just the

new water as was done for Table 13:
R+S =Q+S;

where the inputs are: R = rain and S;  initial amount of pre-storm
soil-water stored in the catchment; and the outputs are: Q = total discharge
and S; = final amount of pore water stored in the catchment at the times the
calculations were made. This formulation improves the water mass balances;
the water outputs are 101%, 100%, and 97% of the water inputs for the
three calculation times, respectively.

So where is the missing water at 32 h? Although the agreements of
inputs and outputs are excellent, balanced water budgets are required for the
subsequent isotope mass balance calculations. Discharges and rain amounts
are easy to measure, so these values are probably accurate. Water contents,
on the other hand, are more difficult to estimate, particularly when water

contents are heterogeneously distributed; therefore, the errors probably are in
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these numbers. The water budget equatioh above does not inciude a term for
evaporative loss because the calculations for 0-5 cm water in Table 13
already included estimates, probably underestimates, of the amounts of water
that had been present in the system prior to evaporation. To eliminate the -1
to +3% discrepancies in the water budgets, -3.37, -0.61, and +10.34 mm
of soil-water have been added to the respective S; amounts.

The isotopic composition of water left in pore spaces in the catchment

can be calculated from these data using an isotope mass balance equation:
R o + Sids = Q 5Q + S¢ O

where dg; and §; are the initial and final 6'%0 values of the stored soil
pore-water. The 6®0 values of flow at 32 h were extrapolated to 34 h for
these calculations because few samples were collected at 34 h. The 60 of
pre-storm water was assumed to be -6% + 1%o; use of values outside this
range resulted in mass balance problems. The total (net) flow was ca’ lated
by summing up the 0.1-h interval interpolated discharges for each of the
collectors. The net §'®0 of total flow was calculated by multiplying the
0.1-h interpolated 6'®0 values by the discharges from the collectors and
dividing by the net discharge. Cumulative 6'®0 values were used instead of
sequential values because the soil storage is expected to be much less
"flashy" than subsurface flow to the troughs, which is mainly transported via
macropores. Because much of the rain from the first rain pul ight have
already drained from the soils before rain started again at 21 h, the

calculations at 32 h were made using both the total cumulative 6'°0 value at
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32 h (-11.3%o0) and the cumulative 6O value for only rain between 20 and
34 h (-10.2%o).

Several other assumptions were made: (1) the amount of water
fractionated by evaporation was negligible compared to the amount of water
stored in the soil (290 mm before the storm); (2) rain water was well-mixed
in the catchment; and, (3) prior to the storm, the soils were homogeneous in
isotopic composition (+ 1%o), with mobile waters identical in §'*0 to
immobile waters. The error bars noted in Table 18 indicate the possible
spread of values calculated using the range of possible compositions
discussed above. The uncertainties are greater for longer time periods
because of the range of reasonable estimates for rain 60, and because water
mass-balance problems become larger later in the storm when evaporative
losses are more difficult to estimate.

There is some evidence of preferential storage of different
time-fractions of the storm, in violation of the above assumptions. The
0.2%o depletion of total flow relative to rain at 12 h (Table 18) is probably
an example of small-scale preferential storage. Instead of rain being
well-mixed in the catchment, a portion of the early enriched (-8.4%o) rain
was probably preferentially retained in the shallow dry soils. This
conclusion is supported by the depleted values of total surface runoff and
30-cm interflow relative to total rain. The depleted values also indicate that
either there has been little or no mixing of these shallow waters with
partially evaporated soil water enriched in ®O, or that such evaporated
waters were volumetrically insignificant. The slight depletion of surface

runoff relative to 30-cm interflow at 12 h and 20 h may reflect the greater
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Table 18. Isotope Mass Balance Calculations.*

PR

Components 570 (%)

12 h 20 h 34 h*
cumulative rain (8y) -11.6 11.9 -10.8 + 0.6
surface runoff -12.3 -12.3 -11.2
0-30 cm interflow -12.0 -12.1 -11.4
30-60 cm interflow -11.4 -11.0 -10.1
60-100 cm saturated flow -10.4 9.7 -8.8
total flow (3) -11.8 -11.6 -10.7
soil water (Ogp) -6.6 + 0.9 -6.8 £ 0.9 -6.8 + 0.9

Percentages of water in
catchment storages

% of new rain stored in 53.8 + 0.1 57 +2 52 £ 10
catchment

% of original pre-storm 100 + 1 99 + 1 97 + 3
water stored in

catchment

* Isotopic compositions at 32 h used in the calculations because none
available at 34 h. Two estimates of cumulative rain 6'°0 used.
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amounts of early isotopically-enriched rain water lost to filling surficial soil
storages than lost to filling soil pores at 30 cm. Table 11 shows that pore
spaces in soils at 0-1 cm were filled several hours earlier than the soils at 1-2
cm, which is also consistent with the isotopic depletion of surface runoff
relative to shallow interflow. An alternate explanation, that the depletion is
due to the addition of pre-storm waters more depleted than -6%e + 1%o is
unlikely because the shallow waters would be expected to be more
evaporatively enriched than -6%. and because the amounts of pre-storm
water in these soils is volumetrically insignificant.

The question of preferential storage of different time-fractions of rain
is very important because of the large amounts of rain going into storage:
45% of the total rain by 32 h has gone into storage. The amount going into
storage varies during the storm, with 100% of the rain from 4 to 6.5 h -- a
total of about 20 mm of rain -- going into storage before flow starts (Figure
13). This first 20 mm of rain has a volume-weighted 8'*0 value of -10.6 %o ;
if it goes into storage and is not displaced to form discharge by later rain,
the 6'®0 values of the "residual" or mobile cumulative rain at 12 h, 20 h,
and 32 h are -12.1%o, -12.4%o, and -11.5%o, respectively. These values are
0.2 to 0.5%o depleted relative to the comparable total cumulative rain §'*0
values in Table 18. Hence, the result of storage of initial isotopically
enriched rain water is that the calculated amounts of new water in Table 17
decrease by about 7% at 12 h, 7% at 20 h, and 3% at 32 h. Only one of
these new values (Table 17) is greater than 100% (103 % for surface runoff

at 12 h), an improvement over the original values where five values were
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aquiclude where groundwater mounds largely composed of rain water
progressively developed (Figure 17) and moved upwards through the soil
column; chemically (but not isotopically), these waters were "old" with
higher concentrations of solutes than interflow or saturated flow samples. In
other localities, infiltration of new rain at the surface resulted in the
downward displacement of soil water and the development of groundwater
mounds with pre-storm chemical and isotopic compositions. As water table
levels rise, the percentages of old water in both groundwater and saturated
flow samples gradually increased; during draining of the catchment, slower
matrix flow appears to be the dominant flow mechanism.

Other workers have observed transitions from macropore flow to
predominantly piston (matrix) flow (Van Stiphout et al., 1987; Buttle and
Sami, 1990). The uneven development of the saturated zone and variability
in groundwater and saturated flow compositions supports the view that water
is not necessarily infiltrating in a well-defined manner but instead may take
complex routes including upward transport and several transits through the
various soil horizons (Christophersen and Neal, 1990).

The ratio of new/old water at Hydrohill is much higher than in most
catchments discussed in Rodhe’s (1987) comprehensive review. Like the
other new-water dominated storms that have been studied in other catchments
(Sklash and Farvolden, 1979; Bonell et al., 1990), this storm had a higher
rain intensity than "normal”. One might argue that the high ratio is a
consequence of Hydrohill not being a "nature_ll" catchment. However, a
catchment like Hydrohill that behaves more like a hillslope with a shallow

soil over an impenetrable layer than as an entire catchment, might be
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differences in the relative amounts of variable-composition pore waters of
variable mobility incorporated by the different flow mechanisms, or
differences in the amounts of new solute material that can be dissolved from
soil surfaces (i.e., surface to pore-volume ratio)' by waters traveling along
different flowpaths. Unfortunately, we have no data that would allow me to
distinguish among these *~‘riguing possil ™" . The more dilute waters may
reflect locations where persistent macropores allow new rain water to pond at
the aquiclude and rapidly create water table mounds that rise through the
soil. The groundwaters thus formed in these mounds would incorporate little
long-residence time water and would contribute sizable amounts of
quick-flow to the troughs. On the other hand, less dilute waters would form
in areas devoid of macropores where progressive displacement of old
longer-residence time waters by infiltrating rain water slowly causes
saturated zones to develop at the aquiclude. These more saline waters would
be mainly respond as slow-flow. Bishop (1991) also finds that waters
rapidly transported along "spate-specific flowpaths" at Svartberget acquire a
chemical signature distinct from water moving more slowly by matrix flow.
In this conceptual model, pore waters in the unsaturated-zone and
groundwaters almost always will have higher concentrations of solutes than
the interflow and saturated flow that drain into the troughs and are fed
primarily by zones with the shortest residence times and highest
transmissivity. Between storms, immobile or less mobile waters exchange
isotopically with the new mobile pore waters, and react chemically with the
grain surfaces and thereby increase solute loads. By analogy, this model

may explain why baseflow in natural catchments also is relatively uniform in
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composition and typically more dilute than groundwaters--because baseflow

is derived from the most mobile "old" water in the system.

Although this scenario appears valid when comparing the isotopic and
chemical compositions of groundwater with the saturated flow samples in the
troughs, it fails to explain the chemical compositions of pre-storm water in
groundwater. The pre-storm water in groundwaters with more isotopically
old water might be expected to be more saline than pre-storm water in
groundwaters where there is little old water; however, the calculated
chemical compositions of pre-storm water in groundwater show the opposite
pattern (Figure 19b). Wells seeing high but decreasing proportions of rain
water derive their pre-storm waters and/or salt loads from different
reservoirs or flowpaths than wells that see very little new water. These
calculations reinforce the point that there can be very large ranges in the

chemical compositions of old pore waters in different zones or flowpaths

within the catchment.

CONCLUSIONS

The Hydrohill experimental catchment provides a unique opportunity
to investigate processes taking place within a catchment. Because of all the
instrumentation, detailed information about spatial and temporal changes in
amounts and chemical and isotopic composition of soil water, groundwater,

and subsurface flow from several horizons is available. This permits
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the beginning of the storm is preferentially stored in shallow soils. This is a
minor violation of one of the critical assumptions of isotope hydrograph
separations and results in 7% change in the estimated amount of new water
in runoff prior to 21 h.

Downslope transport of infiltration water via macropores,
displacement of pre-storm unsaturated-zone water by matrix flow, and
mixing of these two waters has caused widespread temporal and spe**~"
variability in the isotopic and chemical compositions of interflow, saturated
flow, groundwater, and post-storm unsaturated-zone water in this artificial
catchment. The variability of rain and unsaturated-zone samples can pose
substantial difficulties for the use of stable isotopes for tracing sources and
flowpaths of water contributing to stormflow. In specific, if hillslope waters
contribute much water to streams, then the conventional isotope hydrograph
separation technique will need to be modified to include source components
with isotopic and chemical compositions that may be temporally and spatially
variable, and transit times neither constant nor instantaneous, and whose
flowpaths may shift from predominantly macropore flow to matrix flow
during the storm depending on rain iﬁtensity and amount of water stored in
the soil zone.

Despite considerable spatial heterogeneity in the subsurface wetting up
of the experimental catchment, uneven development of the saturated zone,
variability in the sources of water as indicated fairly unambiguously by the
6'%0 values, and transitions between macropore and matrix flow, the
discharge response is quite linear for all four troughs. Such linearity is

surprising on so small a scale--the catchment is only 490 m? in area. Only
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two components can be detected among the five different responses to the
storm at Hydrohill; i.e., the quick-flow component can be treated as an
amalgamation of all the quick parts. The individual discharge responses at
different depths become identifiable as only wo single quick and slow
components when discharge data are aggregated in sg . at the "stream"
outlet..

It is remarkable how well the IUH model components matched the
division of old versus new made with the 6'°0; interestingly, the quick-flow
is almost all new water, unlike at most ca ' >nts where isotope separations
generally show that most stream water is derived from old quick-flow. The
dominance of new water at Hydrohill is undoubtedly partly due to the lack of
a saturated zone in the catchment prior to the storm event; waters in the
unsaturated soil or capillary fringe require more time to n..Jilize than waters
in the saturated zone. Saturated flow is predominantly composed of
slow-flowing pre-storm water but includes some new water that has mixed
with the older water. The magnitude of the storm studied is certainly a
contributing factor to the new-water dominance. Another explanation for the
much larger amounts of new quick-flow seen in this catchment than in others
studied is that the Hydrohill soils are more clayey, less porous, and less
permeable than in the others, resulting in less infiltration and more runoff of
new water. |

Although the relative amounts of surface runoff and subsurface flow
contributing to total discharge from the catchment calculated using chemical
tracers closely matches the actual measured amounts of surface runoff and

subsurface flow, the agreement appears to be coincidental. Even surface
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runoff and macropore flow from shallow soil responding as quick-flow and
composed almost entirely of rain water are able to pick up loads of solutes
similar to concentrations seen in subsurface flow. Therefore, chemical
tracers are poor indicators of both water source and specific flowpaths in this
catchment, yielding only qualitative information about contact time with the
soil.

There appear to be two broad types of chemically old waters in the
catchment--one type of water is developed by displacement of old water by
new water traveling slowly downwards through the soil as matrix flow; and
one type of water is derived from rapid transport of largely rain water to the
aquiclude via macropores, causing mounds of groundwater that move
upwards through the soil incorporating short-residence-time pore waters.
The first group looks isotopically and chemically "old" and would be
classified as slow-flow, whereas the second group contains more rain water
and lower concentrations of salts, and contains both quick-flowing and
slow-flowing components. Waters from this second group appear to be the
main source of saturated flow to the tréughs. Because these waters are the
result of differences in local conductivity, the site-specific chemical and
isotopic characteristics thus produced may persist over long time periods.
The isotopic signatures of individual rain storms may be preserved in some
places and rapidly blurred in others. It is clear that more information about
isotopic exchange rates in pore waters is required to assess the impact of this

variability on hydrograph separations.
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Chapter 3

TRACING SOURCES OF CARBONATE ALKALINITY IN
SMALL STREAMS USING STABLE CARBON ISOTOPES

INTRODUCTION

In recent years, the decline in alkalinity in many northeastern streams
as a result of acid deposition has been a subject of much concern (Likens et
al., 1979). Bicarbonate is the main component of alkalinity, and the
bicarbonate/carbonic acid pair are the main buffering agents in surface
waters. The concentration of bicarbonate in rivers is a measure of the
"reactivity" of the watersheds and reflects the neutralization of carbonic and
other acids by silicate and carbonate minerals encountered by the acidic
waters during their residence in the watershed (Garrels and MacKenzie,
1971). Understanding the biogeochemical reactions controlling alkalinity in
watersheds is a necessary precursor to predicting the effects of acid rain on
these systems. This paper discusses the use of the stable-carbon isotopic
composition (8°*C) of dissolved inorganic carbon (DIC) in stream water as a
tracer of the sources of alkalinity in two sets of small watersheds underlain

by different lithologies.
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groundwater into the rivers and when river residence times are shorter, the
6"C of the riverine DIC is close to that of native groundvs;ater. Hitchon and
Krouse (1972) measured the 6*°C of 101 surface-water samples collected
from the 3 x 10° km* Mackenzie drainage system in Canada and concluded
that subsequent exchange of DIC with biogenic CO, produced in the rivers
effectively masks the original 6°C compositions of the ™1C derived from the
dissolution of bedrock carbonate by carbonic acid.

The primary types of reactions that produce carbonate alkalinity are:

1) Weathering of carbonate minerals by acidic rain or other strong acids:

2CaCO3 + H,SO, = 2Ca** + SO + 2HCO; .

2) Weathering of silicate minerals by carbonic acid:
2NaAlSi,O4 + 2H,CO, + 9H,0 = 2Na* + 2HCO; + 4H,SiO, +
ALSi,0(OH), .

3) Weathering of carbonate minerals by carbonic acid:

CaCO3 + H,CO, = Ca** + 2HCO; .

The only two carbon sources in these reactions are calcite and
carbonic acid produced by the dissolution of soil CO, by infiltrating rain
water. The first and second reactions produce bicarbonate identical in 6*°C
to the composition of either the reacting calcite or carbonic acid, and the
third reaction produces bicarbonate with a composition exactly intermediate

between the compositions of the carbonate and the carbonic acid. If the 6"°C
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found primarily in vesicle fillings and lining fractures, comprising less than
1% of the exposed rock. This calcite is the only carbonate mineral known in
the Catoctin Formation (Reed, 1964) and, thus, is the only geologic
(ino,rganic) source of carbon in the stream. The major minerals in the
meta-rhyolite are albite, microcline and quartz, with veinlets containing
sericite, epidote, actinolite, and chlorite (Stose and Stose, 1946).

The soils developed on the greenstone belong to the Highfield Series,
a group of medium-textured, well-developed, and generally well-drained soils
(Matthews, 1956). Both the soils and the saprolitic substratum range from 0
to 1.5 m in depth in the watersheds (Katz et al., 1985); soils are thicker over
the greenstone than over the more-resistant meta-thyolite (Katz, 1989).
Bedrock exposure is common on steep slopes and in streamcuts. Drainage of
the lowlands is poor, resulting in saturated conditions during major storms.

At the stream gages (Figure 25), where most of the samples were
collected, the streams were 1 to 3 m wide and 0.1 to 1 m deep. The stream

channels within 1 km above their respective gages are significantly different
Hunting Creek has a 20-m-high waterfall, Cunningham Falls, about 0.7 km

above the gage. Between the falls and the gag
single, boulder-filled channel with steep rocky slopes on both sides. Owens

e, the streambed consists of 3

Creek and its tributary are similar in appearance to Hunting Creek. Hauver

Branch. in contrast, is a braided stream collecting seepages from all along
rences in stream character provide important

the soil banks. These diffe
mistry. Discharges are given in Appendix 12,

constraints on the stream che

178



METHODS

Stream samples:

Water samples were collected weekly from June 1986 through
December 1987 for isotopic analysis at the four gage stations. Samples ajsq
were collected along four longitudinal transects of Hunting Creek and
Hauver Branch, in June and August 1986 and twice in August 1987.

Water samples were collected in 1-L bottles, poisoned with a tablet of
Hgcl, to prevent biological activity, and kept chilled and in the dark untj]

delivered to the lab where the bottle was briefly opened, 20 ml of water

rapidly removed, and 20 ml of a NH;OH-SrCl, solution (Gleason et al.,
1969) added to each bottle to precipitate all the DIC as SrCO;. Samples

were shaken and then aged for 2 days before being pressure-filtered onto
8lass-fiber filters using nitrogen gas t0 minimize atmospheric contamination
Isotopic analysis was performed on the CO; gas evolved by reacting one or

more aliquots of homogenized SrCO; sample with 100% H,PO, under
Vacuum, The weights of the precipitated material plus the yields of co,

were used to calculate the concentration of DIC in micromoles of carbon per
liter (um/L) of water. More than half of the samples were prepared and
analyzed in duplicate for §°C, and the values averaged. The average

difference between replicate preparations was 0.07%e; if any pair of values
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differed by more than 0.2%., the sample was analyzed a third time and the
Outlier value was omitted.

DIC in surface-water samples is usually precipitated in the field
(Friedman, 1970); however, some investigators have used other procedures,
including precipitation within a few days in the laboratory (Hitchon and
Krouse, 1972) or laboratory acidification to evolve CO, directly (Spiker and
Schemel, 1979). Samples commonly are filtered before precipitation to
Témove organic and/or carbonate particles. However, because of the Paucity
of carbonates in the watershed and the minimal amounts of organic materia]
in the stream, the Catoctin samples were not filtered. Mook (1968) found
that poisoned river samples were unaffected by several months of storage if
kept chilled and in the dark, and that total degassing of the excess CO, of
river samples only increased the 8°C of the remaining DIC by about 0.5 %,

The sampling procedure used in this study was tested for precision

and accuracy by comparing the isotopic compositions of several sets of

samples collected at the same time, some of which contained unusually large

amounts of visible organic material and were filtered and precipitated

immediately after collection, and several that were not filtered and were Jeft

for 1 week prior to addition of SrCl,. These two sets of samples showed a

0.35 %, range in isotopic compositions but no apparent correlation with time

Or amount of organic matter.
The accuracy and precision of the extraction and processing

Procedures were checked by preparing and analyzing multiple bottles of

degassed deionized water treated with known amounts of reagent-grade
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waters (Reynolds, 1978; Turner, 1982; Matty and Tomson, 1988); these may
also affect the precipitation of SrCO,. Filtering stream samples through
0.45p filters prior to precipitating the carbonate slightly improved DIC
yields; however, some constituent that passed through the filters formed an
almost-invisible thin film on the insides of the bottles that was found to trap
large amounts of fine-grained SrCO,;. The amount of SrCO; on the walls
ranged from 5-95% of the total DIC precipitated. The average difference in
6"°C between SrCO, collected on filters and SrCO; on bottle walls was less
than 0.5%o, with no correlation between 6"°C values and amount of SrCO,
on the walls. Although much of the discrepancy between the stream
alkalinity values and the measured DIC contents was due to trapping of
SrCOj; on the walls, the average total DIC yield determined by combining
the filter and wall SrCO, yields was still about 80% of the alkalinity.
Apparently either all the carbonate was not precipitating, or the grain size
was so small that it passed through the filters, or a significant part of the
measured alkalinity was not carbonate.

Incomplete precipitation probably could cause significant isotopic
fractionation of the samples. Experiments conducted by adding known
amounts of bicarbonate of known §"°C values to stream-water samples
allowed independent calculation of the actual 6"°C of the DIC; these
experiments showed that the methods used for collecting and analyzing
samples used in this study could cause samples to become enriched by up to
0.5%o relative to the true 6C of the water.. Other workers have observed
problems with the SrCO;-precipitation method (Bishop, 1990). Direct

acidification of preserved water samples to evolve CO, probably would have
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improved the accuracy of the results (Graber and Aharon, 1991). As a result
of all the many analytical problems associated with using the NH,OH-SrCl
2

precipitation technique in water from the Catoctin streams, the combined

analytical (1¢) error is believed to be about 0.5 %o.

Gas samples:

Soil gas was collected from five sites in the Hauver Branch watershed

and from three sites at the Hunting Creek watershed on 10 different
occasions from July 1985 through November 1986. The soil-gas probes

were hollow, 1.5-cm-diameter steel tubes that were sealed at the bottom and

perforated at several spots within a few cm of the base. Samples were
Collected by pumping with a peristaltic pump. The CO, in the soil gas was
purified cryogenically, the amount of CO, measured, and the gas analyzed
for §°C. About 20% of the gas samples were collected in duplicate. The

CO, yields of duplicates generally agreed within 10% and were within 10%
of the yields determined by gas chromatograph. The reproducibility (1) of
813C was 0.3 %o.

duplicate samples analyzed for
in Reston, Virginia, using a

89C analyses were made at the USGS
trometer (Coplen, 1973) with an

modified Dupont double-collecting mass spec
analytical precision (10) of +0.03 %o for replicate analyses of the same gas:

details of the analytical procedures are given in Appendix 1).
il relative to VPDB (Hut,

Carbon-isotopic compositions ar¢ reported in perm
1987) on a permil scale defined by NBS-19 = +1.95% and
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he 62°C values of soil gas CO, have not been
and Van der Hoek, 1983) and probably are

%o relative 10 their actual composition (Mook

NBS-16 = -41.66%0. T
corrected for N,O (Mook
depleted in *C by about 0.23
and Jongsma, 1987).

Carbon dioxide in soil gas:

Carbonic acid 18 produced in soil waters by solution of soil CO, at th

. 2 e
higher pCO, values typically seen in soils. CO, samples were colleéted
o determine: (1) the isotopic

approximately monthly (Tables 19 and 20) t
r alkalinity-producing

pic acid responsible fo

composition of the carbo
weathering reactions in the watersheds, and (2) the effect of season, location
and depth on the 6*°C yalue of the gas. Samples of soil gas collected at the ’
ariations in CO, content consistent with

eight probes show seasonal v
1978a, 1978b; Reardon et al.

g at other localities (Ri
ost pronou
ntent of the gas ranges from 0.2 to 2.8%

observation ghtmire,
nced in the shallower probes

1979). Seasonal variations are m

), where the CO; €0

(less than 1 m
t of 0.03%. The average winter CO
2

compared to the at
ths sampled are about half those seen in the summer

contents for all dep
higher than those at Hunting

(10-2.1).

values arc consistently

Hauver Branch pCO;
L7y compared t0 0.8%

Creek, with averages of 1.8% (10
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Sampling Depth:
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Figure 26. The relation between 6°°C and % CO, for soil gas samples
Coﬁecte p f;om 8 probes at Hunting Creek and Hauver Branch watersheds,
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Dissolved Inorganic carbonate in stream water:

Spatial v- * * = v ir “ater chemi ng stream transects: Figures 273

and 27b show the variation in 8°C along five longitudinal transects of
Hunting Creek and Hauver Branch, respectively. The sampling sites were

20 to 100 m apart, starting about 1 km upstream from the gages and ending

below the gages where each stream discharges into the lake.
The first transect was collected in June 1986 at the end of the rainy

S€ason while the soils were still draining from a very large storm one week
Carlier. The three later transects, in August 1986 and two in August 1987,
Wwere made at successively lower streamflows. The total range in 6°C of a1
the samples collected in the first four transects is 3% at Hunting Creek,
Ccompared with 11 %, at Hauver Branch. Although most profiles show
Considerable variation in 6°C, none of the profiles show any trend in §C
with distance downstream. Field notes indicate that most of the sites where
the 8°°C values are especially low were just downstream of seeps from the

soil banks. The last transect, in January 1989, was made to see if the stream

response was different during the winter. Hunting Creek showed
considerably more variability in 6°C during this winter transect than during

any of the summer ones.
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June 13, 1986
— — August 12, 1986

August 12, 1987
— August 30, 1987
== January 17, 1989

Gage

! ! ! I
1 3 5 7 9 11 13

Site number (Downstream —- )

Figure 27, Variation in 6°C value with distance along five transects of
Hunting Creek and Hauver Branch; sample site numbers increase
downstream and are 20-100 m apart. Lines connecting data points are
Make comparisons among the profiles easier; 1o = 0.5% for ovC.
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Seasonal variation jn stream chemistry: Both 6°C and alkalinity clearly

show pronounced seasonal patterns at all the watersheds (Figures 28 and 29;
Appendix 13). Superimposed on the broad annual cycles are a number of
Smaller-scale oscillations in stream chemistry and one major fluctuation in
September 1987, Alkalinity is highest during the growing season,
approximately May through November, and lowest during the colder season,
approximately December through April. §"C values are lower during the
8rowing season than during the winter and are inversely related to alkalinity
(Figure 30), with 2 values of 0.49 to 0.77 depending on stream.

The 6°C values of all streams seasonally fluctuate between the
compositions of bedrock calcite (-4.7 £ 1.0%0) and soil CO, (-21.8 +
1.4%0). The amplitude of the annual cycles is several permil greater at
Hauver Branch, where DIC ranges in §°C from about -7 to -16 %o, than at
Owens Creeck where the range is about -9 to -14%.. The two streams
developed on greenstone, Hunting Creek and Hauver Branch, have winter
6"C values that are significantly higher than those of the other two streams
developed on interbedded greenstone and rhyolite. The average measured
0"C values of DIC for water year October 1986 - September 1987 for the

four streams show a 3 %o range (Table 21), with the streams underlain by

greenstone enriched in °C relative to the streams underlain by meta-rhyolite,
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Figure 28. Variation in 6*°C and stream discharge of Hunting Creek,
Hauver Branch, Owens Creek, and Owens Creek Tributary, 1986-87.
The 1o on 6**C measurements was about 0.5 %o.

192






Owens Cr. Trib.

800 (r?=0.77)
— o O‘c;bgjo OQD 0/ HauveSBranc}z
= 400 < o o (r*=0.63)
§: © gdﬁom ® ./
—~ O PRI I N SN DU SN TN T NS NS U T M N NN S |
>
"E“ ezwens cr.
5 800 L (=0T e Hining 1,
Dol o g, L w00

o cafeodbo ® 50 ;/o
oL« T I D T SUNY H00N TOUE NN NS SH A S S N T S
-10 -8 -6 4

-18 -16 -14 -12
573C (%60

Figure 30, Correlation of 6"°C and alkalinity for the four streams,
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Table 21. Differences among the Four Streams,
October 1986 - September 1987.

Watershed Area Avg. measured Avg. total” % of total*

(km?) 6"”C 6”C DIC from

- calcite
Hunting 9.6 -8.95 75
Hauver Branch 5.5 -11.3 9.55 72
Owens Creek 2.6 -11.6 -11.85 59
Owens Creek 2.6 -12.8 -12.60 54
Tl'"\nl-n vy

" Discharge-weighted.
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Small-scale oscillations in stream chemistry: Superimposed on the broad

annual cycle of stream-water $°C values are numerous small and a few large
Oscillations in isotopic composition (Figure 28). These fluctuations in §Y3C
between samples collected as close as one week apart range in magnitude
from 0.5 to 9%0. A comparison of inflection points of small fluctuations at
Hauyer Branch and Hunting Creck shows that more than 75% of them occyr
in Phase, indicating that the two streams may be responding in approximately
the same way to some common stimulus. The correspondence of small
ﬂUCtuations also indicates that most of the variation in 6°C is real, not
Merely analytical noise. The inflection points of the two largest multi-week

ﬂuctuations, in April and September 1987, occur at slightly different times in

the Watersheds, suggesting that timing of the responses of the watersheds to

Very large scale events was slightly different.

Relation between stream chemistry and discharge: The Hunting Creek

Watershed is about twice the size of the Hauver Branch watershed and four
times that of Owens Creek (Figure 25). The hydrographs of all streams are
Similar, during large storms, the peak daily flow at Hauver Branch and

Owens Creek are 70% and 20%, respectively, of that at Hunting Creek
(USGs, 1988). During the dry summer and fall, flow at Hauver Branch apd
Oweng Creek are about 20% and 10%, respectively, of that at Hunting

Creek. Discharge was not measured at Owens Creek Tributary, but it is
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Probably about the same as Owens Creek because both watersheds are the
Same size,

The timing of the seasonal changes in 6°C (Figure 28) and the
SaWtooth shape of the §C versus time curves (sharp increases in the fall,
gentle decreases in the spring) closely coincides with the plant-growth cycle.
During the winter, 8°C values increase rapidly during the first several
Storms and then remain high for the rest of the winter and early spring

despite periods of low rainfall, In mid-spring, 6°C values decreased

8radually towards the summer depleted values despite moderately high flow

Iates,
A few storms can be correlated with abrupt changes in the 6°°C of

DIC. 4 Hunting Creek, two abrupt decreases in §°C in November 1986
and April 1987 occur within a day or so after major storms (Figure 28).
Two large storms on September 8 and 18, 1987, apparently caused very
depleted §13C values at both Hunting Creek and Hauver Branch in the weeks
after the storm. The first storm flushed out DIC of normal summer $%C
value; the second, larger storm coincides with the onset of decreasing §13C
Values., Qver the next two weeks the stream DIC became progressively
depleted in °C ag the flow decreased; the stream was clogged with leaf
debris and the water was greenish in some stagnant pools, suggesting that

decay products could be affecting the 6©°C value. This isotopically depleted

DIC was finally flushed out by a small storm in early October,
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The primary purpose of this study was to attempt to use the 6*°C of

Stream DIC to determine the seasonal variations in the sources of alkalinity

i ORI . . -
nthe w-+2 * .ds. A s'—le two-source conservative-mixing model for the

Production of DIC in the w~*-rsheds is shown in the two mass-b

€quations below:

DIC,, = DIC,,, + DIC,,
(8C,)(DIC,,) = (8"Cy)(DICu) + (F*Cad(DICe)

where the subs cripts str, gas, and cal refer to stream, soil-gas CO,, and
calcite, respectively, The ec ~‘ions a sol 1 for the re” ive coi " utions
of carbon from calcite dissolution (DIC.,) and soil gas CO; (DIC,,) to the

total stream DIC (DIC,,). A number of assumptions have to be made to yse

Such a simple model to describe the system.

EValuation of assumptions:

AEDIC: As a first approximation, this is true;

1. Only two source-
Certainly the major sources of DIC are calcite and soil CO,. The average
-4.7 £+ 1.0%0 and

13 .
e compositions of these sources Were determined to be
ese are the only sources and can be

-21.8 + 1.4%o, respectively. If th
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assumed to mix conservatively, then the 8°C of stream DIC must fall
intermediate between these compositions. All §°C values (Figure 28) do fail
within this range.

Another possible source of DIC is carbonic acid in precipitation. If
rain water can be assumed to be in chemical and isotopic equilibrium with
atmospheric CO, at the average rain pH of 4 (Katz et al., 1985), the
calculated DIC content would be about 10 um/L at 25 °C and 20 um/L at 10
°C (Stumm and Morgan, 1981), and the carbonic acid would have a §°C of
about -8%, (Deines et al., 1974) for atmospheric CO, of -7%. (Craig, 1953).
Hydrograph separations using 8*0 indicate that only 10-30% of stream water
during most Catoctin storms is new rain water; hence, most of the stream
Wwater has had a longer residence time in the catchment than the new rain,
Additionally, because very little rain falls directly on the stream channel, as
the rain flows over and through the soil during infiltration, the minor amount
of DIC in rain water probably has ample opportunity to exchange carbon
with soil CO,. Therefore, the contribution of DIC with a 6*°C of about -8 %,
is probably much less than 10-20 um/L. Any effect of this source of DIC
would be more significant in the winter rainy season than during the summer
because of lower average DIC values of the stream, lower rates of CO,
Production in the soil, and higher ratios of runoff to infiltration in the winter
and spring.

Carbon-cycling reactions such as fermentation (Stevens and Rust,
1982), methane oxidation (Carothers and Kharaka, 1980), sulfate-reduction
during the degradation of organic matter (Presley and Kaplan, 1968) may

explain some of the small-scale variations in water chemistry; production of
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small amounts of CO, in or below the stream by these processes cannot be
Tuled out as sources of DIC in these watersheds. If oxidation of methane in
the soils were a major source of carbon, this would be reflected in the §3C
of soil CO,; however, the most depleted samples were -24.3 %o, suggesting
that methane production in the soil must be minor. Oxidation of plant litter
Within the streambed probably is a significant source of DIC in the late
Summer and fall (Cleaves et al., 1970) and would produce CO, very similar
to the composition of soil CO,. Because oxidation of organic matter in the
S0ils plus respired CO, are the sources of soil CO,, for the model they need

Not, and cannot, be distinguished. In the model, contributions of DIC from

Organic oxidation are isotopically indistinguishable from contributions from
the dissolution of silicates by carbonic acid.

Regional groundwater is another potential source of stream DIC,
especially in the late summer when the streams are fed by baseflow (Katz et
al., 1985). These watersheds are located in the recharge area for the
Tegional ground-water system; therefore, any baseflow represents stored
Water that has infiltrated through watershed soil. The ultimate sources of
DIC in the older, stored water are the same as for younger water: carbonic
acid and calcite. Thus, contributions from groundwater do not need to be

considered as a separate entity, assuming calcite has been dissolved under

Closed-system conditions (see below).

2. Th natural ranges in 8*°C of e DIC sources are known and are small:

It is certainly possible, although unlikely, that there are spatial variations in
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the 6C of calcite throughout the Catoctin area. It is unfortunate that so few
samples of bedrock calcite could be found and those were all from the same

€Xposed greenstone cliff. Compared to the variations in 8“C seen in the
Streams, the observed uncertainty in the average 8"°C composition of calcite,
4.7 + 1.0%o, is relatively unimportant.

The isotopic compositions of soil gas CO, show several permil
Variation with depth and time, with most samples clustering around an
average 6C value of -21.8 + 1.4%0. The minor variations in 6*C along
Stream profiles suggest that local variations in soil-water chemistry may be
appreciable. However, in the absence of more information and because there
is a slight indication of a seasonal variation in 6"°C, monthly averages were
used for the soil-CO, end-member composition in modeling calculations,
Given the observed areal, vertical, and temporal variations in soil CO,, the

uncertainty in the 6°C value of soil CO, is estimated to be + 1-2%o.

3. No_sinks for carbon except DIC: Possible sinks include calcite

Precipitation, degassing of CO, within the stream, and biological uptake in
the stream. Calcite precipitation can be ruled out by the stream chemistry.
The calculated pCO, of streamwater is appr oximately in equilibrium with

atmospheric CO,; hence, degassing has probably occurred. Soil-CO,

concentrations are as high as 5% (Table 19); the atmospheric concentration
is about 0.03%. The pCO, in groundwater ranges from close to that in
streamwater to values close to that measured in the soil zone. Thus, as

Wwater seeps into the stream bed, CO; is probably lost rapidly. This loss of
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CO, can affect the §°C of the remaining DIC; the effect depends on whether
the degassing is done under equilibrium or non-equilibrium conditions, which
is probably a function of how rapidly the water seeps into the stream, the
carbon speciation of the original and final solutions, and the amount of
carbon lost. Laboratory experiments performed by Mook (1968) and
Tepeated in our laboratory indicate that the residual DIC may become quickly
enriched in *C by up to 1% upon t-*-! degassing, and less than 0.5%o for
exposure times less than one day. The 1 to 1.5%0 enrichments of water
below the falls at Hunting Creek (Figure 27a) may be a result of degassing;
because of the distance of the falls from the gage where most samples were
Collected, any such degassing probably has a minimal effect on the 6°C
values of water at the gage.

Because degassing has no effect on alkalinity, but can cause
substantial enrichment in °C, the strong correlation of °°C and alkalinity

Observed in the streams (Figure 30) argues against degassing being the
dominant process during any season. Additionally, if degassing was largely

responsible for the enriched stream 6°°C values in the winter, one would
and 6"C, not the relatively

©Xpect to see strong correlations of discharge
rate. Therefore,

constant §'3C values observed regardless of discharge
althOUgh there are insufficient data to truly assess the potential effect on the

8C of stream DIC, degassing appears to have a relatively minor effect in

these streams.
jlation of DIC by algae produces organic material

Biological assim B
depleted relative to the composition of the

With a §°C value about 30 %o
: H 13
Carbon used (Rau, 1978), resulting in an increase n the 6*C of the
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T®maining DIC. The streams at Catoctin are relatively fast—moving and
Contain only small quantities of aquatic plants. These are likely to be a
significant factor only in the late summer and fall when st-~ant pools are

COmmon (eg., September 1987), and may be responsible for some of the

Small-scale variation in 6°C.

4. Ne ligible isotopic exchange of DIC with atmospheric Q,: ISOtOpic

¢xchange of dissolved carbon species with atmospheric CO, is inevitable. At
quilibrium, HCO, is enriched in *C relative to CO, by 8.5%0 at 20 °C
Mook et al., 1974). The 8°C of atmospheric CO, is about -7 %o.
Therefore, at isotopic equilibrium the 6”°C of stream bicarbonate, the major
Carbonate species present at the stream pH values, would be about +] %,
Clearly, the Catoctin streams do not have this composition and hence the
DIC s not in isotopic equilibrium with atmospheric CO,. Although partia]
€xchange s possible, the high CO, pressures found year round in the soils of
both watersheds, combined with the very depleted P’C values of soil Co,,
indicate insignificant exchange of soil CO, with atmospheric CO,. The
estimated exposure time of stream water at Catoctin between seepage from
the stream bed or banks to collection at the gage generally ranges from one

to several hours, depending on discharge.
The stream transects originally were conducted to determine if there

Was a measurable isotope gradient downstream that could be attributed to
atmospheric exchange. The effect of exchange would be to increase the 53¢

of the DIC. The transects (Figures 27a and 27b) show no evidence of any
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systematic increase in 8°C downstream even though the transects were made
at a variety of flow rates during the dry season when the exposure time of
stream was longest.

One could argue that the transects show no trend of increasing 6**C
values downstream because any enrichment in 8**C produced by atmospheric
exchange is masked by compensating additions of DIC depleted in **C from
seepages along the channel. The Hauver Branch transects clearly
demonstrate that the 6°C of the stream can change by as much as 6 %o over
distances of 20-100 m. Although seepages can have a significant local effect
on stream chemistry, their regional impact apparently is damped by mixing
with the much larger reservoir of water below and to the sides of the stream
bed that is also moving down the hydrologic gradient. In contrast, the
Hunting Creek transects show so little variation in 8°C downstream that it is
difficult to believe that fortuitous mixing of waters could camouflage any
appreciable degree of atmospheric exchange.

Despite all these lines of evidence suggesting that atmospheric
exchange is negligible, especially during the low-flow summer season when
exposure times should be longest, partial exchange during the winter when
DIC levels are lowest and the DIC derived from rain already may be in
isotopic equilibrium with atmospheric CO, cannot be totally ruled-out.
Certainly the enriched §"C values observed in the winter are within the
expected 6"°C range for partial exchange with atmospheric CO, or mixing of
partially-exchanged waters with waters derived from soil CO,. However, the
high pCO, values and depleted §19C values observed in winter soils combined

with stream DIC contents generally 10-30 times greater than rain water make
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If the H,CO, in soil water or shallow groundwater in areas where
Carbonic acid is the dominant carbon species is in isotopic equilibrium G.e.,
N open system) with a soil CO, reservoir ranging in 6°°C from -17 to
24 %o, the H,CO, should have compositions ranging from -18 to -25%, .

The 3¢ values of some 20 samples of springs and groundwater collected

from varjoys locations at Catoctin Mountain but outside the watersheds range
from -16 to 26 %, similar to the compositions of soil CO, and similar to
OCcasional compositions of stream water during the summer. Some of these
Wells may be contaminated by animal waste (Trombley and Zynjuk, 1985)
Which also could account for the depleted 5°C values. Some of these

Eroundwaters also have alkalinities three times as high as the maximum seen

in the streams in summer when all the water comes from baseflow; clearly

these waters are not major sources of baseflow.
A much more extensive sampling of shallow groundwater at Mill Rup

Watershed in Virginia where no calcite is present in the soil zone also shows
that the §13¢ of groundwater is approximately the same as soil CO, (Mills,
1988). Thus, it appears that the residence time of water in the soil zone and
UPPer parts of ground-water reservoirs is sufficient for carbonic acid to reach
approximate jsotope equilibrium with the reservoir of soil CO,.
Consequently, the 61C value chosen for the carbonic-acid end-member useq

in the 2-source model should prdbabl)’ be decreased by about 1%o from the

S0il CO, value to reflect this exchange.
At normal ground-water pH values where bicarbonate is the major

Carbop species, open-system dissolution of calcite controlled by a reservoir
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of s0il CO, with a §°C value near -22 %o produces DIC with a 6C value of
about -13%,. If calcite dissolution takes place under closed conditions, the
DIC will have a 6°C value intermediate between carbonic acid and calcite:
the 6°C value ranges from close to that of the initial carbonic acid if little

calcite is dissolved to a maximum 8 C value of about -14 % if half of the

DIC is derived from calcite. Thus, the isotopic compositions of closed
Systems reflect conservative mixing.

The really crucial questions at this point are: where does calcite
dissolution take place and are the water residence times sufficient for
significant isotope exchange with some CO, reservoir. Because Catoctin
soils have pH values of 4.8-5.3 (Katz, 1989), there can be little or no calcite
in the A or B soil horizons; thus, we can probably discount appreciable
open-system dissolution in the soil zone. Calcite is present both as fracture
fillings and in vesicles in the greenstone; it is apparently absent in
meta-rhyolites (Katz, 1989). Empty vesicles are commonly seen in boulders
in the stream channels; these presumably once contained calcite. Thus, jt
appears that calcite may be dissolved both in and below the streambed and 5
groundwater moves through fractures in the bedrock. Contributions from
ground-water storage to stream discharge may be significant only in the dry
summer (Katz et al., 1985); stream alkalinities are at their seasonal high
during this period. The range of 6BC values found in groundwaters at
Catoctin Mountain are consistent with both open or closed-system dissolution
of calcite. If chemical data were available for these samples, the conditions
of formation of the waters could possibly be determined (Deines et al, 1974).

Because baseflow is probably the oldest water in the system, reaching the
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Stream from the longest and slowest flowpaths, it is probably the source of

Water most likely to be isolated from the soil-CO, reservoir and hence

Probably evolved under relatively closed conditions.
Residence times for storm-related water in the watersheds probably

are very short. Katz et al. (1985) noted that road salts applied during the
Winter arrived at the gage within days after a storm. The strong correlations
of alkalinity and 8*°C fluctuations with stream discharge variations also
indicate rapid movement of water through these small watersheds at all

S€asons. Therefore, even if significant amounts of calcite are being

dissolved under semi-open conditions in bedrock joints, the residence timeg
May not be long enough for appreciable isotope exchange. The flux of Co,
depleted in 3C out of the soil-zone also may explain the apparent lack of
exchange between DIC and CO, in an open system; Heathcote (1985)
concluded that such a continuous-flow system may appear open to changes in
major-ion chemistry but closed isotopically by preventing back-diffusion of
CO,; hence, the carbonate-dissolution zone may be effectively isolated from
the sojl CO, reservoir.

From the above arguments, if calcite were dissolved under closed
conditions in groundwater or in stream water, or under open conditions with
long or short residence times, the 8°C of DIC should be in the range -13 o
23 %o (if the CO, is derived from the soil). - Without additional geochemica]
data, I cannot conclusively dismiss any of these possibilities; all I can do ig
argue plausibilities. The 6P°C of stream DIC falls within this fange only
during the summer low-flow season; during the winter, the average §C i

about -8%,. The strong inverse relations between alkalinity and §*C
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(Figure 30) suggest that the water chemistry is a product of mixing of two
Waters; if open-system dissolution of calcite were a major source of DIC,

one would not expect to see this inverse relation between alkalinity and §7°C,
It is noteworthy that open-system dissolution of calcite by a reservoir of

$0il-CO, would tend to decrease the 6"°C value of the resulting DIC, thus
"camouflaging" the impact of the §°°C of the dissolved calcite on the §°C of

the total DIC. Only open-system dissolution of calcite in contact with

atmospheric CO, will cause enriched §°°C values.
The relations between 6°°C values and concentrations of weathering

Products such as alkalinity, Ca, and SiO, are similar in the four watersheds.
The ratio Ca/SiO, shows no correlation with 6"C but the ratio Ca/HCO, is
Positively correlated with 6°C (** = 0.47 for Owens Creek). The increase

in Ca/HCO, ratios during the winter and the good positive correlation

between these ratios and the 61°C suggest that changes in 6”C are controlled

Primarily by a shift from weak-acid (carbonic acid) weathering in the
the winter (Figure 31). In addition, the

Summer to strong-acid weathering 1n
e is no seasonal change in the

invariance in Ca/SiO, ratios indicates that ther
which might otherwise have

Tate of silicate versus carbonate weathering,

affected the §°C of DIC.

Another line of evidence that supports the 2-component
el comes from 6°°C and 878r/%Sr analyses of stream

Conservative-mixing mod
Samples during storms (Kendall, 1990; Bullen and Kendall, 1991). During
e and correlated fluctuations in

storms, both isotope tracers show larg
ber characterized by the 6'3C and

Composition, ranging between one end-mem
member with the 6'3C and

"St/%Sr compositions of calcite and another end-
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Figure 31, Correlations of stream chemistry and 6"C at Owens Creek
(modified from Kendall et al., 1992c). 6°C values are + 0.5%o.
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Sr/%Sy values of carbonic acid and weathered silicates, respectively.
Because enriched §"°C values correlate with ¥St/*Sr ratios typical of the
calcite, the enriched 8°C values observed during storms or periods of high
flow (such as the winter) are consistent with large contributions of
isotopically enriched carbon (and low ¥'St/*Sr values) from strong-acid
dissolution of calcite. Alternate explanations such as fractionations caused

by degassing or exchange would have no effect on ¥Sr/*Sr and, hence,

Cannot be dominant processes.

Seasonal variation in the sources of DIC:

With the above caveats in mind, it is clear that few of the assumptions

implicit in the simple model and explicitly addressed above are completely
valid. However, with the possible exceptions of the assumption of calcite
dissolution closed to atmospheric CO, or the assumption that degassing has a
minima] effect, none of the assumptions appears to be a significant potential
source of error. Hence, a simple, two-source, conservative-mixing model
may be adequate for the semi-quantitative determination of the relative

contributions of soil-derived carbonic acid and dissolved calcite to stream

DIC,
-balance equations above can be solved for the DIC

The two mass
contributions from soil gas and calcite dissolution; the calculated variations

in sources of alkalinity at the four streams are plotted on Figure 32. The

contributions were calculated for every day when samples of stream water
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Figure 32. Seasonal variation in the sources of alkalinity at the four
streams based on the 2-source conservative-mixing model. The upper
dark line is the total alkalinity. The lower line is the calculated value of
Alk.,. The amount of alkalinity derived from calcite (Alk,,) is
represented by the area under this line; the amount of soil gas CO, (Alk,,,)
is represented by the area between this calculated line and the measured
total alkalinity. The lo error bars are less than the symbol size.
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were analyzed for both 58C and alkalinity. The 8C value used for calcite

was -4.7 %o, and the 8°C values of soil CO,
data are available for the Ow

are the monthly averages.

Beca i
use no soil CO;, ens Creek watersheds, an

es at the other watersheds was used. The upper line

average of the valu

indicates the total DIC

content of the stream; the lower line separates the

CO, and calcite.

contributions to DIC from
al variations in the calculated relative

There are strong s€ason
contributions of calcite and COz in the streams. During the winter
(December through April) 60-90%

from dissolution of calcite. During the $
of the carbon is prod

of the carbon in all watersheds is derived
ummer (May through November)

approximately 40-60% uced from carbonic acid formed

n of soil CO;. Although there are insufficient data for a

in the soil by solutio
ossible sources and sinks

rigorous evaluation of the actual impacts of other p
of carbon on the calculations of the relatives amounts of carbon derived from
£ each of the previously discussed factors

calcite and CO,, if the effects ©
nks, variability in compositions, etc) are

(ie., minor carbon sources and si
ed to be additive, the error bars on

calculated independently and consider

calculations of the relative amounts of D
Jes are in the range

IC derived from calcite and carbonic

of 10 to 50%, depending mainly

acid for individual samp
on season. These uncertainties on the calculations of relative contributions
n in the summer because of the seasonal

are higher in the winter tha

differences in alkalinity. DesP

ite the size of the error bars, it is clear that

dominant source of alkalinity: the major

there s seasonal variation in the
m calcite dissolution; during the rest of the

source of DIC in the winter is fro

of DIC from calcite and CO, ar¢ approximately equal.

year the amounts
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annual importance of different

Figure 32 misrepresents the relative.
Sources of DIC because it does not take into consideration the vastly different

amounts of water flowing through the watersheds during different seasons.

Both the ayerage measured 6°°C values (= I 8"°C/ n, where n = the tota]
Number of measurements), and the 6*°C values of the total moles of carbon

[ Z(DIC*53C*discharge)/Z(DIC*discharge) ] discharged from each
Watershed, during the water year October 1986-September 1987 are shown in
Table 21, Using the simple two-source conservative-mixing model, the

Percentages of the total carbon derived from calcite and discharged from the

Streams have also been calculated (Table 21). The two streams underlain by
&reenstone, Hunting Creek and Hauver Branch, have significantly higher
calculated contributions of carbon from calcite than the streams underlain by
meta-rhyolite, The error bar on these values is about + 20% of the total.
Katz et al. (1985) developed a geochemical mass-balance for the
Watersheds based on two years of precipitation and stream-chemistry data,
They modeled the system in terms of five unknowns (the amounts of albite,
actinolite, chlorite,and calcite weathered plus the amount of H,CO,
consumed) and six mass balance equations (for H, Ca®, Mg**, Na*,
H,Si0,, and HCO,). For 1982, they calculated that about 80% of the
bicarbonate at Hauver Branch came from carbonic acid produced in the soil

and about 20% was derived from dissolution of calcite. These findings

contrast with the calculations above that are based solely on carbon isotopes.

. . . 9
So, is one of my assumptions incorrect:
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If summer DIC were produced in a system open to the soil-CO,
réservoir, then an even greater proportion of the summer DIC would be
derived from calcite than in the conservative-mixing model, so this cannot
©Xplain the differences in the estimates. Large contributions of depleted
carbon from oxidation of methane would also mask contributions of DIC
from calcite, but there is no evidence for this. Four processes that could
Cause DIC to become significantly enriched in °C, causing erroneously high

estimates of calcite are: large amounts of calcite dissolved in a system open

to atmospheric CO, during the winter, large amounts of carbon lost to plant
Uptake in the streams, extensive degassing of CO, under conditions that

fractionated the remaining DIC, or exchange of stream DIC with atmospheric
CO, during the winter. However, as discussed in detail above, I find that jt
Is unlikely that significant amounts of carbon are affected by any of these
Processes but the possibility cannot be totally dismissed.

Such different interpretations from geochemical models based on
Water chemistry versus isotope ratios are not unusual in ground-water
Tesearch; many workers therefore attempt to combine the approaches (Deines
etal., 1974; Wigley et al., 1978). Isotopes are invaluable for providing
another constraint on geochemical models and, of course, vice versa; the
More constraints, the better. The analysis of DIC for 14C, although
expensive, would be a valuable adjunct to such studies (Schiff et al., 1990;
Aravena et al., 1992). A reinterpretation of the geochemistry of these
Watersheds using additional isotope and water-chemistry data is in progress.

One explanation for the discrepancy is that the chemical constituents modeled

215






Quantitative determinations can be made, the carbon isotope data can provide

S0me upper and lower limits on the amounts of carbon contributed by these

three weathering reactions.
If the DIC is derived from only two carbon sources, calcite and CO,,

and there is no isotope exchange between carbon reservoirs, then the isotopic

Composition of the stream DIC is intermediate between the compositions of

these two end-members. If the proportions were equal, the 67°C of the
Stream would be -13.3 + 1.2%. Generally, the °°C of the DIC is either:

(1) more depleted than this, indicating that more of the DIC is derived from
CO, than from calcite; or (2) more enriched, indicating that more of the DIC

is derived from calcite than from CO,. According to the 6°C values, most

of the time in these watersheds there is considerably more calcite dissolved

than carbonic acid consumed. Considering the enriched 67°C value of the
"excess DIC " one can calculate that at least 20% of the total DIC in all

Streams is produced by dissolution of calcite by acid rain or other strong
acids, During the winter, the percent of the DIC derived from strong-acid

dissolution of calcite is at least 30-75% of the total DIC, depending on

Stream, During most of the summer, the contributions from calcite and

Carbonic acid are subequal (i.e., within about 20% of each other). However,

during 3 several week period at Hauver Branch in September 1987 when the
Soils were well-flushed by an unusually intense fall storm, the DIC appears

t0 be derived almost entirely from carbonic acid, produced either by

dissolution of silicates or oxidation of organics.
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In the amount of organic oxidation taking place in the soils and seeping into

the streams.
A substantially greater amount of organic oxidation at Hauver Branch

than Hunting Creek can explain their differences in 6°C values. The
amounts of DIC produced by strong-acid dissolution of calcite in the two
Watersheds are very similar except during the summer and fall (Figure 32);
the pr oportionally higher amounts of DIC produced by silicate dissolution at

Hauver Branch suggest that enhanced levels of biological oxidation of

Organic matter in the soils and stream at Hauver Branch may be responsibje

for the major differences between the two watersheds. The extra CO,
apparently pumped into Hauver Branch soils by biological activity probably

Causes the observed larger seasonal variation in alkalinity and 6"C.

Lithologic/hydrologic control of weathering reactions:

The total annual contributions of DIC from calcite from Hunting
Creek and Hauver Branch are similar to each other and substantially greater

than at the Owens Creek streams (Table 21). Although calcite is a minor
Mineral in the greenstone, it is not seen in veinlets in the meta-rhyolite
(Katz, 1989); hence, because Owens Creek and Owens Creek Tributary are

underlaip by interbedded flows of greenstone and meta-rhyolite, subsurface

Waters in these watersheds could be expccted to have less contact with calcite

than at Hunting Creek and Hauver Branch.
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Contrast, significant amounts of younger waters are probably flushed into the

stream during periodic winter storms. In addition, the rise of the water table

during the winter causes saturation of different and more acidic parts of the

s0il profile than are normally accessed during the dry summer.

CONCLUSIONS

The §°C value of DIC in stream water appears to be a useful tracer of

the seasonal changes in the sources of carbon contributing to stream

alkalinity, the relative seasonal importance of different weathering reactions

affecting stream chemistry, and the seasonal and discharge-related

Contributions of different hydrologic flowpaths to stream flow. In the
Catoctin streams, there are two main sources of carbon contributing to
Stream DIC, soil CO, and calcite, and three major alkalinity producing
Weathering reactions, each with a distinct 813C value. The 6"°C of each
Stream sample can be interpreted in terms of the relative amounts of these

two sources of carbon and these three reactions. Based on the
of the DIC discharged from the

Conservative-mixing model, about 60-70%
s derived from calcite; at least 20% of the

Catoctin Mountain watersheds wa

DIC was derived from dissolution of calcite b
acids. At present, my best estimate of the error bars on these yearly

y acid rain or other strong

Cstimates is about + 20%.
e relative contributions of carbon from

More precise calculations of th
tion regarding other minor

s0il CO, and calcite will require more informa
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Sources and sinks for carbon. The impact of other sources of carbon is more
significant during the winter than the summer because of the lower DIC
Contents in stream water in the winter. In particular, the question of whether
appreciable calcite dissolution may be occurring under open-system
Conditions needs to be resolved. Stream 6”C values in the range of -13 o
-22%o can be explained by dissolution of calcite by soil CO, under either
Open- or closed-system conditions. The high pCO, values in the soil zone
and the depleted 6C values of soil CO, indicate that exchange of subsurface
Waters with atmospheric CO, is minimal. However, because any such
€xchange during the winter as the water moves through the soil towards the
Stream could produce enriched °C values, further investigation is indicated,
There is no evidence of exchange of stream DIC with atmospheric CQO,,
Probably because stream residence times are short. In addition, although
degassing of soil waters could cause significant isotope fractionation, the

g0od correlations of 6°°C and alkalinity suggest that any effect is minor,
If significant isotopic exchange takes place in these catchments, the

2-source model can greatly overestimate the contributions of carbon from
calcite dissolution to winter DIC and, hence, the 6°C of DIC cannot easily
be used to calculate the contributions from different carbon sources. In this

case, however. the §°C values still uniquely label waters derived from

different ﬂowbaths and hence can be useful for explaining seasonal variationg

in sources of water and chemical constituents. The strong correlations
between §13C alkalinity, and other chemical species in these streams suggest

mixing of waters of distinct 8°C values; such correlations would not occur if
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much of the variation in §"°C were a consequence of degree of isotopic
exchange with soil or atmospheric CO,.

The seasonal variations in stream 6 C values and the differences
between the watersheds appear to be controlled primarily by seasonal and
spatial variations in soil CO, production rates and relative amounts of calcite
in the bedrock. Because carbon isotopes behave more cc ~zrvatively than
most chemical species, they provide less-ambiguous information about the
relative contributions of different weathering reactions than is possible with
chemical data alone (Kendall et al., 1992c). Analysis of the §"°C of stream
DIC provides a way to model stream water in terms of contributions from
two or more ground waters  each with its own 6°C value and distinct water
chemistry reflecting the weathering reactions taking place along the flowpath

-- that add together to form stream water.
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Appendix 3.1. Intrastorm variation in 6"®0 and 6D for January 1, 1988,
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q §%0 and 0D for January 3, 1988.

Appendix 3.2. Intrastorm yariation i
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Appendix 3.3. Intrastorm yariation in 5180 and 8D for May 10, 1988.
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Appendix 3.4. Intrastorm variation in 60 and 6D for May 15, 1988.
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Appendix 3.5. Intrastorm variation in 6**0 and 6D for June 2, 1988.
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5130 and 6D for June 18, 1988.

Appendix 3.7. Intrastorm yariation in
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Appendix 3.8. Intrastorm variation in 8"*0 and 8D for July 27, 1988.
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Appendix 3.9. Intrastorm variation in 6'"®*O and éD for September 3, 1988.

0 —_
-20 s/
el
e
-40- /HG
M
(@]
-60-
a
-80 .
&
o
-100
Incremental Rain (PI)
1200+ — -_—
-16 14 s 10 - - -4 -2 0
Delta O-18

273



Appendix 3.10. Intrastorm variation in 6"*0 and 6D for September 4, 1988.
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Appendix 3.12. Intrastorm variation in 6'®0 and 8D for October 1, 1988.
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Appendix 3.13. Intrastorm variation in 880 and 6D for January 3, 1989.
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Appendix 3.14. Intrastorm variation in %0 and 6D for March 30, 1989,
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Appendix 13. Carbon isotope and alkalinity data &
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