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ABSTRACT

Sand grains associated with intense
chemical weathering during residence in pe-
dogenic and alluvial storage environments
have been described in clastic fluvial sedi-
ment loads. These phases are labile, but their
behavior in stream sediments has not been
systematically studied. The purpose of this
study was to determine the abundance of
weathered particles in stream sediments
from two streams in Mountain Lake water-
shed, Paris Mountain, South Carolina. The
distribution of weathered particles was then
compared with stream profile, sand composi-
tion, and texture data in order to assess con-
trols on weathered particle distribution in
light of bulk downstream trends. An undif-
ferentiated assemblage of schists and gneiss-
es underlies the watershed. Sixty-five sample
localities were established along Kaufman
and Hartness Creeks, which are second or-
der systems. All samples were analyzed for
grain size distribution. Grain mounts of the
medium sand fraction of 20 selected samples
were prepared for petrographic analysis.
The results indicate that sediments in Moun-
tain Lake watershed are texturally and com-
positionally immature. Both streams show a
slight downstream trend with respect to im-
proved sorting. Kaufman Creek shows a
slight downstream trend with respect to in-
creasing grain sizes. There are no systematic
downstream changes in weathered particle
abundance or bulk composition, but sedi-
ment compositions in the two creeks are very
distinct. The lack of alluvial storage, related

to the steep slope, and rapid export of mate-
rial minimize in situ alteration within the
streams, even of the labile weathered parti-
cles. Individual site slope and mineralogic
composition are not correlated, indicating
that the influence of slope on sediment matu-
ration is scale dependent. Disaggregation of
weathering rims on coarser clasts and con-
tinued soil particle input along the streams
may partially mask early attrition of weath-
ered particles. When integrated with other
studies, the results suggest that significant
loss of weathering rims is detectable between
2.3 to 4.8 km of net downstream transport in
the Southern Appalachians. Because the lack
of alluvial storage limits in situ weathering of
sediment, variations in sediment composi-
tion reflect variations in source rock distri-
bution as modified by soil processes.

INTRODUCTION

Interpreting the mechanisms related to alter-
ation of clastic fluvial sediments is of key im-
portance in distinguishing source rock and
environmental signals preserved in the sedi-
mentary record. Accordingly, many studies
have focused on petrographic examination of
modern stream sands to assess different sedi-
ment populations reflecting different sources,
environmental conditions, transport histories,
and weathering mechanisms (Cameron and
Blatt, 1971; Mann and Caravoc, 1973; Basu,
1976; Mack, 1981; Franzinelli and Potter, 1983;
McBride and Picard, 1987; Girty and others,
1988; Grantham and Velbel, 1988; Johnsson
and others, 1988; Johnsson, 1990b, a: Johnsson
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and Meade, 1990; Girty, 1991; Johnsson and
others, 1991; Savage and Potter, 1991; Heins,
1993: Johnsson, 1993: Robinson and Johnsson,
1997). A relatively separate body of literature
has focused on the controls on downstream tex-
tural changes in modern rivers, particularly sed-
iments in the gravel size range (Jones and
Humphrey, 1997; Hoey and Bluck, 1999; Rice,
1999; Jones, 2000: Heller and others, 2001;
Rice and Church, 2001; Surian, 2002; Brummer
and Montgomery, 2003; Constantine and oth-
ers, 2003).

The net effects of alteration are related to
both the intensity and duration of exposure to
physio-chemical environments that are not in
equilibrium with a given sedimentary particle
(Johnsson, 1993). Distinguishing the effects of
intensity versus duration of exposure can be dif-
ficult in an absolute, quantitative sense, espe-
cially in the rock record. However, qualitative
data concerning the relative influences of these
rates along given transport distances under spe-
cific environmental conditions are more easily
estimated and are of value when interpreting the
sedimentary record (Savage and Potter, 1991).
Along a link, defined as a channel segment be-
tween tributaries, if bank failure, hill slope fail-
ure, and runoff are minimized, then changes in
bulk sediment composition will be due primari-
ly to in situ alteration. If the net rate of alteration
is greater than the average rate of grain trans-
port through the link (i.e. the time spent in the
bedload plus the time spent in temporary stor-
age in alluvial deposits), then strong differences
should be noted over very small distances. If the
average rate of grain transport through the link
is greater than the rate of alteration, however, no
significant compositional trends should be de-
tected.

A number of studies of clastic fluvial sedi-
ments have also noted that bedload sediments
often contain intensely weathered particles as-
sociated with residence time in colluvial (sap-
prolite, regolith, and soil) and/or alluvial
(stream bar and floodplain) depositional envi-
ronments (Grantham and Velbel, 1988; Johns-
son, 1990a; Johnsson and Meade, 1990; Pope,
1995). Johnsson (1990b) suggests that weath-
ered particles, including soil grain types and
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grains with weathering rims, are likely suscep-
tible to mechanical abrasion and rapid mass loss
during transport. This may be a primary control
on coupling of chemical/mechanical processes
influencing grain size and grain size normalized
compositional changes in fluvial sediments. A
simple, theoretical box model helps conceptual-
ize how these changes and processes are related
(Figure 1). Although downstream loss of
weathering rims on larger size fractions, includ-
ing cobbles, has been shown to be an important
control on the expression of downstream fining
trends in mountainous streams (Heller and oth-
ers, 2001), there have been few systematic at-
tempts to assess the controls on the production,
transport, and fate of weathered particles in the
sand fraction. In one of the few examples of
weathered particle studies, Grantham and Vel-
bel (1988) note that the relative abundance of
garnet grains with weathering rims begins to
decline after about 4.8 km of transport in the
southern Appalachians, but these numbers are
only loosely constrained. Further study of such
weathered particles, however, may provide very
sensitive proxies for interpretation of weather-
ing and transport processes influencing bedload
materials in modern systems (Grantham and
Velbel, 1988; Johnsson, 1993; Heller et al.,
2001).

The purpose of this paper is to assess the con-
trols on the distribution and behavior of weath-
ered particles in stream sediments from a small,
steep, weathering-limited watershed in a low-
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Figure 1. Theoretical box model for potential
sources, fates, and processes related to the
abundance of medium grains with weathering
rims.
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order, subtropical basin. Mountain Lake water-
shed, located on Paris Mountain, in Greenville,
South Carolina, provides two small streams that
have been sampled at a high resolution to exam-
ine the bulk texture and composition in addition
to the weathered particle abundance. The
dataset provides a thoroughly documented ref-
erence point for comparison with similar stud-
ies of headwater stream sediments and serves as
a springboard for further research in the local
area,

REGIONAL SETTING

The 295 ha Mountain Lake watershed (Fig-
ure 2) is located on the northeast flank of Paris
Mountain (34° 56’N, 82° 22’'W) in Greenville,
South Carolina, USA. Paris Mountain is a
monadnock that lies in the Inner Piedmont Ter-
rain about 20 km southeast of the Blue Ridge
escarpment. Tectonically, the area is part of the
Paris Mountain thrust sheet, which is one of
four regional thrust sheets that form a compos-
ite stack known as the Inner Piedmont province
(Horton and McConnell, 1991). The lithologies
underlying the watershed include a complex as-
semblage of biotite schist, muscovite schist,
quartz muscovite schist, and biotite gneiss with
varying amounts of sillimanite and kyanite
(Niewendorp, 1997). Structurally, the water-
shed is characterized by a complex array of im-
bricate thrusts resulting in a complex
metamorphic stratigraphy of different types of
schists and gniesses, with deeper metamorphic
units exposed to the east and south.

The study area is in the east central portion of
the Paris Mountain USGS 7.5-minute quadran-
gle. The highest elevation in the watershed is
the peak of Paris Mountain, at approximately
690 m above sea level. The lowest point at
Mountain Lake lies at an elevation of 342 m.
The total relief is 348 m.

Hartness and Kaufman Creeks dominate the
surface hydrologic system of the study area.
Analysis of channels marked on the Paris
Mountain USGS 7.5-minute quadrangle indi-
cate that both creeks are second-order systems
(Strahler, 1952). In the northern portion of the
watershed, the 2.3 km-long Kaufman Creek

Watershed
Divide

Mountain
State Park
Boundary

0.5 km

T 100 km

Figure 2. Map of Mountain Lake watershed,
located on Paris Mountain in northern Green-
ville Co., South Carolina. Dots represent sam-
pling localities at 50 m intervals along Kaufman
Creek (north, n= 36) and Hartness Creek (south,
n=29); numbering begins at the confluence and
counts upstream.

drains 1.40 km? and descends 154 m along its
course for an average slope of 0.067. Kaufman
Creek cuts across regional structural trends for
most of its lower course. In the southern portion
of the watershed, the 1.9 km-long Hartness
Creek drains 1.55 km? and descends 118 m for
an average slope of 0.062.

Outcrops occur in the channels as either
metamorphic lithologies with steeply dipping
foliation that directs water along strike or as
gently convex-up exposures of biotite gneiss.
Both stream channels are characterized by a se-
ries of step pools connected by waterfalls and
segments of straight channel. Niewendorp
(1997) traced several faults that coincide with
or extend directly under relatively straight
reaches of Hartness Creek between sites 1-10,
14-22, and 22-29, suggesting some structural
control of the drainage.

Lateral spread of high water is clearly con-
fined by the steep topography and abundant
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rock outcrops along the banks. The banks are
thin accumulations of soil held in place by ri-
parian vegetation, which includes rhododen-
dron, dog hobble, and other herbaceous species.
The adjacent slopes and ridges are character-
ized by thin, mature Ultisols (Camp, 1975) col-
onized by an oak-hickory forest mixed with
mountain laurel. Small, discontinuous outcrops
are common. Many slopes in the upper water-
shed show evidence of significant soil creep,
but large alluvial fans are not observed.

The watershed is characterized by a subtrop-
ical climate. The average annual daily maxi-
mum temperature for Greenville County is 22°
C, but monthly averages range from 11°to 31°
C. The annual average daily minimum temper-
ature is 11° C, but monthly averages range from
2° to 21° C. Average annual precipitation is
122.9 cm (Camp, 1975).

The lower portion of the watershed is pro-
tected land within Paris Mountain State Park.
The upper portions are private property. A few
high-value housing developments exist around
the margin of the watershed, but the area is still
largely undeveloped. The creeks are each cur-
rently sourced from small impoundments. Ob-
servation of the watershed indicates no
significant differences between the drainages
for Kaufman and Hartness Creeks, no signifi-
cant, localized anthropo genic disturbances, and
no significant point sources of sandy sediment.

METHODS
Sampling

A total of 65 sampling sites were established
at approximately 50 m intervals along the
creeks (Figure 2, Hartness, n = 29: Kaufman, n
= 36). Elevations of sites were taken from the
Paris Mountain USGS 7.5-minute quadrangle
map. To test for scale dependency of slope-tex-
ture and slope-composition relations, an en-
larged copy of the Paris Mountain USGS 7.5-
minute quadrangle was used to determine the
instantaneous slope for each locality by divid-
ing by the distance between the closest 6 m con-
tour intervals. Representative samples of
bedload sediment were collected at each locali-
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ty with a 1-quart scoop and dried in an oven at
80°C. Although grain size analysis focused on
the sand and granule size fractions, observa-
tions suggest that the population may be bimo-
dal. with one mode in the sand range and
another in the cobble to pebble range. Samples
were not collected downstream from Mountain
Lake to avoid complications related to sediment
storage in the lake.

Grain Size Analysis

Samples were sieved through screens at
half-¢ intervals between -2.0 ¢ and 4.0 ¢ in a
Ro-Tap machine for 12 minutes. Particles larg-
er than -2.0 ¢ were omitted due to sampling bi-
ases. The grains smaller than 4.0 ¢ comprise
only a very small percentage of the total sedi-
ment load and were not further separated.
Mean and sorting were calculated according to
the method of moments (Krumbein and Petti-
john, 1938):

Mean (15t moment):  X¢= (S(f*m))/n (eq.1)

Sorting (274 moment, sg= (S(FH(m-Xp2)100)05  (eq. 2)

standard deviation):

In these calculations, f equals the weight per-
cent of each grain size, m equals the midpoint of
each grain size range in ¢, and n equals the total
number of samples. The <63 um fraction was
qualitatively observed to be dominated by silt,
and, for moment calculations, the midpoint of
the range was placed at 6.5 ¢.

Petrographic Analysis

A riffle split of the medium sand fraction (1.0
to 2.0 ¢) was selected from twenty localities,
embedded in epoxy, and thin sectioned for pet-
rographic analysis. This fraction was chosen
both for ease of optical analysis and to facilitate
comparison with other studies. All thin sections
were stained for potassium feldspar and plagio-
clase. The classification scheme (Table 1) was
modeled after Robinson and Johnsson (1997)
but was modified to focus on the limited range
of source rocks, to incorporate observed sub-
populations, to characterize the lithic composi-
tion. and to distinguish between degrees and
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Table 1 — Classification scheme for petrographic analysis of the medium sand fraction in Moun-
tain Lake Watershed

Qt = total quartz = Qm+Qs+Qp
Qtm = total moncrystalline quartz = Qm+Qs
Qm = guartz, monocrystalline
Qms = straight extinction
Qmu = undulatory extinction
Qp = quartz, polycrystalline
Qp2-3 = 2-3 grains per crystal
Qp>3 = >3 grains per crystal
Qs = quartz, subgrained
Ft = total feldspar = Fp+Fk
Fp = plagioclase
Fk = potassium feldspar
Mt = total mica = Mb+Mm-+MI
Mm = muscovite

Mb = biotite
At  =total accessories = Ao+Ai+AKk+As+Ab+AP+AUT+AUZ
Ao = opaque
Ai = inosilicates (hornblende)
As = sillimanite
Ak = kyanite

Ab = brown garnets
Ap =pink garnets
Au1 = unknown: gray to brown, B(-), textured, ~-relief, possibly zeolite from fault/fracture
Au2 = unknown: clear, 19 gray, hi (-) relief, possibly zeolite from fault/fracture
Ot = total other grains = Ya+Pf+Ou+Bi
Ya =alterites
Pf = pedogenic/ferruginous
Ou =other
Bi = biogenic debris
Rt = total rock fragments = Qp+As+Lg+Lf+Lm+La+Ly+Lp
Rtp = total poly-phase rock fragments = Lq+Lf+Lm+ La+Ly+Lp
Rq = rock fragments with quartz under the cross hairs
Rf = rock fragments with feldspar under the cross hairs
Rm = rock fragments with micas under the cross hairs = Lmm+Lmb
Ra = rock fragments with accessories under the cross hairs
Ry = rock fragments with alterites under the cross hairs
Rp = rock fragments with pedogenic ferrunginous materials under the cross hairs
Zx = grains with FeO rims
Z1 = minimal rinds (0-25%)
22 = partial rinds (25-50%)
Z3 = complete rinds (>75%)

233




DavID C. SHELLEY AND C. BRANNON ANDERSEN

L€0°0 620°0 620°0 810°0 8100 81L0°0 8100 8100 8100 8L0°0 810°0 81L0°0 0S0°0 9E0°0 9€0°0 S21°0

¥GE 09€ 99€ 99 998 99€ ¢lE <cLE ¢LE BLE B/E PBE 06 96E 80F PIv

ado|g alg

uoljenalg

I'0 210 600 €¢0 L00 220 980 [€0 /[E£0 620 220 020 8E0 IvO ¥vI'0 620 asieoD/wnipay
60¢l L¥VL800L 6% el¥l 9PE €8¢ L6L 19¢ eS¢ £5¢ L9¢ <¢9¢ 0§t 09L 6L¢€ wnipaj/sauly
80°k €60 €40 150 SO'L 090 280 €20 ¥.0 ¥.0 080 €60 €40 LL0 880 980 (%01 <) @s1e0)
20 L0 00 LVO L0000 ¥LO 620 L20 L20 220 S20 820 820 620 £L0 Szof (Pozoiol)wnpapy
8L ¥8'0 690 950 SO} L¥0 B90 €50 L0 S50 #90 vO'L €0 #FO JB'0 BLO (¢ 02<) auly
oL €L 22 60°F L)L OLL P¥EL el LE'L ESL O0EL 05L 22 02'F MWL lE) Buios
080 ¥60 ZL'L 680 90°F 980 80 020 ZL°0 850 SkO0 IE0 200 S20 L0 E¥O ($) ueay

000 SO0 OO S0 020 S20 020 S€'0 OO0 Gv'0 0SS0 SS'0 090 S90 020 SL0

WEaJISUMOP S0UEB]SIP ‘Yaai) ueuyney|

£80°0 €80°0 G21'0 1£0°0 £80°0 0S0°0 S10°0 G100 S1O'0 SLO0 S10°0 9E0°0 9E0°0 LE0'0 LLO'D LLO'O LLOO LLO'O LLO'O 0S2°0 ado|s a)s
92F BEr OS¢ 29 89F¢ OBr OS¢ OBF OBF OBy OBF OBV 26+ 86+ 86 86+ 86¢ 86¢ 86F FOS uoneAa|g
{20 W0 280 £20 980 080 250 920 OFO ¥EO +¥O0 ¥FO 8E0 2¢O #¥0 SHO 9P0 GE0 SEO0 SLO @sieop/wnipaiy
9Y'E 661 68E B9 651 8FE 98l €51 See 98¢ 21 €€ [EL 05) 89} LL0 €0 292 ¥5¢ 204 wnjpajy/sauly
¢80 120 160 890 /LSO 990 190 650 €0 650 090 890 190 990 990 €90 €90 180 #90 2L'L (4 0°1 <) @s1e0n
220 620 020 €20 020 020 280 l20 620 020 .20 OS0 €20 820 620 820 620 620 220 £LL'0] (P0ZoioL)wnpspy
LL0 650 L0 850 €0 690 €F0 20 S90 8F0 vE0 Z20 220 Lv0 6V0 220 L0 SL0 LS50 lg't (¢ 0°2<) 2ur4
SE'1 98} 271 g2’ SOUL vel 9L 90°F 62 €FF 0L 9LF 80°L 9Lk 02F 90°L 907k 981 641 851 Bupuog
6¢'0 11'0 290 €€'0 Z0'0 9%'0 0£°0- 82°0- 800 ZI'0 080- 800 ¥0'0 ¥0'0- £L'0- 60°0- £€L'0- S20 SGL'0 90 (9) ueap

08'0 S8°0 06°0 S6'0 00'F SO} OV} SL'} 02} G2’} O0eL SE€'F OF'L S¥'L 0§’k SGF 09k S9'L 0L SL'1

WEaI}SUMOP BIUEBJSIP Yaal) UeLney|

‘paysisie | 8¥eT ulBlunoy 10} elep ainixa) pue adojs Jo Alewwng - Z ajqeL

234



SAND TEXTURE AND COMPOSITION

950°0 6¥0°0 S50°0 60°0 850°0 6¥0°0f820°0 810°0 810°0 BLO'0 260°0 9E0°0 IE00 820°0 §20°0 ado|s aus
°88¢ 1SY 08'82 22r 0S'lz 08r| vSE 09 098 99€ 99 ziE @lE ese  bee uopens|3
600 ¥E'0 600 00 600 E£S0] 0E0 020 91'0 PEO EO OVO Z€0 +20 620 8s1e0D/wnIpapy
80 90t S€T 9k eyl zeel 65 858 S8'8 28T B82E 95T MbZ 99b bbb wnipap/saul4
PEO ¥20 S1'0 080 €10 €£0] ¥80 ¥60 60 080 880 €0 890 €60 160 (¢ 0°) <) as1e0g
SO0 ¥20 S00 €20 ¥0'0 £20f 920 610 9H0 20 080 620 SZO 220 9z0| (0zoroy) wnipapy
620 990 220 880 Y20 190 ¥k 6L VL L0 860 PLO 190 0L OLL (9 0'g<) sury
910 Zg'L S1'0 8E'L ¥LO SZL| 6S'L SO 6SL 9EL bl S8l bE'l 641 €51 Buipog
620 020 /20 820 620 Le0] 800 LEO 8F0 920 6L0 900 SO0 +b0 220 (%) ueapy
as 6ay| as bBay| as Bay
000 S0'0 0L'0 S0 0Z'0 S2T0 O0E'0 SE0 Ov0
Paysisiepm | ssauped | uewjney
sabelany (Panunuos ‘ssaupey) aauejsip weassumoq
£10°0 £10°0 £10°0 S20°0 520°0 2400 9800 050°0 820°0 910°0 9L0'0 9LO'0 9E0°0 SZ1°0 £80°0 L£0°0 2500 2r0°0 1E0°0 0520 adojs aus
Y8E ¥BE 06E 06€ 966 96E 2OV 8OV vy Yiv Oz 92v 92 2k 8k OSh  9Gk 29F 89v biv uonenalg

¥E'0 220 920 2r'0 €20 SE0 920 £20 080 820 S0 €¥'0 0E0 SE'0 920 2E0 €80 €S0 600 810 9sieoQfwnipay
I8¢ SI'S 9/€ 69l €€S IEE€ ¥S¥ 90t S9C CI'b 6’ 181 €r'E 8FC 260 L9E 942 16€ 6811 259 wnipapy/sauly
vL0 ¥6'0 920 0L0 €20 6.0 880 ¥80 9.0 /80 990 0/0 /80 850 S0 LL0 SL0 €90 ZI'L 660 (901 <) 8su0)
S20 120 020 080 ZI'0 820 €20 610 £20 SZ0 00 0€0 920 120 6L0 €20 SZ0 120 LI'0 ZLO (¢ 0z 03 0°1) wnipapy
2.0 80°L S0 050 680 €60 €0t 820 80 €01 680 S50 68'0 150 8L0 280 890 280 I€l SI'L (9 0°2<) auiy
L€' 6V L €L €21 PEL WL OFL bEL SE'L b1 9L SeL ert vl S60 £€L 08l 621 191 251 Buniog
920 IS0 6V'0 910 050 €10 980 /90 20 0€0 100 ¥0'0 SE0 020- €L0 120 2v0 910- S80 190 (¢) ueapy
S¥'0 0S50 SS0 090 S9°0 0L0 SZ0 080 S8'0 060 S6'0 00°L SO'L OML SIL 02'L SZ'F 0£L SE'L Ob'L

(sseupiey) ssuelsip weansumoq

‘PBUSISIEM 8)eT ulejunoyy Joj elep ainjxe} pue adojs Jo Alewwing - (panunuod) z a|gel

235



DAvID C. SHELLEY AND C. BRANNON ANDERSEN

types of alteration. Most of the grain popula-
tions are standard minerals commonly identi-
fied under the microscope. Two types of
“weathered particle” grain types were recog-
nized. Alterite (Ya) grains are defined as those
grains that have been altered to the point where
the original mineralogy can no longer be confi-
dently identified but have not been leached of
all mobile elements (Johnsson, 1990b). In
Mountain Lake watershed, alterites commonly
consist of chlorite and sericite, and many have
picked up a light pink stain. This could be due
to the presence of remnant K-feldspars, clays
that react with the stain, and/or leaching and
filling of micropores by the stain solution. Pe-
dogenic ferruginous (Pf) particles are second-
ary concretions of precipitated iron oxide or
residual weathering products of alterites that
have been further leached of all mobile phases
(Johnsson, 1990b). In Mountain Lake water-
shed, pedogenic ferruginous particles, charac-
terized by chaotic, thick, reddish-to-opaque
oxide minerals, lack good crystal faces and of-
ten appear irregular in shape. Many types of
otherwise recognizable grains from proximal
pedogenic sources have weathering rims pro-
duced during residence in colluvial (regolith,
sapprolite, soil) and alluvial (bar and flood-
plain) deposits.

Thin sections were point counted (n = >300:
grid spacing of 0.66 mm) using the traditional
method in which the entire sedimentary grain is
used in the classification rather than the Gazzi-
Dickinson method (Ingersoll and others, 1984).
In the traditional method, if a single mineral
species makes up more than 95% of the visible
surface area of a grain, then the grain is classi-
fied as monomineralic. If no single mineral spe-
cies makes up more than 95% of the visible
surface area of a grain, then the grain is classi-
fied as a polymineralic rock fragment. Quartz is
the only phase to be further subdivided into
monocrystaline and polycrystaline aggregates.
Rock fragments were sub-classified based on
the composition of the grain under the cross-
hairs. Statistical maximum and minimum limits
for each grain type counted were calculated us-
ing the method of Howarth (1998).
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Weathering Rims

The abundance of weathering rims, recog-
nized as reddish-brown material similar to Pf
grains, but concentrated in thin convexo-conca-
vo zones along the boundaries of grains that are
otherwise identifiable, was also recorded.
Grains are considered to have a class one (Z1)
rim if reddish alteration covers 1-25% of the to-
tal visible circumference and fracture length
combined. Class two (Z2) rims cover 25-75%
of the total visible circumference and fracture
length combined. Class three (Z3) rims cover
75-100% of the total visible circumference and
fracture length combined.

RESULTS

The sediments in Mountain Lake watershed
are texturally and compositionally immature,
but stream profiles, bulk composition, and tex-
tural trends reveal significant differences be-
tween the two creeks. Data tables have been
abbreviated and summarized due to the sheer
quantity of data, but a complete dataset of all
textural and compositional parameters for each
site is available from the authors.

Stream Profiles

The two creeks are characterized by distinct-
ly different profiles (Table 2 and Figure 3). A
single, large slope break dominates the Kauf-
man Creek profile, whereas Hartness Creek is
characterized by a much more even slope along
its entire length. These same differences are re-
flected in a plot of the instantaneous slopes, cal-
culated using the nearest 6 m contour intervals,
for each site (Figure 4).

Grain Size Data

Sediment samples from Mountain Lake wa-
tershed show considerable variability with re-
spect to grain size distributions along a
downstream profile (Table 2, Figures 5 and 6).
Mean grain sizes from sediment samples in
Mountain Lake watershed fall within a range of
-0.28 to 1.12 ¢. The mean grain size in Kaufman
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Figure 3. Longitudinal profiles for A) Kaufman
Creek and B) Hartness Creek. Profiles are
based on the elevations of the sampling sites.

Creek is 0.32 ¢, while the mean grain size in
Hartness Creek is 0.28 ¢. Sorting coefficients
fall within a range of 0.94 to 1.65. On average.
the sediments are poorly sorted in both creeks,
with only one sample falling into the extreme
low end of the moderately sorted category

10084 %

(Folk, 1974). In Kaufman Creek, the mean
grain size increases downstream, and sorting
improves slightly downstream. In Hartness
Creek, mean grain size does not change down-
stream, but there is a slight trend toward im-
proved sorting.

Textural trends illustrated in Figures 5 and 6
indicate that the most downstream sites seem to
behave anomalously. The relative percentages
of the coarse and medium sand fractions in both
creeks change sharply, as do the sorting in both
crecks and the mean grain size in Kaufman
Creek. These sites are located near the junction
of the streams with Mountain Lake, where the
systems essentially form a small delta/estuary
system. Anthropogenically induced complica-
tions from reduced flow velocity are assumed to
be influencing these sites and, accordingly, tex-
tural data from the three closest sites to the lake
have been discarded for statistical purposes in
each creek.

Composit'ional Data

Compositional analyses indicate significant
amounts of alterites, feldspars, micas, and lithic
fragments in addition to quartz (Table 3, Figure

Grain Size Profile for Kaufman Creek
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Figure 5. Textural profiles for A) Kaufman Creek and B) Hartness Creek. The choice of “coarse”
(< 1.0 ¢), medium sand (1.0 to 2.0 ¢), and “fine” (>2.0 ¢) fractions is based on the box model pre-

sented in Figure 1.
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Figure 6. Grain size and sorting trends for A)
Kaufman Creek and B) Hartness Creek. The
three lowest sites (i.e. lower 0.15 km) are not
considered for statistical purposes due to the
interference of Mountain Lake. Kaufman Creek
shows a trend toward coarser grain sizes (R2 =
0.6347, y = -0.6595x + 0.8472), but only a very
weak trend toward improved sorting (R2 =
0.3274). Hartness Creek shows a very weak
trend toward improved sorting (R2 = 0.3800),
.but no trend with respect to grain size (R2 =
0.0172).

7). Although there are no significant, systematic
changes in the sediment composition along the
stream profile, Hartness Creek sands are char-
acterized by total feldspar, microcline, and
hornblende abundances that are more than one
standard deviation greater than the abundances
in Kaufman Creek (Figure 8). Kaufman Creek
contains a greater amount of quartz than Hart-
ness Creek, as well as local peaks in muscovite
abundance. Although difficult to statistically
determine, abundances of many individual ac-
cessory minerals also suggest different distribu-
tions. Sillimanite distribution, for example, is
much more consistent along Hartness Creek
(11.7 4/- 7.5%, RSD 0.65%), than along Kauf-
man Creek (2.7 +/- 3.5%, RSD 1.32%).

Weathered Particles

Alterites and pedogenic ferruginous particles
are present in low abundances throughout the
watershed (Figure 9). Rind abundances are sim-
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ilar in both creeks, and there are no distinct
trends with respect to the loss of these phases.
Approximately one-fourth of the grains have
weathering rims of some degree (Figure 10). Z1
rims are almost twice as common as Z2 and Z3
rims combined. Along the stream profile, there
is some variability of the relative proportions of
both constituent minerals and rims. However,
as sediment moves through the watershed, no
single population is observed to systematically
change volumetrically at the expense of anoth-
er.

DISCUSSION

The results show that the overall lack of allu-
vial storage and rapid export of material mini-
mize the detectable effects of downstream
alteration of sedimentary particles at this scale,
even those associated with pedogenic sources.
The dominant weathering mechanism influenc-
ing the stream sediment is the extended resi-
dence time in the soil horizons on the adjacent
slopes; in situ chemical alteration is minimized
by the rapid export. No net influence of me-
chanical weathering is detected in the sand frac-
tion, although this could be masked partially by
the breakdown of larger cobbles, which move
more slowly through the system and may break
down into sand-sized particles. More work is
needed to determine the impact of this effect.
Because the lack of alluvial storage limits in
situ weathering of sediment, variations in sedi-
ment composition reflect variations in source
rock distribution. The results of this study are
contrasted with studies of larger systems to pro-
vide some boundaries on the detectability of al-
teration in such systems and insight into the
potential limits of many methodological as-
sumptions that implicitly underlie similar stud-
ies.

Sediment Texture

Textural analyses of sediments from Moun-
tain Lake watershed suggest that sediments are
not subject to significant mechanical weather-
ing or hydrodynamic sorting during transport.
Similar to the coarsening trends here document-
ed in Kaufman Creek, Brummer and Montgom-
ery (2003) noted downstream coarsening, rather
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Table 3 — Summary of medium sand composition (wt%) for Mountain Lake Watershed. A com-

plete dataset is available from the authors.

Kaufman Creek, downstream distance Hartness

1.75 160 1.45 1.30 1.15 1.00 0.85 0.75 0.55 0.25 0.10 0.00 | 1.35 1.20
Qt 59.74 76.14 61.11 68.98 69.71 72.55 63.82 71.19 67.21 71.43 62.58 57.1q 46.89 40.85
Qtm 58.75 74.18 59.15 67.99 67.43 70.59 62.50 70.53 64.61 71.10 61.92 56.21| 45.25 38.89
Ft 5.94 327 425 429 521 490 230 430 390 233 232 0692197 2222
Rt 7.59 7.84 1438 891 09.12 10.78 14.14 7.28 1299 6.98 10.26 17.69 14.75 15.03
Rtp 6.60 588 1242 7.92 6.84 882 12.83 6.62 10.39 6.64 9.60 16.67 13.11 13.07
Mt 792 425 6.86 6.60 879 425 7.89 6.29 390 7.97 7.62 7.84 328 392
At 6.60 229 850 264 326 327 7.57 3.64 487 598 7.62 584 852 12.09
Ot 1221 621 4.90 858 391 425 428 728 714 532 9.60 10.7d 459 588
Ya 627 523 359 6.60 391 294 132 530 357 3.99 497 429 262 229
Pf 561 098 065 198 0.00 1.31 296 199 325 066 464 490 164 065
Pf+Ya | 11.88 621 425 858 391 425 428 728 6.82 465 960 914 426 2.94
Zt 41.91 43.79 51.31 44.22 40.39 42.48 49.34 50.33 51.30 46.18 39.07 56.54 52.79 33.01
Z1 29.37 34.97 30.39 35.64 30.62 30.72 31.25 38.74 37.34 33.55 24.17 28.7d 29.51 26.80
z2 8.58 588 1503 693 6.84 7.19 11.18 6.95 974 7.97 11.26 20.59 16.72 4.90
Z3 3.96 294 588 165 293 458 691 464 422 465 364 7.1 6.56 1.31

Hartness Creek, downstream distance Averages
1.05 0.90 0.75 0.60 045 0.30 0.15 0.00 Saulman e Average
Avg SD | Avg SD | Avg SD

Qt 45.60 46.05 45.54 47.85 47.21 43.89
Qtm 43.32 44.74 4455 46.86 45.57 42.90
Ft 24.43 20.72 23.43 24.75 19.34 21.12
Rt 11.40 17.43 11.22 14.85 11.80 15.84
Rtp 9.12 16.12 10.23 13.86 10.16 14.85
Mt 358 1.64 561 297 525 726
At 814 1151 792 561 7.21 6.93
Ot 6.84 263 627 396 9.18 4.95
Ya 456 164 396 231 426 3.30
Pf 163 033 165 099 3.93 0.66
Pi+Ya 6.19 -1.97 561 3.30 8.20 3986
Zt 49.51 48.68 51.49 46.20 64.26 48.84
Z1 31.92 28.95 33.66 31.02 43.28 30.03
z2 12.38 12.83 9.90 9.24 11.80 13.86
Z3 521 691 792 594 9.18 495

than conventional downstream fining of sedi-
ments in another low order, mountainous, head-
water system. Detailed geomorphic analysis in
the latter case suggested that the primary con-

35.50 41.5(] 66.80 5.84 44.09 3.81 55.45 4.83
33.22 39.54 65.41 5.74 42.49 4.14 53.95 4.94
23.78 19.99 364 1.51 22.17 1.89 12.90 1.70
24,10 17.69 10.66 3.41 1541 3.84 13.04 3.62
21.82 15.69 9.27 3.29 13.80 3.70 11.54 3.50
521 529 668 168 440 162 554 1.65
6.51 1244 518 214 869 245 693 229
489 327 7.04 275 525 1.90 6.14 233
3.26 0.69 433 146 289 122 361 134
1.30 261“ 241 186 154 1.07 198 1.46
456 3271 674 262 443 182 558 2.22
49.84 62.09 46.41 5.32 50.67 8.57 48.54 6.95
27.36 36.93 32.13 4.09 31.95 4.98 32.04 4.53
16.94 16.99 9.85 4.26 12.56 3.88 11.20 4.07
554 817 443 163 6.17 219 530 1.91

trol on the coarsening trends is differential
transport rates of coarse and fine material, with
addition of coarse sediment as a secondary con-
trol. The downstream coarsening trend in Kauf-
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Figure 7. Selected photomicrographs of major phase classifications (Table 1; rim data in paren-
theses). All fields of view of approximately 4mm. a) and b) are different views under crossed
polars. The lithic (L) in a) is composed of quartz (Q) and biotite (Mb). The top right lithic in b) is
composed of quartz (Q), biotite (Mb), and pedogenic ferruginous material (Pf); the lower lithic is
composed of quartz (Q), muscovite (Mm), and pedogenic ferruginous material (Pf). ¢) and) are the
same view with polars uncrossed and crossed respectively. The upper left lithic is composed of
quartz (Q) and biotite (Mb); the middIe lithic is composed of potassium feldspar (Fk), alterite (Ya),
and biotite (Mb). The bottom lithic is composed of quartz (Q), biotite (Mb), and pedogenic ferrug-
inous material (Pf). e) and f) are the same view with polars crossed and uncrossed respectively.
The lithic is composed of quartz (Q), biotite (Mb), and opaque oxides (Ao).

man Creek (Figure 6), with its large, steep slope
break, and observed lack of large colluvial de-
posits in the stream channel, are here interpret-
ed to reflect a similar process at work in
Kaufman Creek drainage basin. The more vari-
able slopes in Hartness Creek are associated
with a weaker textural signal, suggesting that
there are other factors complicating the grain
size distribution (Figure 3, Figure 6). The dis-
crepancies between grain size trends in the two
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creeks are likely related to the fact that Kauf-
man Creek drainage basin has significantly
greater relief (348 m) than Hartness Creek
drainage basin (202 m) (Figure 3). These data,
combined with the evidence for abundant out-
crops and thin soils on the adjacent slopes, sup-
port the interpretation of Mountain Lake
watershed as a weathering-limited system. Con-
sistent sorting coefficients along both creeks
(Figure 6) suggest that the sampling of the me-
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Compositional Profile for Kaufman Creek
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Figure 8. Bulk compositional variation for A) Kaufman Creek and B) Harntess Creek. Neither
stream shows significant systematic changes in the relative percentage of any species relative

to another.

dium sand fraction for compositional analysis
has not been obviously biased by hydrodynamic
sorting processes.

Downstream Compositional Trends

The compositional profiles indicate that
there are no significant changes in the bulk
composition or weathered particle abundance in
the medium sand fraction as sediments are
transported down the creeks. Several recent
studies of modern environments have hypothe-
sized that alluvial storage, related to slope, acts
as a dominant control on compositional matura-
tion trends by extending the duration of expo-

sure of sediments to chemical weathering
(Schumm, 1968; Franzinelli and Potter, 1983;
Grantham and Velbel, 1988; Johnsson and oth-
ers, 1988; Johnsson and others, 1991; Savage
and Potter, 1991; Johnsson, 1993; Jones and
Humphrey, 1997; Robinson and Johnsson,
1997). In these systems, sediment is temporari-
ly stored in deposits such as levees, bars, and
floodplains. While in storage, sediments are
leached of mobile phases due to an extended
fluid-sediment contact time. During channel
migration, this stored sediment is reincorporat-
ed into the system and the overall composition-
al maturity of the sediment is increased. This
relationship between alluvial storage and sedi-
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Alterite and Pedogenic Ferruginous Particle Profile for Kaufman Creek
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Figure 9. Alterite and pedogenic ferruginous particle profiles for A) Kaufman Creek and B) Harn-
tess Creek. Data show no systematic downstream trends.

ment maturation has been documented in arctic
and tropical environments (Franzinelli and Pot-
ter, 1983; Grantham and Velbel, 1988; Johnsson
et al., 1988; Johnsson et al., 1991; Savage and

Potter, 1991; Johnsson, 1993; Jones and Hum-

phrey, 1997; Robinson and Johnsson, 1997).
Together, compositional and weathering rim

data from this study support the slope/storage
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Figure 10. Distribution of weathering rims in A) Kaufman Creek and B) Hartness Creek. Z1 rims

cover 1-25% of the combined rim and fracture
75-100%. There are no systematic downstream

length of the grain, Z2 rims 25-75%, and Z3 rims
changes associated with the bulk profiles, sug-

gesting that the bulk rim population is not affected by mechanical weathering at this scale of

observation
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hypothesis discussed above by documenting an
opposite end-member, where high slopes, rapid
transport, and limited alluvial storage are asso-
ciated with a lack of petrographic changes.
However, there is no correlation between local
site slope (Figure 4) and either textural (Figures
5, 6) or compositional parameters (Figures 8, 9,
and 10) along either creek. This indicates that
the effects of slope on sediment texture and
composition are scale dependent. At very small
scales there are higher order controls that affect
sediment texture and composition, such as sed-
iments locally derived from very small drainag-
es on adjacent slopes, log jams along the stream
that artificially increase slope, or local channel
morphologies that result in hydrodynamic sort-
ing.

In Mountain Lake watershed, the presence of
weathering rims and alterites shows that during
early evolution these sediments are chemically
weathered and not simply formed by the me-
chanical disagregation of source rocks. Based
on the lack of observed alluvial storage, this
weathering is inferred to occur in the soil hori-
zon. The consistent abundance of these parti-
cles and rims, which are considered very labile
phases, suggests that they are not subjected to
further significant alteration as they move
through the creeks (Johnsson, 1990b). Thus the
composition at this early stage of sediment de-
velopment reflects the mineral composition of
the source rocks as modified by soil processes.
Although the importance of soil processes has
been demonstrated before in tropical environ-
ments (e.g., Franzinelli and Potter, 1983; Johns-
son, 1990b), these data clearly show that this is
true in more temperate environments as well.

The lack of storage in Mountain Lake water-
shed precludes significant in situ chemical
weathering in longitudinal bars, but the detec-
tion of any particle attrition is potentially com-
plicated by two additional factors (Figure 1).
First, the relative increase in coarse clast abun-
dance suggests, but does not prove, that me-
chanical breakdown of coarse grains is not a
significant source for sand-sized particles with
weathering rims. Abrasion of highly weathered
rims associated with these relatively slow-mov-
ing, increasingly abundant clasts may, however,

effectively produce weathered sand-sized parti-
cles within the stream. Second, the steep banks
that lie adjacent to the streams also provide a
constant source of fresh, pedogenically derived
material along their entire length.

In light of these complications, the lack of a
net downstream increase in weathered particle
abundance suggests two possibilities. The first
possibility is that there is no change at all in any
of the weathered particles as they move down-
stream. If this is true, then the material added by
coarse clast breakdown and pedogenic sedi-
ment input must be homogeneous. The second
possibility is that there is indeed some loss of
weathered particles, but it is effectively in equi-
librium with the rate of addition by coarse clast
breakdown and pedogenic sediment input, and
thereby masked. Further research is required to
understand the relative importance of these ef-
fects on the detectability of alteration trends.

Although no significant compositional alter-
ation has been detected in the present study, re-
sults can be integrated with other data to
constrain some minimum limits on the distanc-
es over which alteration is detectable in the bulk
load stream sediments of the southern Appala-
chians. In a similar study of the Coweeta water-
shed in North Carolina, Grantham and Velbel
(1988) determined that weathering rims on gar-
nets are lost through abrasion in mountain
streams somewhere between 0.8 and 4.8 km.
Somewhere within this interval, the rate of rim
loss due to abrasion in the streambed becomes
greater than the rate of rim addition because the
rate of attrition of rims surpasses the rate of cre-
ation/addition of fresh rims. This distance is
likely related to stream network patterns and the
tendency for steep headwater streams merge in-
to higher order systems with flatter alluvial val-
leys over just a few kilometers. In the higher
order systems, the rate of input of fresh material
from the adjacent slopes is limited by increased
distance to the channel and a decrease in slope;
simultaneously, the channel slope decreases,
thereby increasing the duration of exposure to
chemical weathering per unit downstream dis-
tance.

These results support previous conclusions
that weathered particles are useful tracers of
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weathering and transport processes (Grantham
and Velbel, 1988; Johnsson, 1993; Heller et al.,
2001). Although not necessarily preserved in
ancient deposits, careful monitoring of these
particles in modern systems should provide a
method for relating processes to subtle changes
in the bedload that are not evident through anal-
ysis of changes in bulk composition alone. As
tracers, weathered particles provide a useful
tool that should be relatively insensitive to com-
positional differences between source areas.
Thus, results from different basins may provide
comparable, parallel proxies that can be used to
more confidently assess the impacts of various
processes on fluvial sediments.

Compositional Differences Between
the Creeks

The lack of downstream changes in bulk sed-
iment mineralogy along Hartness and Kaufman
Creeks is consistent with rapid transport of ma-
terial through the system and suggests that the
compositional differences between the streams
are not merely sampling artifacts. There are
three hypotheses related to this difference. The
first scenario involves differences in the bed-
rock beneath each watershed. Although the ge-
ology of Mountain Lake watershed has not been
mapped in sufficient detail to distinguish such
differences, studies of other small basins have
also encountered similar complexities when
working with such high-resolution datasets
(Mann and Caravoc, 1973; Mack, 1981;
Grantham and Velbel, 1988; Heins., 1993;
Yuretich and others, 1996). The second poten-
tial influence on bulk compositional differences
between the streams involves differences in de-
eree or depth of excavation of the weathering
horizons on the adjacent slopes. The homoge-
neous climate and evidence for extremely rapid
denudation of the slopes, however, suggests
that these differences are minimal. A third pos-
sible influence would be the anthropogenic in-
put of sand into the system. Field observations
of the watershed and contacts with local resi-
dents, however, suggest that the watersheds are
virtually identical with respect to degree of de-
velopment and lack any significant, potential
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point source(s) for such consistent sand input.
After considering these three hypotheses, the
first hypothesis is preferred. Although the com-
plex geology of Mountain Lake watershed has
not yet been mapped in detail, the current data
suggests that the deeper metamorphic units ex-
posed to the south and the east under the source
area for Hartness Creek, produce more feldspar,
more hornblende, and less quartz in the medium
sand fraction than the shallower units underly-
ing the source area for Kaufman Creek.
Grantham and Velbel (1988) note that the
Coweeta watershed, which is also in the south-
ern Appalachians, is too complex to map at a
high-resolution scale but use petrographic pa-
rameters of stream sediments to actually try and
distinguish source rock differences. This is like-
ly a function of bulk differences in source rock
mineralogy and composition but could also re-
flect textural differences that selectively in-
clude or exclude medium sand-sized crystals of
certain phases. Although the structure is likely
a significant influence on the physiography of
Mountain Lake watershed, lithologic differenc-
es between the sub-drainage basins may also be
related to the different stream profiles. Kauf-
man Creek produces high abundances of quartz,
which is highly resistant to chemical weather-
ing, and is characterized by 348 m of total re-
lief; Hartness Creek, on the other hand,
produces higher abundances of more labile
minerals and has only 202 m of total relief.
These results suggest that immature sedi-
ments containing abundant unstable phases
may prove to be hypersensitive indicators of
provenance by preserving a distinct local source
rock signature that is of limited value in draw-
ing regional conclusions regarding geology
(Butler, 1979; Mack, 1984; Girty and others,
1988: Heins, 1993). Ternary diagrams of
quartz/feldspar/rock fragments, for example,
can be used to infer two very distinct proximal
populations derived from the same source (Fig-
ure 11). The error polygons, formed by the 95%
confidence intervals calculated according to
Howarth (1998), for the Kaufman Creek, Hart-
ness Creek, and watershed averages are mutual-
ly exclusive. Because this difference is
primarily in the feldspars, the same magnitude
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Figure 11. Quartz-Feldspar-Rock Fragment (QFR) ternary diagrams: A) Total samples from Kauf-
man Creek (closed circles) and Hartness Creek (open triangles). B) Suite averages for Kaufman
Creek (closed circles), Hartness Creek (open triangles), and the entire watershed (closed
squares). Error polygons for each group represent the 95% confidence levels of the suite means
with respect to each species (e.g. Robinson and Johnsson, 1997) were calculated using methods
of Howarth (1998). The mutual exclusion of all fields suggests caution when making regional
provenance interpretations from immature sediments.

of differences should show up even if these
point counts were done according to the Gazzi-
Dickinson method, which would reclassify the
“rock fragments” recognized in the current
study based only on the crystal (or microcrys-
talline aggregate) directly beneath the cross-
hairs (Ingersoll et al., 1984). These data support
the conclusions of other studies that ternary di-
agrams by themselves should be interpreted
cautiously (Butler, 1979; Mack, 1984; Girty et
al., 1988; Heins and Ingersoll, 2000).

Future Work

These results propose several hypotheses for fu-
ture studies. Further work on the character of
medium sand grains in the soil horizons should
document the range of phases present and how
alteration of grains proceeds. Further work on
the age and depth of soil profiles, the transport
rate of material from the slopes to the stre-
ambed, the rim distribution in deposits of
Mountain Lake, and rim distributions associat-

ed with longer stream reaches should offer
quantitative constraints on the rates and distanc-
es associated with these processes. Further
work on the distribution of these rims with re-
spect to the parent phase may yield quantitative
predictions of compositional changes associat-
ed with textural maturation.

CONCLUSIONS

I. Mountain Lake watershed, located on
Paris Mountain in Greenville, South Carolina,
is a subtropical system drained by Kaufman
and Hartness Creeks, which are both second-
order, headwater streams. A complex, undiffer-
entiated assemblage of high-grade metamor-
phic and granitic source rocks underlies the
watershed. Bulk samples of bedload sediments,
including gravel-, sand-, and clay-sized detri-
tus, were collected from 65 sites along the
creeks for textural and petrographic analysis.

2. Textural analysis of Kaufman Creek sedi-
ments indicates a downstream trend toward
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increased grain sizes. Textural analysis of Hart-
ness Creek sediments indicates no significant
grain size trends. Poorly sorted sediments char-
acterize both creeks, and neither creek shows a
significant downstream trend with respect to
sorting.

3. Quartz, lithic fragments, micas, and feld-
spars characterize the sediments in Mountain
Lake watershed. The relative proportions of
these constituents are fairly constant through
the watershed. This lack of compositional
change is interpreted to be the result of steep
slopes, which move sediments out of the sys-
tem more rapidly than they can be altered in
situ.

4. There are significant differences between
the sediment compositions from the two
streams. Hartness Creek contains greater
amounts of potassium feldspar than Kaufman
Creek, and Kaufman Creek contains signifi-
cantly more quartz than Hartness Creek. These
differences are interpreted to reflect the source
rock distribution undetectable by normal sur-
face mapping. Results suggest that immature
sediment containing abundant labile phases
preserves a very strong, distinct source rock
signature but is of limited value in drawing
regional generalizations concerning prove-
nance.

5. Roughly 25% of all grains show evidence
of iron oxide weathering rims. These rims,
along with the presence of alterites and
pedogenic ferruginous grains, indicate that
sand-sized grains are chemically weathered in
Mountain Lake watershed. A complete lack of
trends with respect to weathering rims or
weathered particle abundance indicates that
this weathering is restricted to the soil horizons
prior to introduction into the stream. Integra-
tion of the current data with the findings of
Grantham and Velbel (1988) suggests that
these rims may be lost due to mechanical abra-
sion between 2.0 and 4.8 kilometers of trans-
port.

6. Careful monitoring of labile grain types,
including accessory minerals and weathered
particles, in different size fractions may help
quantitatively constrain subtle parameters
related to physical and chemical processes in a
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given system.
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